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GT combustor liners are subjected to mechanical and thermal loads that damage the structure 
and reduce their operational life. Among those, the thermo-acoustic instabilities develop, 
generating pressure oscillations because of the interaction between heat release, acoustic 
waves and structure vibrations. The vibratory behaviour of the structure is the result of these 
phenomena and undergoes repeated reversals of the main deformation mechanisms as a func-
tion of the operating load of the engine. Monitoring and evaluating the operational load his-
tory and the life consumption rate of combustor components is essential to sustain a reliable 
risk-based maintenance in the GT combustion hardware. The non-linear material behaviour 
can activate possible interactions causing coupled damage mechanisms and become a life 
threatening mode of failure. A methodology for modelling both the dynamic and static be-
haviour of a GT cannular combustion chamber by utilizing a combined fluid-structure ap-
proach is presented in this study. Together with the calculation of the heat fluxes through the 
liner, the effects of the modifications at the thermal boundary conditions were used to inves-
tigate the modifications in the liner structural properties and the stresses development at dif-
ferent GT loads. The monitored pressure oscillations during operations has been investigated 
by performing both acoustic and structural dynamics. A correlation with the observed failure 
has been proposed by investigating stress relaxation phenomena’s, creep and plastic effects 
for base load and part load operations. 

1. Introduction 

The need for reducing the pollutant emissions leads towards the use of specific combustion 
hardware that allows Gas Turbine (GT) operation at very low equivalence ratio’s, between 0.4÷0.6. 
Mixing is the key for optimum combustion performances and many works are present in the litera-
ture trying to investigate the effect of the flow patterns and air/fuel mixing on the heat transfer, 
flame stability, dynamic pressure developments, blow off, etc.  
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The introduction and the development in the 1970s of the Low NOx industrial GT combustors 
led to the definition of stringent regulations in the power generation sector. NOx emissions below 
25ppm or 50mg/m³ at 15% oxygen are required in most countries in the world. 

Acoustic pressure oscillations are a common low-NOx GT combustion problem and many 
manufacturers had to redesign the combustor geometry and air flow split to move out of the acous-
tic resonance region. The phenomena is driven by the coupling between the heat release in a thin 
reaction zone with a characteristic chemical time with the acoustic pressure waves and their specific 
acoustic time constants such that the acoustic waves is amplified on each passage through the reac-
tion zone until reaches a limit-cycle oscillation. Similar solutions to the problems are the use of 
staged combustion, modifications in the flame stabilizer design, introduction of resonators, modifi-
cations of combustor or plenum chamber length. 

The acoustic-structural behaviour of one industrial Dry Low NOx combustion system is in-
vestigated in the following paragraphs by means of numerical simulations, with the objective to 
understand and explain the dynamic behaviour of the combustion hardware and correlate the struc-
tural deformations and stress levels with the operational experience. 

The effects of the asymmetrical thermal boundaries varying along with the firing curves that 
regulates the fuel staging during unloading or loading operations are investigated. The nonlinear 
effect of the material such as creep and plasticity has been investigated and compared for two dif-
ferent operating conditions. Due to the high temperature of operation, thermally induced creep dis-
tortion can eventually lead to liners’ catastrophic failures due to buckling and/or rupture as well as 
corrupting the optimal operation of the combustion hardware effecting the emission and flame sta-
bility performances. 

The numerical solver used for the flow calculations is Ansys-CFX v13 and for the structural-
acoustic analysis is Ansys-Mechanical v13. The results of both fluid-structural model show a good 
agreement with the operational experience and data from the Data Control System (DCS) of the GT. 

2. The combustion hardware 

The cannular chamber of the heavy duty GT considered is equipped with five axial burners. 
The high airflow swirlers are used to allow large volumes of air to enter the primary zone of the 
chamber premixed with the fuel injected downstream the swirlers position and achieve lean com-
bustion.  

    
Figure 1. (a) CAD drawings and Air Flow of the combustion hardware. (b) fuel lines. 

Modern GT employ fuel staging techniques during the load transients. During load ramping 
only certain stages/fuel lines are fuelled with premixed flames to reach the full premix combustion 
mode at higher power outputs. The firing curves, by means of the fuel split valves, modify locally 
the equivalence ratio which is retained to be a critical parameter for the development of thermo-
acoustic instabilities [3]. For the specific hardware considered, four different combustion modes 
follow one another during the start-up and the load transients. In this study we will only consider 
the fully premixed combustion mode which is set from about 50% to 100% GT load. 
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3. Structural analysis  

In this section, the effects of the thermal gradients generated by the combustion inside the 
liner will be investigated. The computational fluid dynamics model (Figure 2) has been built and via 
the one-way interaction between fluid and structure, the temperature field calculated by the fluid 
solver has been interpolated into the solid domain used by the structural solver. Subsequently, the 
stress and strain profiles have been calculated by the structural analysis. 

Staging conditions lead to high thermal stress on the metal surface of the combustion liners 
and thus yield thermally induced stress due to the metal thermal asymmetry. The effects on the heat 
transfer has been addressed during a previous study from the fluid-dynamic point of view (Mata-
razzo et al. [1]) and is shortly presented in the following paragraphs. 

 

        
Figure 2. (a) Mesh domains; temperature plot at one intermediate plane (b) and inner liner surface (c). 

The combustion generated heat from the flame is transferred to the liner structure by radiation 
and convection and conducted through the liner. The structure is hence exposed to a thermal gradi-
ent across the wall. The impact of the thermal gradients generated during the combustion has been 
predicted by the one-way fluid-structure interaction numerical simulation. 

The mechanical strength of these materials declines rapidly at high temperatures and therefore 
protection systems such as Thermal Barrier Coating and air cooling passage have been developed 
for protecting the liner and to keep the surface temperature below acceptable levels.  

A large circumferential metal temperature gradient is produced on the liner surface. In the 
next figures the circumferential temperature distribution comparison between base load operations 
(red line) and part load operations (blue line) at three different heights of the liner is shown: bottom 
plane (near the flame region), mid-plane and upper plane (near the connection with the transition 
piece). 

 

    

Figure 3. Circumferential temperature distribution at three cross sections. 

The results show a different spread of temperature in the near flame region (aft-end) of the 
liner and a more uniform circular temperature distribution at the fore end of the liner for both part 
and base load conditions. The hot temperature gradients impart a large ΔT rise from the hot to cold 
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sector. The variation in the flame length and shape due to the change from base to part load can 
explain these differences. Finally, the results are in good agreement with the operational experience 
and with other studies found in literature [4],[6]. 

The material properties have been implemented including the linear elastic and non linear 
plastic behaviour with a bilinear isotropic hardening model that uses the von Mises yield criteria 
coupled with an isotropic work hardening assumption. The mechanical model consist of only the 
liner structure while the TBC layer has been neglected because its mechanical influence is small.  

3.1 Creep strain evaluation 
A full structural model was build using 3D Ansys Solid 186 elements type which support material 
nonlinearities. The model has been constrained at the liner aft and fore end to simulate the actual 
engine installed configuration.  
The material’s ductile behaviour eliminates the need to resolve the primary creep, therefore, the 
viscoplastic behaviour has been modelled using the creep Norton law (secondary creep law):  
 

(1) 
 
The coefficients C1, C2 and C3, which model the dependency of the creep strain rate from the 

stress and the temperature has been derived by a curve fitting procedure from a set of experimental 
data. Due to the creep behaviour of the material, stress relaxation will occur during operations and 
creep strains will develop accordingly. The creep behaviour has been calculated over a certain time 
period for two operating conditions: base load (243 MW) and part load (177 MW). A number of 
time step has been defined for the creep calculation: time = 1e-5, 0.1, 1, 10, 100, 1000, 2000, 5000, 
10000, 15000, 20000, 25000, 30000, 40000, 50000 hours. For this calculation, the loading is con-
stant in time. 

In Figure 4, the equivalent stress distribution due to thermal load is shown. Stress concentra-
tion areas are present in the near flame region of the liner where the thermal stress play a dominant 
role (see radar plot) and at the constrained regions. The maximum values reached (180 MPa) are 
within the elastic yield limit of the material (237 MPa at 760°C and 0.2% offset). The hoop stress 
component is the dominant part while the radial and axial components are negligible shares. 

 

   
Figure 4. Stress plot along the liner inner and outer surface. 

In the Figure 4 the stress relaxation effect is shown for the two different operating conditions 
measured in a point near the flame region. At base load, the higher stresses produce creep and stress 
relaxation while at part load, the stress generated in not high enough for producing locally vis-
coplastic effects on the structure. The creep analysis start for t=0 and therefore the start transient is 
not modelled meaning that at t=0 the full load conditions are applied which give a high initial stress. 

At the beginning of the operations, the elastic stresses are within the yield point and the elastic 
strain is the biggest share of the total strain. Creep strain will manifest over the time and the elastic 
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stress slowly will begin to relax. The plasticity produced after 50000 hr is caused by the creep mate-
rial settlements. 

 
Figure 5. Stress relaxation calculation for 50000 hours (left). Strain distribution at one point in the liner sur-

face (right). 

The linear elastic strain associated with this stresses create a strain control environment un-
der a constant strain and temp in a specified period of time due the relief of the thermal stresses 
when the liners achieve the desired thermal shape. The strain levels has been calculated at different 
points of the liner and a comparison has been proposed for the two operating conditions.  

Again, the creep effect is evident for base load configuration while at part load a constant total 
strain field is observed. The maximum plastic strain and the maximum creep strain are measured in 
the near flame region of the liner (as shown in the Figure 5). The plastic deformation is a conse-
quence of the creep strain and tend to deform the liner toward a desired thermal shape. 

An estimation of the deformation of the liner can be done by measuring the directional defor-
mation in the x and y axes. At the central region of the liner, the maximum calculated deformation 
of the liner is for base load operation equal to 2.3% and for the part load operations (1.5%).  

4. Dynamic response 

The dynamic behavior of the combustion hardware is influenced by the operational parame-
ters of the GT such as flame temperature, equivalence ratio, fuel quality, operational load, ambient 
conditions, etc. Despite the variations in amplitude, the presence of a number of peaks in well de-
fined range of frequencies is observed.  

 
Figure 6. Typical frequency spectrum for a base load operating GT. 

When the GT operates at fully premixed combustion load, the frequency spectrum of the pres-
sure measurement show the highest peaks at 150, 310 and 1150 Hz (as shown in the picture above). 
By performing a structural dynamic analysis and an acoustic analysis of the chamber, it is possible 
to investigate the nature of the growing pressure oscillations. 
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4.1 Structural dynamic analysis 
The structural eigenfrequencies have been calculated for base load and part load operations.  

 
Figure 7.Comparison of the structural eigenfrequencies of the liner for base load (blue points) and part load 

(red points) operations. 

The temperature variation affect the material properties and therefore modify the stiffness ma-
trix when resolving the general equation of motion: 

           tFuKuCuM                                                 (2) 
By solving a static structural analysis, the modified stiffness matrix can be calculated: 

       FuK                                                              (3) 

   S                                                                           (4) 
the modal analysis with pre-stressed condition is therefore solved by: 

      02  ii MSK                                                       (5) 

where i
2 are the eigenvalues and i is the mode shape number indicator, while {φ}i are the corre-

sponding eigenvectors. 
The dynamic behaviour of the structure is characterized by the Young’s modulus (E) and the 

Poisson’s ratio (υ) which modify the eigenfrequencies by the square root. The temperature depen-
dence of the eigenfrequencies has been estimated being: 

    Ef    %96.2/ 243177243   OPOPOP ff                                       (6) 

The reduction of the operating temperature at part load cause a shift in the eigenfrequencies of 
the structure of nearly 3%. In other studies, it has been calculated that a temperature increase from 
room temperature up to the 900 oC causes a reduction in young’s modulus about 25% and this leads 
to a 13% reduction in eigenfrequencies [8]. In addition, the eigenfrequencies are strongly dependent 
on the way the structure is fixed and from the operating conditions. 

4.2 Acoustic analysis 
A numerical calculation has been performed using the ANSYS structural solver with FLU-

ID30 elements for the calculation of the acoustic eigenfrequencies of the chamber. A complete do-
main that includes liner and transition piece has been created in order to define the right reflecting 
boundary conditions. It is assumed that closed conditions (Reflection coefficient R=1) are present at 
the bottom (at the burners) and upper end (at the inlet of turbine blades) of the acoustic domain. 
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The Helmholtz equation has been solved and the results for both base load and part load oper-
ations are listed in the following table and compared with the measurements during operations: 

 

Table 1. Comparison between calculated acoustic frequencies at base load and part load and measured 
acoustic frequencies during operations. 

Mode # Acoustic – Base load 
Operations 

Acoustic – Part load Opera-
tions 

Acoustic measurements 

1 234.16 Hz; Axial l=1/2 225 Hz; Axial l=1/2 225-280 Hz; Axial l=1/2 
2 474 Hz; Axial l=1 455.46 Hz; Axial l=1 470-490 Hz; Axial l=1 
3 699 Hz; Axial l=7/4 671.6 Hz; Axial l=7/4 880-1000 H; Axial l=2 
4 922.8 Hz; Azimuthal 

m=1 
886.7 Hz; Azimuthal m=1 1050-1100 Hz; Azimuthal 

m=1 
... combination of axial-

azimuthal modes 
combination of axial-
azimuthal modes 

combination of axial-
azimuthal modes 

N 2264.9 Hz; Radial n=1 2176.3 Hz; Radial n=1 2300-2350 Hz; Radial n=1 
 

 
Figure 8. Acoustic mode shapes for 234 Hz, 474 Hz, 699 Hz, 922 Hz and 2264 Hz.  

In the figures above are shown the correspondent mode shapes. The density and the speed of 
sound are adjusted to the temperature field calculated by CFD and the smallest element size has 
been chosen according to the smallest acoustic wavelength to be solved.  

4.3 Results 
The modal structural analysis, in a fixed configuration, shows the first eigenmodes at 488Hz 

producing an azimuthal – 8 nodes deformation (see Figure ). The following modes, at higher fre-
quencies continue to be azimuthally shaped with different numbers of nodes along the liner circum-
ference and they start to couple with axial mode shapes until the frequency of 1392Hz where the 
first pure axial mode is found. As discussed in the previous paragraph, the structural eigenfrequen-
cies change at different loads of the GT because of the different temperature profiles and stiffness. 

The acoustic analysis performed for base and part load condition is a good agreement with the 
measurement performed during operations. The first acoustic axial mode is found at the frequency 
of 234Hz. Until the frequency of 699Hz the acoustic modes keep a pure axial shape with different 
wavelength. At higher frequencies, 922Hz, a first pure azimuthal mode is found. The following 
modes are a combination of axial and azimuthal modes. At the frequency of 2265Hz the first radial 
mode is found. 

Comparing the combustion dynamics monitoring with structural and acoustic analysis, we can 
clearly see that some of the peaks are not justified by either acoustic or structural eigenfrequencies 
while other are in good agreement with the numerical solution. The main reasons are that the cou-
pling between the acoustic and structure produce a shift in the eigenfrequencies [6] and that some of 
the numerically calculated eigenfrequencies can be damped during operations by feedback mecha-
nisms at the burners inlets, at the domain exit or can be damped by the turbulent flow and the acous-
tic losses through the liner vibrations [7]. 
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5. CONCLUSION 

It is possible to relate and explain the failures occurred during operations due to the creep be-
haviour as shown in the previous sections. Some images are show to demonstrate how the failure 
can be initiated by the weakening of the material due to the asymmetric thermal gradients and are 
enforced by low and high cycle fatigue due to the development of acoustic pressure oscillations 
inside the combustor. 

 
Figure 9. Buckling phenomena on operating engines (left side). Visual comparison between the calculated 

temperature field and the discoloration on the TBC layer for an operating engine. 

It has been observed that the temperature profile obtained by the thermal analysis drive the 
deformation mechanism in the structural model. The stresses in fact are mainly caused by the 
circumferential temperature asymmetry and that they have a different impact on the life of the com-
ponent when operating at base load (creep evolution) or at part load (no creep and plastic deforma-
tions). Because of the acoustic-structural coupling that modifies the characteristic eigenfrequencies 
of the structure, not all the high dynamics peaks can be linked to the acoustics characteristic of the 
chamber or to the structural ones. The damping effects plays an important role for the development 
or the dimming of certain peaks during operation. 
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