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A residual lifetime prediction study has been performed on a combustion liner metallic ma-
terial exposed to elevated temperatures by simulating the evolution of plastic work fields at a 
crack tip under monotonically loading. The strain and stress distribution has been computed 
by finite element analysis. The method gives a measure of the metal degradation and enables 
to evaluate the failure limit of a progressive damage under the operating conditions of gas 
turbine components. The study allows making a correlation between the progress of damage 
of a combustion liner and the loading conditions, the material type and the geometry of a 
specimen by the parametric design construction. 

1. Introduction 
The structural integrity, durability and reliability of the critical components of gas turbine en-

gines for power generation govern the safety of power plants; therefore the total lifetime must be 
accurately predicted. Fatigue, creep and fatigue/creep interaction are the main damage mechanisms 
of the plant type gas turbine engines due to the operation at high temperatures under variable 
stresses. Fatigue failures are caused by high cycle fatigue (HCF) and low cycle fatigue (LCF). The 
damage mechanisms are responsible for the fatigue life spent until crack initiation and for crack 
propagation. 

The thermo-acoustic instabilities in combustion systems cause high sound pressure levels re-
sulting in vibration of the structure [1]. It is important to predict the lifetime and evaluate the dam-
age of the liner material in the way of achieving a lean combustion and reducing emissions in gas 
turbines. The proposed lifetime prediction method consists of a synergy between damage evolution 
and crack propagation theories. The total life prediction of combustion liners has been examined in 
two stages as depicted in Figure 1. The first stage is the life assessment of the liner structure until 
the smallest crack length for physically small cracks is satisfied. Subsequent stage is the thermal-
displacement analysis to predict the residual life of the crack by calculating the localized tempera-
ture fields at the crack tip due to the plastic work done.  
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Figure 1. Stages of total life prediction. 

 
The plastic deformation ahead of the crack front prior to fracture has been simulated by the 

fracture mechanics based analysis in the EPFM (Elastic-plastic Fracture Mechanics) domain. The 
crack tip field intensity has been examined by means of the linear-elastic fracture parameter stress 
intensity factor (KI) and the capability of the analysis has been extended with the fracture parameter 
J-Integral (JI) used for modeling plasticity at the crack tip. The stability of the crack has been pre-
dicted by comparing the fracture parameter KI with the fracture toughness KIC of the material under 
Mode I loading propagating crack for a ductile material. Subsequently, JI has been calculated and 
compared with JIC to determine the crack extension. The analysis procedure has been repeated for 
each crack length increment until the final crack length was achieved. 

This paper describes a methodology to obtain strain and stress distribution around the crack 
tip for the second stage of the total life prediction approach. This method enables to predict a stable 
mode I crack growth and concludes by highlighting the importance of the damage evolution of the 
propagating crack tip for the residual life prediction of a component and future prospects on the 
method. 

2. Methodology 

2.1 Material 
The plastic work field ahead of a crack tip has been investigated in SS310 steel material. 

Since a combustion liner experiences elevated temperature, the influence of the temperature on the 
structural properties must be taken into account. The temperature dependence of the Young’s 
modulus (E) is shown for three types of material: a high performance alloy Hastelloy, SS310 and a 
typical steel grade (Figure 2). The presented three materials exhibit the same trend of Young’s 
modulus decrease from the order of 200 MPa to about 150 MPa at 600 oC. The specimen geometry 
that has been analyzed in this paper is shown in Figure 3 (a), has the width (W) 0.2 m, the height 
(2L) 0.4 m, thickness (B) 0.002 m and initial crack length (2a) 0.004 m.  

 

 
Figure 2. The temperature dependence of the Young’s modulus (E) [2]. 
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2.2 Finite element analysis for fracture mechanics 
A finite element analysis (FEA) has been performed to simulate crack growth for a liner mate-

rial and to characterize the crack tip region. Plastic work fields on the propagating crack tip gener-
ate thermal energy and the corresponding temperature fields around the crack tip can result in sof-
tening of the material [3]. Subsequently, evaluating the damage of a propagating crack with dissipa-
tion of heat ahead of the crack tip is crucial in order to predict the residual lifetime of the structure. 

The specimen geometry used in the analysis includes a through thickness central crack under 
uniform tension configuration that is depicted in Figure 3 (a). Isotropic, homogeneous and elastic-
plastic material has been used in the FEA and plane stress conditions and EPFM has been assumed.  

2.2.1 Theory 
The intensity of the stress distribution around the crack tip is described by the stress intensity 

factor. It is important to determine the limit of the linear regime for the material behavior prior to 
the crack propagation stage in order to employ a fracture mechanics approach. The accuracy of the 
numerical calculation for the stress intensity factor has been obtained with the equation developed 
by Feddersen [4]. 

 

€ 

K =S πaF . (1) 

 

€ 

F = [sec(πa/W)]1/2 . (2) 

where F is the boundary-correction factor, S is the applied stress, W is the specimen width  and a is 
the half-crack length. The solution of K was extended by the equation developed by Tada [5]. 

 

€ 

F = [sec(πa/2)]1/2[1− 0.025α 2 + 0.06α 4 ]. (2) 

where α=2a/W. The J-Integral, which is a path-independent line integral, describing the strain en-
ergy release rate [6], has been used as a crack propagation criterion for a body containing a central 
crack. Hutchinson [7] and Rice and Rosengren [8] showed that the J-Integral characterizes the stress 
and deformation fields in the crack tip region of a monotonically loaded stable crack for elastic-
plastic material. The J-Integral calculation is based on the domain integral method, which applies 
area integration for 2-D analysis [9] described by Shih [10] shown in Figure 3 (b). 

 
Figure 3. (a) Through thickness central crack geometry, (b) two dimensional deformation field of a crack. 

2.2.2 Procedure 
A half model has been simulated instead of the quarter model due to the symmetric state on 

the boundary by illustrating both faces of the crack. The symmetrical boundary condition treatment 
ensures that the same physical processes are present on the both sides of the boundary.  
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The geometry of the crack opening shown in Figure 4 has been created. The crack tip region 
has been meshed with ANSYS PLANE183 element, quarter-point (singular) triangular 6-node ele-
ments that are suitable for modelling irregular meshes for crack growth analysis. The crack tip has 
been selected as a concentration point of the refined mesh at the tip region to handle rapidly varying 
stress and deformation fields [9]. The representation of the crack tip region and path-defining 
scheme on nodes for fracture parameter calculation can be seen in Figure 5 (a). The crack propaga-
tion is provided by the node release method with a pre-defined crack path history. The model pro-
cedure is based on the duplication of nodes along the crack path and separation of the nodes as the 
crack propagates Figure 5 (b). 

 

 
Figure 4. (a), (b) Finite element model, (c) crack tip region mesh. 

2.2.3 Solution 
ANSYS APDL (Parametric Design Language) has been used as a macro language to control 

the analysis. Nonlinear elastic plastic stress analysis and fracture mechanics parameter calculation 
run collaboratively in the fracture analysis. The stress intensity factor (KI) at the crack tip has been 
calculated and compared to the material fracture toughness (Kc) to determine the linear regime limit 
of the material. In the nonlinear state, the J-Integral method has been used to predict JI from path 
integration in the crack tip region. The crack opening displacement procedure has been employed to 
apply the relative displacement of the coincident crack faces with respect to J-Integral calculation.  
 

 
Figure 5. (a) Fracture parameters calculation procedure [11], (b) Crack propagation steps along the pre-

defined crack path, node duplication and node release. 
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3. Results 

The remaining lifetime prediction method has been performed for combustion liner material 
by calculating the deformation field around the crack tip. The stress intensity factor values shown in 
Figure 6 have been calculated under the applied loads and compared with Feddersen [4] and Tada 
[5] equations results. Numerical and analytical results agree sufficiently until the threshold of 150 
MPa applied load. Comparing with the analytical results, the percentage error of KI is around 45% 
for less than 200 MPa loading condition for both cases due to the transition from linear case to non-
linear regime. 

 

 
Figure 6. Stress intensity calculation. 

 
Figure 7. von Mises plastic strain profile in x-direction. 
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The von Mises plastic strain values were calculated at the crack tip and the neighbour node 
locations in the crack tip region for 220 MPa in order to satisfy the non-linear regime in the simula-
tion. As seen from Figure 7, the von Mises plastic strain amplitude decreases as the distance in-
creases between the target node and crack tip node, C. The von Mises plastic field (Figure 8) is 
localized and intensified around the crack tip; on the other hand the elastic strain field (Figure 9) is 
distributed through the body. In Figure 10, the inelastic strain and JI amplitude at the crack tip is 
increasing as the crack propagates. 

 

 
Figure 8. von Mises plastic strain field at the crack tip. 

 

 
Figure 9. von Mises elastic strain field at the crack tip. 
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Figure 10. (a) von Mises plastic strain (εp) evaluation and (b) JI values for crack extension (δa). 

4. Conclusions and discussions  

The residual lifetime of a cracked structure under plane stress conditions has been evaluated 
for ductile specimen considering both the effects of plasticity and stable crack propagation. On sta-
ble crack growth prior to failure, the metallic material exhibits localized plasticity at the crack tip 
creating a plastic zone and the strain magnitude decreases as a function of the crack tip distance.  

The plastic work field at the crack tip region has been determined. And the next step is to 
evaluate damage of the growing crack by taking into account the quantitative information on the 
thermal energy due to plasticity that is vital for providing structural integrity, durability and reliabil-
ity in critical components in gas turbines. 
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