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Abstract:    Thermal fatigue (TF) is one of the most important factors that influence turbine’s life. This paper establishes a 3D 
solid-fluid coupling model for a steady temperature analysis of a high-pressure turbine nozzle at different turbine inlet gas total 
temperatures (TIGTTs). The temperature analysis supplies the temperature load for subsequent 3D finite element analysis to 
obtain the strain values. Following this, the prediction of the TF life is made on the basis of equivalent strain range. The results 
show that the strain increases with TIGTT, and the predicted TF life decreases correspondingly. This life prediction was confirmed 
by one TF test. 
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1  Introduction 
 

Fatigue is one of the most important factors that 
influence the damage and the failure life for those 
components working under variable loads. About 
80% of the failures for the engine components are due 
to various types of fatigue. Thermal fatigue (TF) is the 
main kind of failure for the engine components, es-
pecially for hot working parts. 

TF phenomena were first discovered in electron 
beam collectors of high-power microwave devices. 
More recently, the demand for higher specific power 
has required higher operating temperature of an en-
gine part, so TF analysis has become more and more 
important. For materials exhibiting cracks, many 
investigators have studied TF through crack growth 
(Musi and Beaud, 2003; Morita et al., 2004; Malesys 
et al., 2008; Piehler and Damiani, 2008; Zhou and Yu, 
2008; Asayama et al. 2009). Different methods have 
been developed for crack analysis. The probabilism 

combined with the finite element analysis (FEA) is 
widely applied. Asayama et al. (2009) developed a 
structural reliability evaluation method using prob-
abilistic prediction of crack depth distributions for 
TF. This method is an extension of a probabilistic 
crack mechanics approach. It is capable of modeling 
crack initiation, crack propagation, and crack depth 
density distribution at a given cycle. Three dimen-
sional finite element models (FEM) were constructed 
from the available test measurements, and used to 
obtain representative stress histories (Morita et al. 
2004). The FEA stress results were used to perform 
fatigue usage and crack growth curves to determine 
the fatigue initiation and crack growth characteristics 
of the spacer ring cracks. 

On the other hand, TF has been intensively in-
vestigated in experimental studies combined with the 
FEA. The FEA simulation allows better understand-
ing of the evolution of the local stress-strain response. 
The results from thermal-structural FEA have been 
used to predict cycles of crack initiation in TF tests of 
some components (Akay et al., 2003; Angelis and 
Palomba, 2004; Jones et al., 2004; Mönig et al., 2004; 
Sakhuja and Brevick, 2004; Angileri et al., 2006; 
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Wong and Chu, 2006; Chamani et al., 2007; Damiani 
et al., 2007; Kaisaki et al., 2008; Bao et al., 2010). A 
thermal and structural 3D FEA has been conducted, 
and the results have been used to predict the fatigue 
crack initiation by strain-based fatigue-life algorithms 
(Damiani et al., 2007). A detailed analysis was con-
ducted on a centrifugal gray cast iron liner using dif-
ferent computer aided engineering tools to provide a 
more accurate estimate of thermo-mechanical loads 
(Chamani et al., 2007).  

A reliable and effective nozzle is the crucial 
component of a turbo-fan engine. For the improve-
ment of engine efficiency, increasing the turbine inlet 
gas temperature is considered an available approach. 
However, it will result in a poor working environment 
and worse TF performance of the high-pressure tur-
bine (HPT) nozzle guide vanes. Yet, conducting an 
experiment to assess TF life at various turbine inlet 
gas temperatures is too expensive to generalize. A 
low cost alternative is to simulate it with FEA tech-
nique. Sakhuja and Brevick (2004) predicted the 
number of copper rotor die-casting cycles to failure as 
a function of bulk die temperature for Haynes 230 and 
Inconel 617 alloys. To achieve these goals, a 2D 
thermo-mechanical FEA was performed to evaluate 
the strain ranges on selected die surfaces. Some em-
pirical heat transfer coefficients and temperatures of 
some points were given as the boundary conditions 
for thermal analyses. Convection is one of the most 
important processes for heat transfer. In general, 
some experiential functions have been used to obtain 
the heat transfer coefficients. Thus, it is more appli-
cable for a simple structure than a complex one. 

In this study, for the complex structure of nozzle 
guide vanes, a better method is used to make a more 
accurate estimate of the temperature loads. This paper 
develops a 3D solid-fluid coupling model, with which 
a steady temperature analysis of an HPT nozzle is 
performed with a range of turbine inlet gas total 
temperature (TIGTT) (827−1327 °C). The TF life is 
revealed from the structural analysis by developing a 
3D elasto-plastic FEA model, with the temperature 
loads coming from the aforementioned solid-fluid 
coupling model, rather than assuming some boundary 
temperatures and some heat transfer coefficients by 
experience. Based on the total strain ranges obtained 
from these analyses, the TF life of the HPT nozzle 
guide vane is predicted. The method of universal 

slopes (strain life method) is employed for the TF life 
predictions. To the author’s knowledge, there is 
scarcely any study on the application of solid-fluid 
coupling model for the prediction of TF life. This 
numerical analysis process is suitable for all types of 
nozzle guide vanes. 
 
 
2  Material properties 
 

The nozzle guide vanes are made from nick-
el-base cast super-alloy K417, of which the pertinent 
temperature dependent physical and mechanical 
properties involved in the FEA are shown in Table 1. 
K417 alloy is suitable for high temperature applica-
tions, such as turbine blades and nozzle guide vanes, 
and it can resist high temperatures, up to 950 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
3  Solid-fluid coupling analysis 
 

The HPT guide is one of the parts in turbo-fan 
engines, which are exposed to high temperature and 
situated between a low pressure turbine guide and a 
combustion chamber. These vanes are hollow and 
cooled by internal cooling airflow.  

As the basis for structural analysis, the steady 
temperature is simulated for the HPT guide vane with 
a solid-fluid coupling model. That is, a solid domain 
and two fluid domains are all included in simulation, 
and their temperature distributions are calculated at 
the same time. Considering the solid-fluid coupling, 
the interfaces between the solid domain and the fluid 
domains are taken as the inner boundary. A small 
change in fluid domain will affect temperature dis-
tribution directly. Consequently, the temperature 
values obtained through the solid-fluid coupling 
model will be more reliable than those through expe-
riential heat transfer coefficients. 

Table 1  Temperature dependent properties of K417 

T (°C) σb 

(MPa)
K 

(W/(m⋅K))
YS 

(MPa) 
α 

(×10−6, K−1)
E 

(GPa)
700 966 20.52 781 14.2 171
800 888 22.61 744 14.7 165
900 669 24.28 454 15.5 156
1000 429 – – 15.5 144
T: temperature; σb: ultimate tensile strength; K: thermal conduc-
tivity; YS: yield strength at 0.2% offset; α: thermal expansion 
coefficient; E: modulus of elasticity 
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3.1  Numerical method 

In this study, one solid subdomain and two fluid 
subdomains are included, and the heat transfer be-
tween them is automatically calculated. At the inter-
face, the solver calculates both the fluid-side and 
solid-side temperatures based on the heat flux  
conservation.  

Within the solid domain, the conservation of 
energy equation is simplified since there is no inside 
flow, and thus conduction is the only mode of heat 
transfer. The heat conduction through the solid 
without energy source has the following transport 
equation:  

 

p( ) ( ).c T T
t
ρ λ∂

= ∇ ⋅ Δ
∂

                (1) 

 
Fluid domains are modeled as incompressible. 

The instantaneous equations of mass, momentum, and 
energy conservation can be written as follows in a 
stationary frame: 

 

( ) 0,ρ ρ
t

∂
+∇ ⋅ =

∂
U                      (2) 

d( ) ,
d
ρ ρ p μ
t

= − Δ + Δ
U F U                (3) 

pd( )
,

d
ρc T

λ T ρq
t

Φ= + Δ +                   (4) 

 
where ρ, cp, and λ are the density, specific heat ca-
pacity, and thermal conductivity of the solid or fluid, 
respectively. T is the temperature, t is the time, p is the 
pressure, U  is the vector of velocity, F  is the vector 
of force, μ is the dynamic viscosity, Φ is the energy 
dissipation function, and q is the quantity of heat. 

3.2  Analysis layout 

The turbine nozzle is a symmetric cycle with 19 
vanes. Therefore, instead of dealing with the whole 
structure, analysis of 1/19 of the structure yields 
complete results to reduce the numerical solution 
time; that is, the analysis model involves only one 
vane.  

The domain of computation is divided into three 
subdomains, nozzle (A), cooling airflow (B), and gas 
(C) (Fig. 1). The subdomains of gas and cooling 
airflow are the fluid domains, and that of nozzle is the 

solid domain. The grids are generated within these 
subdomains. The grids near the boundaries are rela-
tively dense and orthogonal to surface. The exclusive 
purpose of this solid-fluid coupling analysis is to 
obtain the temperature of the nozzle guide vane. 
Therefore, relatively coarse and reasonable meshing 
is applied in this analysis to save solution time. 

The surface of the guide vane is taken for the 
coupling interaction between the fluid domain and the 
solid domain, through which the relationship of 
temperature between the vane and the gas or the 
cooling airflow is created. 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Boundary conditions 

It is sure that the requirement for higher effi-
ciencies of turbo-fan engines will lead to higher 
temperatures of turbine inlet gas. With the improve-
ment of material performance and cooling technol-
ogy, the temperature of turbine inlet gas has been 
raised to 1530−1720 °C from the initial 930−1030 °C 
(Lin, 2006). This creates the requirement of TF 
analysis with a wider range of temperature. 

Entrance condition: the total pressures of the gas 
and cooling airflow are set to 140 and 130 kPa, re-
spectively. The total temperature of the cooling air-
flow is set to 420 °C, based on the actual condition. 
The total temperature of the gas has an important 
impact on TF life, which is investigated as follows. 
Eight total temperatures are considered for analysis: 
827, 927, 1027, 1127, 1177, 1227, 1277, and 1327 °C. 
The entrance flow directions are normal to the 
boundary conditions. The initial temperature of the 
nozzle guide vane is set to 25 °C. 

Exit condition: the outlet static pressures of the 
gas and the cooling airflow are all given as 120 kPa. 
The exit flow directions are normal to the boundary 
conditions. 

A 

Vane 

Gas inlet 

C 

Outer shroud 

Inner shroud 

Gas outlet 

B 
Cooling airflow inlet 

Cooling airflow outlet
 

Fig. 1  Meshing for solid-fluid coupling analysis 
A: nozzle; B: cooling airflow; C: gas 
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Wall condition: the speeds on the wall, the gra-
dient of pressure, and the temperature in the normal 
direction are set to zero. 

3.4  Simulation results 

There are 12 representative points (labeled as 
points 1−12) that demonstrate the temperature, stress, 
and strain distributions of the nozzle guide vane 
(Fig. 2). The following nonlinear stress/strain analy-
ses will also focus on these points. Points 1−4 are 
situated near the outer shroud (tip) and points 9−12 
near the inner shroud (hub), while points 5−8 are 
situated on the central section of the vane. From an-
other viewpoint, points 1, 5, and 9 are situated on the 
leading edge, and points 3, 7, and 11 on the trailing 
edge. Points 2, 6, and 10 are situated on the middle 
part of the basin surface, and points 4, 8, and 12 on the 
convex surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For the TIGTT of 1127 °C, the temperature dis-
tribution of the nozzle guide vane is shown in Fig. 3. 
It is an uneven temperature distribution with the 
lowest temperature observed at the central section of 
the vane basin with a value of 770 °C. Mostly, for the 
thick structure of trailing edge, the highest tempera-
ture is observed at the trailing edge near the outer 
shroud (tip) with a value of 930 °C. For the higher 
velocity of gas, the temperature of the vane convex 
surface is higher than that of the vane basin, with a 
value of about 820 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Temperature of points 1−12 as a function of 
TIGTT is shown in Fig. 4, and excellent correlation 
between them is illustrated. It can be explicated that 
the temperature distributions of different TIGTTs are 
similar. The temperature of the trailing edge is higher 
than that of the leading edge due to the higher velocity 
of gas and thinner structure. On the other hand, the 
temperature of the convex surface is higher than that 
of the basin surface due to the higher velocity of gas. 
For the small thickness of vane, no obvious tem-
perature gradient is found between the inner surface 
and the outer surface, although the inner surface is 
cooled by the internal cooling airflow. 
 
 
4  Structural analyses 
 

The temperature of the HPT nozzle changes 
quickly, and the temperature gradient is quite large 
after starting the engine. Furthermore, the guide vane 
is constrained by an outer shroud and an inner shroud. 
Thus, large thermal stress and strain appear, followed 

Fig. 3  Temperature distributions of the nozzle guide vane
(a) Basin surface; (b) Convex surface 

(a)

(b)

(a) 

(b) 

1 
2 

5 
6 

10 

3 

7 

11 

4 

8 

12 

9 

Fig. 2  Critical points locations on the vane 
(a) Basin surface; (b) Convex surface 
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by TF. An engine works by starting and stopping as a 
cycle; that is, thermal stress and strain appear again 
and again. Thus, TF becomes significant, and TF 
failure can be considered as the major factor of reli-
ability for guide vanes. As the basis of TF life pre-
diction, an elasto-plastic structural analysis is per-
formed here as a major part of this study.  

4.1  Numerical method  

During simulation, the material thermal proper-
ties vary with temperature. The stress-strain relations 
for an isotropic body are given by 

 
dσ=Ddε−CdT,                          (5) 

 
where dσ is the stress increment, D is the elastic ma-
trix for elastic region or elasto-plastic matrix for 
plastic region, C is the matrix related to temperature 
and thermal expansion coefficient, dT is the tem-
perature increment, and dε is the total strain incre-
ment, which can be given as 
 

dε=dεp+dεe+dεT,                      (6) 
 
where dεp is the plastic strain increment, dεe is the 
elastic strain increment, and dεT is the thermal strain 
increment. The kind of elasto-plastic hardening law is 
kinematic hardening.  

4.2 Boundary conditions and loads 

The nozzle guide is a stationary component 
subjected to aerodynamic force and temperature 
loads. It is suggested that the influence of aerody-
namic force on TF failure is negligible compared to 
the high temperature loads acting on the vane sur-
faces. Therefore, it is not included in the simulation. 

On the basis of the aforementioned solid-fluid cou-
pling analysis, temperature loads are applied to the 
nozzle guide vane.  

The installation sketch of the HPT nozzle is 
shown in Fig. 5. There are two flanges on the outer 
shroud. The rear flange surface (A-A) is fixed to 
low-pressure turbine nozzle, and the front flange 
surface (B-B) is fixed to the combustion chamber.  

The following boundary conditions and loads are 
applied for the structural analysis: (1) temperature 
loads come from foregoing solid-fluid analysis; and 
(2) those nodes attached to each side of the outer 
shroud of the nozzle (A-A and B-B sections as shown 
in Fig. 5) are constrained, and the displacements 
along the radial and axial directions are set to zero. 
 
 
 
 
 
 
 
 
 
 
 

4.3  Finite element model 

The object of the structural analysis is a nozzle 
guide vane, i.e., the solid domain in foregoing 
solid-fluid analysis. The model is rebuilt for refined 
FEA meshing containing about 13 000 elements. A 
type of isoparametric hexahedron solid element is 
employed. Thermal stress and strain are elasto- 
plastically calculated by FEA. The model for analysis 
and the boundary conditions are shown in Fig. 6. 
 
 
 
 
 
 
 
 
4.4  Simulation results 

This section discusses the post-processing re-
sults from analysis. The strain values obtained here 

Fig. 6  Finite element analysis model 

Fig. 4  Temperatures of points as a function of TIGTT
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Fig. 5  Sketch of the HPT nozzle 
A

-A
A-

A

B-
B

B-
B

Outer shroud
Vanes

Inner shroud



Zheng et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(3):214-222 219

are taken for the basis of TF life prediction. To eval-
uate the number of cycles to failure for a given situa-
tion, an appropriate strain component should be used. 
In this case, for the multiaxial stress state, the von 
Mises equivalent strain range is considered in fatigue 
life evaluation (Sakhuja and Brevick, 2004). TF does 
not correspond to a uniaxial stress state, but hydro-
static stress effect is not considered in our case, be-
cause it is in very low cycle fatigue regime. 

The von Mises equivalent strain and stress are 
defined as 

 
2 2 2 2

eq eq/ 3, 3 ,ε ε γ σ σ τ= + = +          (7) 
 

where e p2 1 / 3 ,ε ν ε ε= + +（ ）  eε  and pε  are the elas-
tic and plastic axial strains, respectively, ν is the 
Poisson’s ratio, and γ is the torsional strain. σ and τ are 
the axial stress and torsional stress, respectively. 

In this simulation, the von Mises stress and total 
strain are obtained at different TIGTTs. As an exam-
ple, the von Mises equivalent strain and stress of the 
nozzle guide vane at a TIGTT of 1127 °C are shown 
in Fig. 7. The equivalent strains will be applied for the 
following life prediction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The von Mises equivalent stress versus TIGTT 
at points 1−12 is shown in Fig. 8. The relationship 
between the equivalent strain and TIGTT is shown in 
Fig. 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
From Fig. 8, it can be seen that some of the von 

Mises equivalent stress is decreased at high TIGTTs 
due to the decrease of yielding strength at high tem-
peratures. As shown in Fig. 9, larger strains can be 
observed at points 1−4. These points are all near the 
outer shroud for two reasons, the high temperature 
gradient between nozzle guide vane and outer shroud, 
and the restriction on each side of the outer shroud. 
Furthermore, it can be seen that strains at these points 
increase with the TIGTT. At point 3, the highest strain 
appears (located on the trailing edge near the outer 
shroud). 
 
 
5  Prediction of thermal fatigue life 
 

TF is the main kind of failure for a nozzle guide 
vane. It is generated when the nozzle guide vane is 
heated and cooled repeatedly during starting and 

Fig. 9  Relationship between the total strain and TIGTT
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Fig. 7  von Mises equivalent stress (a) and strain (b) of the 
nozzle guide vane 

(a)

(b)



Zheng et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(3):214-222 220 

stopping of engine, resulting in high thermal stress 
and TF crack on the surface of the nozzle guide vane. 
The high temperature low cycle fatigue (HTLCF) and 
TF have similar characteristics, because they both 
have the features of low cycle strain fatigue, and they 
are both subjected to high temperatures. The major 
difference is that the temperature of HTLCF remains 
constant, whereas the temperature of TF varies with 
stress. Except for the temperature and loads applied to 
the structure, the HTLCF and TF exhibit the same 
phenomena. At the same time, HTLCF is simpler, and 
has been studied more extensively. Thus, investiga-
tions of TF can be carried out through HTLCF (Ping 
and Guo, 1984).  

If the temperature of HTLCF is taken as the 
equivalent temperature of TF, it can be assumed that 
life to failure of the TF would be the same as the 
HTLCF with the same strain range; i.e., they have the 
same Δε-Nf curves, where Δεe is the strain range, and 
Nf is the fatigue life. Considerable researches have 
been carried out (Ping and Guo, 1984; Goswami, 
1997). The researches indicated that the equivalent 
temperature of TF varies with the material perform-
ance, temperature cycle, environment, etc. In general, 
if the plastic strain dominates, the average tempera-
ture of HTLCF temperature cycle would be taken as 
the equivalent temperature of TF. Contrarily, if the 
elastic strain dominates, the highest temperature of 
the HTLCF temperature cycle would be used.  

For this work, the highest total strain is observed 
at point 3 with a conjecturable minimum predicted TF 
life. That is, this node is decisive for the life predic-
tion for the guide vane. It can be seen obviously from 
the aforementioned analysis that the plastic strain of 
this node dominates. Therefore, the average tem-
perature during thermal cycles should be taken as the 
equivalent temperature of TF. 

The equations to predict the life of TF are de-
rived by Manson (1966) as 

 

b
e fΔ = 3.5 ,kσ
ε N

E
                        (8) 

0.6
p f ,cε H NΔ =                            (9) 

 
where Δεe is the elastic strain range, Δεp is the plastic 
strain range, and H is the logarithmic ductility. It is 
further stated that in Eqs. (8) and (9), these are  
 

material dependent constants. When Eqs. (8) and (9) 
are plotted on a log-log scale, straight curves appear, 
and constants k and c are the slopes of the curves.  

Lacking of fatigue performance of K417 alloy, 
there is only one HTLCF Δε-Nf curve at 900 °C 
available (Fig. 10). 
 
 
 
 
 
 
 
 
 
 
 
 

Employing Eqs. (8) and (9), we arrive at the 
following formulae, which are used to describe func-
tions between Δεp, Δεe, and Nf for K417 alloy: 

 

e flogΔ log ,ε A k N= +                     (10) 

p flogΔ 0.6log log ,ε H c N= +         (11) 

 
where A is an assumed parameter. A, k, c, and H could 
be determined by Fig. 10, and A=−1.655, k=−0.166, 
c=−0.667, H=−0.01755. 

By considering the mean stress and introducing 
the values of A, k, c, and H into Eqs. (8) and (9), the 
TF life of the nozzle guide vane can be estimated as 

 
t p e

0.6 b m
f f

0.667 0.166m
f f

b

3.5

0.0884 0.022(1 ) ,

c k

ε ε ε

σ σ
H N N

E
σ

N N
σ

− −

Δ = Δ + Δ

−
= +

= + −

  (12) 

 
where Δεt is the strain range, and σm is the mean stress. 
Depending on the definition of the TF life shown in 
Eq. (12), respective lives at different TIGTTs could be 
predicted. The strains of points 1−4 are obviously 
larger than those of other points; that is, these points 
are decisive for the TF of the vane. Thus, the strain 
range and the corresponding TF lives of these points 
are calculated, as shown in Table 2 and Fig. 11. 
 

Fig. 10  Δε-Nf curves of K417 alloy 
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As shown in Fig. 11, among the four points, 
point 3 has the worst TF performance with a corre-
sponding shortest TF life. For the TIGTT of 1127 °C, 
the TF life of point 3 is predicted to be 18 cycles. 

The predicted TF lives of these points are de-
tected to decrease with TIGTT. It is known that the 
temperature of gas would affect the TF life severely. 
Thus, it is prerequisite to limit the raise of temperature 
for developing high efficiency engines. 
 
 
6  Thermal fatigue tests 
 

Experimentation has been performed on the HPT 
nozzle guide to confirm the numerical analysis. Ac-
cording to the reality, HPT nozzle guide was fixed in 
each side of the outer shroud. At the same time, the 
HPT nozzle guide was subjected to TF cycles induced 
by hot airflow. During a test cycle, hot airflow was 
present for 100 s, during which steady temperature  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
was maintained, followed by natural cooling for 
10 min. The total temperature of hot airflow was set 
to 1127 °C with a total pressure of 140 kPa during the 
tests. After testing for 23 cycles, TF cracks were ob-
served at some nozzle guide vanes. Most cracks were 
located on the trailing edge near the outer shroud. The 
results are close to the prediction of the TF.  

The zone of cracks was charcoal gray and cov-
ered with some oxide. It means that these cracks were 
formed at high temperatures. These cracks developed 
outside-in and propagated along the crystal grain 
boundary, which is one of the main characteristics of 
TF cracks. On the basis of the above analysis about 
these cracks, it can be seen that these cracks were 
induced by TF. 
 
 
7  Conclusions 
 

This paper has presented an overview of the TF 
life prediction for the nozzle guide vane. Based on the 
above analysis, the temperature of the HPT guide 
vane increases linearly with TIGTT. At the same 
time, stress and strain also increase with TIGTT. The 
larger strains are observed at those points near the 
outer shroud (tip). It also can be seen that predicted 
TF life of the HPT guide vane decreases severely with 
TIGTT. 

The equivalent strain of point 3 is observed to be 
the highest, leading to the worst TF performance with 
the predicted TF life of 18 cycles when TIGTT is 
equal to 1127 °C. This point is located on the trailing 

Table 2  Strain range and number of cycles to failure at points of interest 
Strain range, Δε (%) 

TIGTT (°C) 
Point 

number 
827 927 1027 1127 1177 1227 1277 1327 

1 0.62 0.70 0.78 0.85 0.89 0.94 0.99 1.04 
2 0.63 0.71 0.79 0.84 0.88 0.92 0.97 1.01 
3 1.61 1.85 2.11 2.29 2.41 2.54 2.65 2.75 
4 0.72 0.81 0.90 0.97 1.01 1.06 1.12 1.17 

Number of cycles to failure, Nf 
TIGTT (°C) 

Point 
number 

827 927 1027 1127 1177 1227 1277 1327 
1 508 330 214 199 143 147 81 72 
2 447 294 192 163 99 102 55 60 
3 32 24 19 18 15 13 10 9 
4 289 195 133 115 82 84 51 51 

 

Fig. 11  Relationship between the predicted thermal 
fatigue life and TIGTT 
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edge near the outer shroud (tip). The result indicates 
excellent correlation between the predicted (18  
cycles) and the experimental TF life (23 cycles). The 
proposed numerical approach is able to satisfactorily 
predict the TF life of some hot parts of engines. Ap-
plication of the numerical approach can reduce the 
economic cost and shorten the period for new de-
veloped engines. 
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