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Abstract

Fracture Mechanics as a subject of intensive study has evolved over time in the design and service of components in
machines that may be subjected to constant or variable amplitude loads. Flaws in the manufactured parts are inevitable
and grow over a period of time in the form of surface or embedded cracks. Hence it is imperative to study these cracks to
get to know the behavior of their growth. Among the various parameters defined for this purpose is the Stress Intensity
Factor (K), which gives a picture of the condition of the stress at the crack front. In the present work, a gas engine turbine
blade with a semi-elliptical surface crack under centrifugal load is analyzed. Variation of the stress intensity factor is
studied using finite element analysis at different orientation of crack with respect to the longitudinal axis of the turbine
rotor. The variation of stress intensity factor under different modes with crack geometry and orientation are presented.
The results will be useful in the assessment of structural integrity of the component.

1. INTRODUCTION

Fracture analysis forms the basis of damage tolerant design methodology. Its objectives are the determination of
stress intensity factor (K), energy release rate (G), path independent integral (J), Crack Tip Opening Displacement
(CTOD) and prediction of mixed mode fracture, residual strength and crack growth life.

Solution for Stress Intensity Factor (SIF) in mode I for a surface crack in a plate is presented in empirical form by
Newman & Raju [1]. This empirical equation is presented as a function of parametric angle, depth and length of the
crack as well as thickness and width of the plate for tension and bending loads. Witek [2] discusses the failure of
compressor blade due to due to bending fatigue loads, and the calculation of SIF is performed using the Raju-Newman
solution for a semi-elliptical crack. Barlow & Chandra [3] discuss the fatigue crack growth rates at the fan blade
attachment in an aircraft engine due to centrifugal and aerodynamic loads. Song, et al. [4] deliberate on the failure of a
jet-engine turbine blade due to improper manufacturing techniques. One of the observations that can be made from the
above mentioned discussions is that the cracks may originate in any form and direction due to improper design or
manufacturing methods. Hence it becomes imperative to perform analysis to obtain SIF values of cracks at various
orientations, for growth analysis.



In this work, fracture analysis is performed on the turbine blade of third stage turbine bucket of a gas turbine.
Initially, static analysis is carried out to obtain the region of crack nucleation, and then semi-elliptical cracks at various
orientations with respect to the rotor axis is analyzed using the finite element technique to obtain the values of stress
intensity factors. A parametric study varying the crack parameters is conducted to analyse their effects on the stress
intensity factor in three modes.

2. FINITE ELEMENT MODELLING OF GAS TURBINE BLADES
a) GEOMETRIC MODEL

Geometric modelling of the turbine blade has been carried out in CATIA (Computer Aided Three-dimensional
Interactive Application). For the present study, turbine blade of third stage turbine bucket of a gas turbine is considered.
To create the geometric model, aerofoil profile of the blade has been taken from Ref [3]. The blade profile is attached to
a cylindrical hub (figure 1) with dimensions ri=110 mm ro=137.5 mm.

Figure 1: Turbine blade attached to the hub

b) MATERIAL PROPERTIES

An alloy of Titanium-Aluminum-Vanadium has been selected for the turbine blade material [6]. Table 1
specifies the composition and the physical properties of Titanium-64 alloy.

TABLE 1: COMPOSITION AND PHYSICAL PROPERTIES OF TITANIUM-64 ALLOY [7]

Physical Property Value Component | Weight (%)
Density 4430 kg/m3 Titanium 90
Young’'s Modulus 113.8 GPa Aluminum 6
Poisson’s Ratio 0.342 Vanadium 4
Tensile Strength 950 MPa Iron Max. 0.25
Yield Strength 880 MPa Oxygen Max 0.2
Fracture Toughness 75 MPavm

c) VALIDATION OF FINITE ELEMENT MODEL

Finite Element Modelling of the turbine blade has been carried out using ANSYS-Workbench using 3D
tetrahedral elements. In order to validate the FE model, the benchmark solution from Raju & Newman [1] has been
considered. The geometric dimensions for the benchmark plate geometry [8] is as shown in figure 2:

h =200 mm; b =200 mm; t = 200 mm; Crack dimensions: Width 2c = 80 mm; Depth a = 80mm
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Figure 2: Benchmark plate and semi-elliptical surface crack dimensions (in mm)

The plate and crack dimensions meet the criteria mentioned for the application of the Raju-Newman solution, which
is,
0<a/c<1;0<a/t<1;c¢/b<05

This problem involves a plate with a semi-elliptical crack subjected to tensile load, with the opposite face being
fixed. The FE model is shown in figure 3.

Figure 3: Finite Element model of the plate with a semi-elliptical crack

Solution for Stress Intensity Factorin mode I for a surface crack in a plate is presented in empirical form by Newman
& Raju. This empirical equation is presented as a function of parametric angle, depth and length of the crack as well as
thickness and width of the plate for tension and bending loads. This equation is based on the three dimensional finite
element analysis of finite plates subjected to tension and bending loads, from which stress intensity factors are obtained.
The equation covers a broad array of configuration parameters. The ratios of crack depth to plate thickness and the
ratios of crack depth to crack length range from 0 to 1. The stress intensity factor variations due to plate width is also
made inclusive.



For combined tension and bending loads, stress intensity factor equation in mode I [1] is given by,

a c
Q ,b’
for,0<a/c<1;0<a/t<1;¢/b<05and0<0¢<m,

a a

Where Q is an approximation given by,

a~1.65
Q=1+ 1.464 (—) (2)
c
The function F is the boundary-correction factor for tension and H is the boundary-correction factor for bending is
equal to the product of H and F, where F is another defined function. Curve-fitting technique is used to obtain the
function F by using double-series polynomials for the ratios of a/c, a/t, and angular functions of @. The equations for

the functions are given in reference [1].

The Raju-Newman solution for the stress intensity factor is for tensile and bending stress. And since only the
rotational loading is considered for analysis, the bending load part of the solution is ignored. Hence, coming to the
boundary conditions applied to the plate, the bottom face of the plate is considered as a fixed support and the on the
top face, a tensile pressure is applied to simulate the centrifugal load. This simulates the crack opening mode.

Figure 4 shows a comparison of mode 1 stress intensity factor values obtained from ANSYS Workbench and the
target solution of Raju-Newman empirical equation given by (1).
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Figure 4: ANSY'S Solution vs Raju-Newman Solution o

The present solution is in good agreement with empirical solution of [1]. The maximum variation is found to be
5.86%. These values can be considered satisfactory and hence the Finite Element model developed is considered to be

validated.

3. FRACTURE MECHANICS ANALYSIS
a) LOCATION OF THE CRACK ON BLADE

[t is essential to determine the critical location of crack on the turbine blade where the crack may nucleate. The
selection of the location cannot be made arbitrarily since its behaviour is dependent on its location on the blade. To
determine the location, a static analysis is performed on the blade by applying rotational load on it. By finding the region
where the maximum von-Mises stress is induced, the location of crack can be approximated.

To simulate the centrifugal loading on the turbine blade the central hub is fixed by constraining all the degrees
of freedom of the nodes present in its mesh. A rotational velocity is imparted at the center of the hub along its axis by
creating a new coordinate system. Static analysis is carried out for 10,000 RPM. The maximum stress is found



approximately at the center of the span of the turbine blade, and hence the crack for the analysis has been introduced
in the region of maximum von-Mises stress.

b) EVALUATION OF SIF

The base mesh around the Fracture Affected Zone comprises of tetrahedral elements. The blade is being
analysed for rotational inertial loading. To simulate this condition, the cylindrical hub of the setup is constrained, and
inertial rotational velocity is applied about the cylindrical hub axis. Next, Fracture Tool module in ANSYS Workbench

which is used to solve crack propagation problems, is made use of to carry out the analysis. The stress intensity factors
in mode 1 (KI), mode 2 (KII) and mode 3 (KIII) are computed.

SEMI-ELLIPTICAL CRACK

ROTOR AXIS

Figure 5: Crack orientation with respect to the rotor axis

Seven different analyses of the blade are carried out with the crack at orientation o = 0°, 15°, 30°, 45°, 60°, 75° and
90° (figure 5) with respect to the turbine rotor axis. The crack length and depth in all the seven cases are kept constant

at 2c=2.5 mm and a=0.86 mm [2] respectively. The plots of stress intensity factors along the crack front in all the three
modes are shown in figures 6, 7 and 8.
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Figure 6: KI along the crack front at various crack orientation
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Figure 7: KII along the crack front at various crack orientation
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Figure 8: KIII along the crack front at various crack orientation

The behaviour of the values of stress intensity factors in opening mode shown in figure 6 is predictable, with the
values being highest for the 0° crack. The stress intensity factor values decrease with the increase in the crack angle,
except for a little anomaly in the 90° crack, and this behaviour can be attributed to the twist in the blade profile and also
to the thickness, which is not uniform along its longitudinal axis.

It is observed in figure 7 that the values of stress intensity factors in sliding mode vary from a positive number at one
end of the crack front to a negative number at the other end of the crack front. This trend is seen to reverse its behaviour
as the crack angle increases from 0° to 90°.

The tearing mode stress intensity factor plots shown in figure 8. For the cracks at lower orientations, the stress intensity
factor values is observed to be greater at the centre of the crack front when compared to the extremes. But this
behaviour reverses as the orientation of the crack increases, with the values being lower at the centre of the crack front
when compared to the ends. Also, the values become negative with the increase in the crack orientation.

4. PARAMETRIC STUDIES

Two important parameters; semi-elliptical crack length and depth are considered for the analysis, and variation in
the stress intensity factors in three modes for cracks at different orientations and different a/c ratios are studied in the
present work.

The behaviour of mode 1 stress intensity factor is very similar for cracks of all orientations except for 60° and 75°.
The values of KI (figures 9 and 12) of all orientations except for 60° and 75°, the value of KI is highest for the lowest



ratio of a/c, and its value decreases with the increase in the a/c ratio. This shows that cracks with a larger length when
compared to the depth have a higher tendency of propagation, leading to component failure.

The KI values of cracks with higher a/c ratios tend to remain uniform along the crack front when compared to the
corresponding cracks of lower a/c ratios, which have higher values of KI at the centre of the crack front. It is observed

that these cracks have a higher tendency to propagate along their depth.

The behaviour of KI values for cracks of orientations 60° and 75° is observed to be different from the rest. The KI
values, from figures 10-11, are negative for these two cracks. This can be attributed to the curvature and twist along the
span of the blade, leading to KI values which result in crack closure due to compression.
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Figure 9: Kl values for 0° crack
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Figure 10: KI values for 60° crack
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Figure 11: Kl values for 75° crack
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Figure 12: Kl values for 90° crack

The behaviour of KII at 0° (fig 13) and 15° is very similar, with the values being essentially the same for all the three
a/c ratios. The value of KII changes from a positive value at one of the crack front to a negative value at the other end,
with the value becoming zero near the centre.

For cracks of 30° (fig 14), 45° and 60° orientations, the behaviour of KII changes suddenly for a/c ratio of 0.368,
which is the lowest of the three. The values of KII at crack front end where they are positive at one end and negative at
the other, reverse their sign at a/c = 0.368. Figure 7 also shows the characteristics of KII at various crack orientations.
In the parametric study, similar behaviour is observed, with the values of KII becoming negative at the beginning of the
crack front for cracks at 75° (fig 15) and 90° orientations. But KII values for a/c ratio of 0.368 show the same behaviour
as seen in the lower crack orientations.
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Figure 13: KII values for 0° crack
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Figure 14: KII values for 30° crack
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Figure 15: KII values for 75° crack

Crack fronts of cracks with lowest a/c ratio show the tendency for extreme values of KIII. Cracks of 0° (fig 16), 15°,
30°, 45° and 60° orientations have crack fronts with only positive values of KIII, with those cracks having a/c = 0.368
having the maximum value. The value of KIII decreases with increasing value of a/c ratio for the first five orientations.
The value of KIII becomes negative for crack orientations of 75° (fig 17) and 90°, with those cracks having a/c = 0.368

having the minimum value.

The one common characteristic for the three parameters of KI, KII and KIII that can be observed from the graphs is
that the values of Stress Intensity Factor is seen to be highest at the crack front edges, i.e. at ® = 0° and at @ = 180°.
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Figure 16: KIII values for 0° crack
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Figure 17: KIII values for 75° crack



5. CONCLUSIONS

It is observed that the sum of values of the stress intensity factors in all three modes is maximum at the two ends
of the crack front, i.e. at ® = 0° and at @ = 180°. Hence the crack is likely to grow along its length than along its depth.

The value of KI is highest for the lowest ratio of a/c, and its value decreases with the increase in the a/c ratio. This
shows that cracks with a larger length when compared to the depth have a higher tendency of propagation.

The change in the values of KII at 0° and 15° is very similar. For cracks of higher orientations, the behaviour of K2
changes for low a/c ratio. The values of KII at crack front end where they are positive at the left end of the crack and
negative at the right end, reverse their sign at low a/c ratio. The values of KII become negative at the left-side end of
the crack front for cracks at 75° and 90° orientations, but KII values for a/c ratio of 0.368 show the same opposite
behaviour as seen in the lower crack orientations.

The value of KIII decreases with increasing value of a/c ratio for the first five orientations. The value of KIII
becomes negative for crack orientations of 75°and 90°, with those cracks having a/c = 0.368 having the minimum
value. From this it can be inferred that there is a change in the sign of the shear stress.
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