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Numerical Analysis of Acoustic Characteristics 
in Gas Turbine Combustor with Spatial Non-homogeneity 
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Acoustic characteristics in an industrial gas-turbine combustor are numerically investigated 

by a linear acoustic analysis. Spatially non-homogeneous temperature field in the combustor is 

considered in the numerical calculation and the characteristics are analyzed in view of acoustic 

instability. Acoustic analyses are conducted in the combustors without and with acoustic 

resonator, which is one of the acoustic-damping devices or combustion stabilization devices. It 
has been reported that severe pressure fluctuation frequently occurs in the adopted combustor, 

and the measured signal of pressure oscillation is compared with the acoustic-pressure response 

from the numerical calculation. The numerical results are in good agreement with the 

measurement data. In this regard, the phenomenon of pressure fluctuation in the combustor 

could be caused by acoustic instability. From the numerical results for the combustor with 

present acoustic resonators installed, the acoustic effects of the resonators are analyzed in the 
viewpoints of both the frequency tuning and the damping capacity. It is tbund that the resonators 

with present specifications are not optimized and thus, the improved specification or design is 

required. 
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1. Introduction 

Pressure oscillation frequently occurs in vari- 

ous combustors and usually affects the combustor 

operation unfavorably. There are many causes for 

pressure oscillation in the combustor, e,g., me- 

chanical vibration of the combustor, feed-system 

interactions, acoustic instability, and etc. Espe- 

cially, when the combustion system is complex, it 

is difficult to identify the main cause of undesir- 
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able pressure oscillation. For example, pressure 

oscillation in industrial gas turbine has intrigued 

the system operator and the main cause of the 

phenomenon has been pursued by many research- 

ers (Lefebvre, 1998). 

One of the main causes is acoustic instability 

resulting from the sound-wave amplification in 

the eombustor, and thereby it has long gained 

attention in the propulsion and power systems. 

Under acoustic instability, pressure oscillations 

are amplified through in-phase heat addition/ 

extraction from combustion, leading to acoustic 

resonance at specific acoustic modes of the 

chamber (Harrje and Reardon, 1972; Zucrow 

and Hoffman, 1977). It may lead to intense 

pressure fluctuation as well as excessive heat 

transfer to the combustor wall such as in the solid 
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and liquid propellant rocket engines, ramjets, 
turbojet thrust augmenters, utility boilers, and 
furnaces (McManus et al., 1993). To understand 

this phenomenon, there have been conducted var- 
ious fundamental works (Harrje and Reardon, 

1972 ; Culick and Yang, 1995 ; Sohn et al., 1996 ; 
See, 2003 ; Yang et al., 2003), but it is still being 

pursued. 
In understanding the acoustic instability, com- 

bustion is of particular interest because it is a 
fundamental source of the thermal energy that can 

be fed to amplify and sustain the acoustic 

oscillations (Flefil et al., 1996; Sohn, 2002a). 
But, when the pressure oscillation in the chamber 

is diagnosed in view of acoustic instability so as 
to find the main cause, it can offer sufficient 

information to investigate only the acoustic 

characteristics without considering its coupling 

with heat release from combustion. This concept 

arises from the fact that acoustic instability shows 

the clear and well-established acoustic field in the 

chamber when it occurs, Thus, as the first step for 
diagnosis of pressure oscillation, the investigation 

of acoustic characteristics is useful and cost- 

effective. 
In this study, from a standpoint of acoustic 

instability, acoustic characteristics in the corn- 

buster of industrial gas turbine encountering with 

undesirable pressure oscillation, are investigated 

intensively through the linear acoustic analysis 
adopted in the previous works (Wicker et al., 

1995 ; Sohn, 2002b ; Sohn et al., 2004). Although 

combustion itself is not considered in this 

analysis, combustion field is considered as the 

spatially distributed non-homogeneous tempera- 
ture fields. Accordingly, the quantitative data on 

acoustic characteristics can be obtained and 
compared with the experimental data. Based on 
the numerical results, pressure oscillation in the 

combustor is diagnosed and the acoustic-damp- 
ing effects of the present acoustic resonators, 

which are installed for combustion stabilization 
(Hattie and Reardon, 1972; NASA, 1974), are 
investigated extensively for its improved design. 

2. Numerical  Methods and Models 

2.1 Numerical methods 
The acoustic field in the combustion chamber is 

calculated through linear acoustic analysis and it 

is obtained by solving the following wave equa- 

tion 

l ~p  Vzp=O, (l) 
c 2 3t ~ 

where /) is the pressure fluctuation caused by 
acoustic-wave propagation, ! is the time, c is the 

sound speed, and V 2 is the Laplacian operator. 

The derivation of Eq. (1), the introduced 
approximations, and its boundary conditions are 

described in detail in the reference (Zucrow and 

Hoffman, 1977). 
With a simple geometry of the chamber, the 

solution of Eq. (1) can be obtained analytically 

(Zucrow and Hoffman, 1977). In addition, the 

resonant frequency of each acoustic mode can be 
calculated analytically. For example, in a cylin- 

drical chamber, each resonant frequency is expre- 

ssed in the form, 

C FI  ~)~mn \2 1 (t \2-ll/2 
÷ t z - ) J  , t2) 

where three indices of m, n, q denote the indices 

for tangential, radial, and longitudinal modes, 

respectively, a,~n's eigenvalues-roots of the first 

spatial derivative of the Bessel function of the first 
kind, of order n, ]~, and R, L chamber radius 

and axial length, respectively. Since the gas tur- 
bine combustor is not cylindrical, Eq. (2) can not 
give the exact values of resonant frequencies. 

Nevertheless, the equation is useful to predict 

resonant frequencies in the right order of magni- 

tude. 
With a complex geometry of the chamber, the 

wave equation can be solved effectively by the 

finite element method (FEM) and the Galerkin 

method, which is one of FEMs, is used here 
(Chapra and Canale, 1989; SAS, 1993). Details 

on the solution procedures and principles based 
on the Galerkin method can be found in the 
literature (SAS, 1993). As a solver of the wave 
equation, the ANSYS code is adopted in this 
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study, which has been validated for acoustic 

analysis (Kang and Yoon, 1994; SAS, 1992). 

2.2 Mode l s  

The selected combustion chamber is G T I l N 2  

Silo combustor (Aigner and Miiller, 1993 ; Lefebvre, 

1998). Its geometry, dimension, and the com- 

putational grids are shown in Figs. 1 and 2. As 

shown in Fig. 2c, this combustor is equipped with 

Fig. 1 

n 

to turbine from compressor 

Schematic diagram o f  the G T I  IN2 Silo com- 

bustor 

the acoustic resonator, which is one of the com- 

bustion stabilization devices. 

The gas turbine combustor is connected with 

compressor and turbine, and working fluid flows 

continuously into and out of the combustor which 

is an open system. But, the inlet and the outlet of 

the combustor is relatively narrow and thus, wall 

boundary condition can be applied at all of outer 

boundaries surrounding the fluid. The fluid in the 

chamber is air of which the density is 1.21kg/m 3 

and its speed of sound is 340m/s for cold-flow 

condition at 15.5°C. But, for hot-flow condition 

under which the combustion occurs, the tempera- 

ture field is spatially non-homogeneous in the 

combustor and the non-homogeneity should be 

considered in order to evaluate the acoustic 

characteristics quantitatively. In this combustor, 

methane and air are adopted as fuel and oxidizer, 

respectively. Usually, lean methane-air flame is 

established in the combustor and it is assumed 

that there are only four species of CO2, H20, 02, 

and N2 as the combustion products. With this 

assumption, the sound speed in the combustor can 

be calculated from the specific temperature. 

In Fig. 3, the magnified acoustic resonators are 

shown and they consist of eleven short and six 

long resonators. In analyzing the acoustic field, 

about 23,000 to 30,000 elements are used for 

numerical calculation. This number of elements 

has been found to be enough to simulate acoustic 

behavior accurately in the present combustor. 

I q 4'= 1950 p.] 

(b) Side (c) Front 
(a) Front view 

view view 

Fig. 2 Geometries and computational grids of com- 
bustors without/with acoustic resonators (R# 
indicates the region number). 

Fig. 3 Geometry and dimensions of the acoustic 
resonators (/=11.4 and 261.4mm for short 
and long resonators, respectively). 
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2.3 Numerical  strategy 
For the diagnosis of pressure oscillation in the 

combustor, first, the acoustic characteristics of the 

basic chamber-chamber without acoustic resona- 

tors installed- are investigated through a harmo- 

nic analysis (Sohn et al., 2004). The acoustic 

characteristics are identified by two factors, i.e., 

the natural or resonant frequencies and the 

acoustic damping factor of each acoustic mode. In 

the harmonic analysis, sound source is positioned 

on small area near the combustor wall, where the 

sinusoidal sine wave with the specific frequency is 

generated numerically as a function of time, and 

the resultant pattern of acoustic oscillation is 

calculated. And thereby, the natural acoustic 

modes, i.e., first ( IT),  second (2T), and higher 

tangential modes (3T, ...), radial modes (1R, 2R, 

• ..), longitudinal modes (1L, 2L, ""), and 

combined modes (1LIT, IT1R, .--), are identi- 

fied, and acoustic-pressure responses to the arti- 

ficial acoustic excitation and damping factors are 

calculated. The sweeping frequency of acoustic 

excitation from the sound source with the 

amplitude of 10 Pa ranges from 50 to 600 Hz for 

cold condition and from 50 to 1, 100 Hz for hot 

condition, respectively. These ranges have approxi- 

mately been predicted by Eq. (2) so that the 

resonant frequencies of the chamber fall in these 

frequency ranges. For hot condition, the approxi- 

mate temperature distribution (Sattelmayer et al., 

1992) is listed in Table 1. The monitoring point is 

near the combustor wall at the opposite side to 

the sound source on the identical cross-section, 

where the pressure amplitude is monitored. 

The acoustic damping of each mode is quanti- 

fied by a damping factor, 7, which is defined from 

Table 1 Spatial temperature distribution in the 
combustor. 

Temperature Sound 
Region No.(Fluid Type) EK] Velocity Em/sl 

RI (air) 653 512.3 

R2 (combustion products) 1873 812.6 

R3 (combustion products) 1673 768.0 

R4 (combustion products) 1473 720.6 

R5 (combustion products) 1277 670.9 

the bandwidth method (Laudien et al., 1995) as 

=A-A 
fpeah ' (3) 

where fpeah is the frequency at which the peak 

response (Ppeah) is calculated, f l  and fz are the 

frequencies at which the pressure amplitude 

corresponds to Ppeah/f2- (f2 > f l ) .  This equation 

indicates that the damping factor becomes higher 

as the bandwidth normalized by the peak fre- 

quency, fpe~k, is broadened on the plane of ex- 

citation frequency vs. acoustic-pressure response. 

Next, the effects of acoustic resonators on the 

acoustic damping are investigated adopting the 

resonator-chamber-chamber  with acoustic re- 

sonators installed. Acoustic resonators have the 

capacity to damp out the specific pressure 

oscillation with the same frequency as the tuning 

frequency of the resonator (Laudien et al., 1995). 

In the case of a Helmholtz-type resonator, the 

tuning frequency of acoustic resonator is written 

in the form (Laudien et al., 1995 ; Sohn and Kim, 

2002), 

fo CAC / S (4) 
= 2 F ~ V  v ( l + a t )  ' 

where Cac denotes the sound speed of fluid in the 

resonator, S cross-sectional area of the orifice 

connecting the resonator with the chamber, Vthe 

volume of the resonator, l the length of the orifice, 

and AI is the mass correction factor, which is 

given approximately by 0.85 times the orifice 

diameter. To adjust the tuning frequency, f0, the 

parameters of Cac, S, V, I, and A1 can be varied 

in combination with each other based on Eq. (4). 

The present resonators shown in Fig. 3 have been 

designed based on this theoretical equation. But, 

when the geometry of the resonator is complex 

and deviates from that of the Helmholtz-type 

resonator, Eq. (4) may not give the exact tuning 

frequency. Accordingly, the present numerical 

analysis can give more accurate information on 

the actual tuning frequency of the resonators 

shown in Fig. 3. The acoustic effects of the 

resonators are identified by two factors, i.e., the 

shift of natural or resonant frequencies and the 

increase in acoustic damping factor of the acou- 

stic mode. 
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3. Results  and Discussions 

3.1 Harmonic analysis of basic chamber for 
homogeneous cold condition 

Acoustic responses to the pressure oscillation 

with the excitation frequency of 50 to 600Hz in 

the basic chamber are calculated for homo- 

geneous cold condition ( c=340m/s )  and shown 

in Fig. 4. The increment of  the frequency is 1.0 to 

5.0Hz. There are found a number of peaks, which 

indicates thet each corresponding acoustic modes 

can be triggered into acoustic instability when the 

specific pressure oscillation is coupled in phase 

with heat-release-rate oscillation from combus- 

tion. Figure 5 demonstrates the acoustic fields 

resonated at the major low-order modes -2L, IT, 

2T, and IR, where clear resonant acoustic fields 

are shown. As a result, it is found that the 

resonant frequencies of four modes are 65, 110, 

175, and 225Hz, respectively. It is to be noted that 

in case of low-order transverse modes, i.e., the 1 st 

or 2 nd tangential and radial modes, only the 

geometry of the flame tube dominates the 

resonant modes and their frequencies. The lower 

torus part of the combustor affects little the 

transverse modes. 

From Fig. 4, in the basic chamber, the 

amplitudes of 1T and 2T are much higher than 

the other amplitudes and the absolute values of 

q 

Fig. 5 Acoustic fields at several resonant frequencies 

(2L, IT, 2T, and IR) for homogeneous cold 

condition. 

their amplitudes are over 60 Pa, which is so high 

compared with the amplitude of the imposed 

pressure wave, 10 Pa. This indicates that the 

chamber adopted here may be the most sensitive 

to acoustic oscillations of low-order tangential 

modes. 

10o 

~ '  60 

2_ 
~. 40 
E < 

Fig. 4 

lOO 200 300 400 500 

Frequency [Hz] 

Acoustic pressure responses of the basic 

chamber for homogeneous cold condition 

(c=340m/s). 

3.2 Harmonic analysis of basic chamber for 
non-homogeneous hot condition 

Acoustic responses to the pressure oscillation 

with the excitation frequency of 50 to 1,100Hz in 

the basic chamber are calculated for non-homo- 

geneous hot condition, under which temperature 

fields are distributed spatially as listed in Table 1, 

and they are shown in Fig. 6(a). The frequencies 

of the dominant peaks are 60, 256, 389, 435, 509, 

627Hz, etc. It is worthy of note that the most 

dominant peak occurs at the frequency of 389 Hz, 

which has been found to be the 2 nd tangential 

mode judging from the acoustic field. This is in 

contrast to the results for homogeneous cold con- 

dition in Fig. 4. Compared with the results for 

cold condition, the frequency values are increased 
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give the exact tuning frequency or not. This  point  

can be verified through the harmonic  analysis, of  

which the results for homogeneous  cold condi t ion  

are shown in Fig. 7. In this figure, the frequency 

at which the peak shows up is the tuning fre- 

quency of  the acoustic resonator  and thus, the 

tuning frequencies of  long and short resonators 

are 85 and 201Hz, respectively. They are compa-  

rable with the values of  87 and 227Hz, respec- 

tively, which are calculated by Eq. (4), but with 

non-negl ig ib le  error  in case of  short resonator.  

In the case of  a long resonator,  the single peak 

shows up clearly, while the short resonator  shows 

a number  of  non-negl ig ib le  peaks near the one 

most dominant  peak. On the other hand, the peak 

Fig. 6 

I I I I , 
250 500 750 1000 (Hz) 

Peak frequencies (a) acoustic pressure res- 

ponses of the basic chamber for non-homo- 

geneous hot condition, (b) measured fre- 

quencies of pressure oscillations during un- 

stable combustion in high-power generation. 

10 

2 j' ' 

by factor of  2.2--2.3 due to higher fluid tempera- 

ture, i.e., higher sound speed in the chamber.  

These peaks shown in Fig. 6(a) are compared 

with the experimental  data shown in Fig. 6(b) in 

a quanti tat ive manner.  The measured frequencies 80. 

of  two most dominant  peaks are 385 and 625Hz, 

which are almost the same values as the numerical  ~ 6o. 

data of  389 and 627Hz. Accordingly,  it is prob- 
.= 
- -  4 0 .  able that the pressure oscil lat ion in the adopted 

chamber  results from the acoustic instability and < - 

the reactive flow field in the flame tube excluding 20- 

the torus part is mainly tr iggering the instability. 

3.3 Tuning characterist ics  of acoustic 
resonators (b) 

The adopted resonators shown in Fig. 3 do not 

have the geometry of  ~he Helmhol tz - type  resona- Fig. 7 

tor itself. Thus, it is not sure whether Eq. (4) can 

100 200 3oo 40o soo 8oo 7oo 80o 

Frequency  [Hz] 

(a) Ratio of long-resonator response to chamber re- 

sponse 

1 0 0 -  

o ~, .~ '\~q~.--% - . • 
100 200 300 400 500 600 700 800 

Frequency [Hz] 

Ratio of short resonator response to chamber 

response 

Tuning characteristics of acoustic resonatorg 

for homogeneous cold condition. 
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amplitude from the long-resonator response is 

about 8 times larger than that from the chamber 

response, while that from the short-resonator re- 

sponse is nearly 100 times larger. Accordingly, the 

long resonator has a well-definable tuning fre- 

quency with relatively lower damping capacity 

and the short resonator has the ambiguous tuning 

frequency with higher damping capacity. In this 

study, the frequency of the most dominant peak is 

defined as the tuning frequency in case of short 
resonator. 

The resonator volume of long resonator is 2.6 

times larger than that of short resonator, and 

according to Eq. (4), the tuning frequency of 

short resonator should be 2.6 times larger than 

that of long resonator. But, it is not here, which 

indicates the tuning characteristics of short 

resonator deviates away from those predicted the- 

oretically to a certain degree. This may be caused 

by an extremely small volume of the cylindrical 

part of short resonator as shown in Fig. 3. 

3.4 Harmonic analysis of resonator-cham- 
ber for non-homogeneous hot condition 

Acoustic responses to the pressure oscillation 

with the excitation frequency of 50 to 1,100 Hz in 

the resonator-chamber are calculated for non-  

homogeneous hot condition, and they are shown 

in Fig. 8. The resonators are filled with air at 

380°C (c=512.3m/s) .  From this figure, it is 

found that the long and short resonators are tuned 

to 127 and 301Hz, respectively, and the general 

pattern of the peaks is the same as that shown in 

Fig. 6(a). 

The frequency shift caused by the resonator 

installation and the damping factors of the major 

peaks are summarized in Table 2, compared with 

the results from the basic chamber. As the effects 

of resonator installation, the resonant frequencies 

of several modes shift, but not so appreciably, and 

the damping factors are increased appreciably, 

especially at the resonant mode of which the 

frequency is close to the tuning frequency. Since 

the long cylinder is tuned close to the 2 nd 

longitudinal mode of 128Hz, the specific mode 

has been damped out appreciably as shown in 

Fig. 9. But, it is found that the short cylinder is 

Table 2 Damping factors of the major acoustic 
modes in the basic and resonator-chambers. 

Frequency [Hz] 

Basic Resonator- 
chamber chamber 

60 (1L) 60 

128 (2L) ]31 

256 (IT) 248 

389 (2T) 394 

509 510 

627 627 

Damping Factor [%1 
Basic Resonator- 

chamber chamber 

5.078 5.585 (10% t)  

2.648 7.027 (165% ~" ) 

1.311 1.653 (26% ~) 

1.012 1.326 (31% T) 

0.813 0.857 (5.4% T ) 

0.812 1.305 (61% ~') 

100 

80 

~' 60. 

~. 40- 
E < 

20- 

Fig. 8 

301 Hz  

/ shor t  resonator 

1T 
2T  

chambe r  response 

3o0 400 500 600 700 800 
Frequency [Hz] 

Acoustic pressure responses of the resonator- 
chamber and resonators for non-homo- 
geneous condition. 

I , I 
1 O0 200 
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4 - . ~ .  " 1 3 1 H z . . i n  reso::t:rlciTmbl I 
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120 125 1:30 135 1~,0 145 
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Fig. 9 Acoustic pressure responses of the combus- 
tion chamber, the 2 nd longitudinal modes in 
the basic and resonator-chambers. 
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not tuned to any resonant modes and thereby, its 

damping effect is not appreciable. Accordingly, 

for the improvement of acoustic-damping effect, 

modification of eleven short resonators is re- 
quired in view of their fine tuning. Furthermore, 

the long resonator needs to be tuned to the fre- 

quencies of dominant peaks at IT and 2T modes 

rather than at 2L mode. 

4. Concluding Remarks 

The acoustic characteristics in the gas combus- 

tion combustor encountering with undesirable 

pressure oscillation have been investigated numeri- 

cally through a linear acoustic analysis as a first 

step to analyze such pressure oscillation. Con- 

sidering the spatial non-homogeneity of tempera- 

ture field, the quantitative data on the harmful 

frequencies are obtained, which are in good 

agreement with the experimental data. This 

indicates that the pressure oscillation in the 

present combustor could result from acoustic 

instability. 

The installation of the resonators with two 

different lengths, has appreciable effects on com- 

bustion stabilization when the resonator is tuned 

finely to the specific frequency to be damped out. 

But, the short resonator is not so finely tuned and 

modification is needed for enhancement of damp- 

ing effects. 

In the future work, optimization of acoustic 

resonators will be conducted in views of both fine 

tuning and higher damping capacity. Acoustic 

instability in the combustor will be simulated 

numerically considering the coupling between the 

combustion and the acoustics. Finally, the remedy 
for acoustic instability, i.e., the method to sup- 

press the pressure oscillation, will be suggested 

and verified. 
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