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Abstract. In this study the main causes of the failure of a GE-F9 second stage turbine blade were investigated.
The stress distribution of the blade which has 6 cooling vents in three modes (with full cooling, closure of half of
the cooling channels, and without cooling) was studied. A three dimensional model of the blade was built and the
fluid flow on the blade was studied using the FVM method. The stress distribution due to centrifugal forces
applied to the blade, temperature gradients and aerodynamic forces on the blade surface was calculated by the
finite element model. The results show that the highest temperature gradient and as a result the highest stress
value occurs for the semi-cooling state at the areas near the blade root and this status is true for the full cooling
mode for the regions far from the root. However, the field observations showed that the failure occurred for the
blade with the semi-cooling state (due to closure of some of the channels) at areas far from the root. It is discussed
that themain factor of the failure is not the stress values beingmaximumbecause in the state of full coolingmode
(the state with the maximum stress values) the temperature of the blade is the lowest state and as a result the
material properties of the blade show a better resistance to phenomena like hot corrosion and creep.
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1 Introduction

One of the important components of gas turbines is their
moving blades which are under mechanical and thermal
stresses due to high-speed rotation and exposure to high
temperatures. To improve turbine efficiency, gas turbine
inlet temperature should be increased [1,2]. On the other
hand, the temperature of the turbine blades needs to be
kept lower than a certain value because of the limitations of
the material properties at high temperatures. In order to
achieve ideal conditions in the design and manufacture of
gas blades, the accuracy in the measurement of the
temperature distribution of the blade is very important. So,
in recent years, many studies have been done to estimate
temperature and stress distribution of the turbine blade [3],
turbulence intensity of the streamline [4,5], the Reynolds
number and Mach number [6,7], to experimentally study
the effect of cooling temperatures andmass flow on the heat
transfer distribution on the turbine blades [8], swirl effects
of unsteady vortices [9,10] as well as the tip and shape of the
blade [11,12]. In addition to these experiments, numerical
studies have been carried out using CFD codes developed
based on the Navier-Stokes equations and boundary layer
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models. Among numerical studies done, we can note the
physical effect of the flow in the cooling hole on the heat
transfer in turbine blade [13], improvement and develop-
ment of turbulence models, in order to accurately predict
heat transfer from the surface of the turbine blade with
cooling and without cooling [14]. However, most of the
numerical simulations conducted in this matter are 2
dimensional or does not applied on near-real conditions. So
a thorough assessment considering the real geometry and
near-real boundary conditions needs to be done.

In this study, numerical analysis is conducted in order
to estimate thermal stresses due to temperature gradient
and stresses caused by aerodynamic and centrifugal effects
on a fractured blade.

Figure 1 shows the fractured blade, as it can be seen
from this illustration.

2 Geometry, boundary conditions and
material properties

The model of blade was designed using CAD software.
Since there are several effective parameters such as
complex geometry of the blade, the unsteady nature of
the flow, relative motion of the components and turbulence
in order to obtain accurate results, there is a need for proper
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Fig. 1. Broken blades of the second stage of power plant and
obstruction of one of the cooling channels.

Fig. 2. GEF9 turbine blade meshing using boundary layer mesh.

Fig. 3. Mesh the surrounding environment of the blade and
cooling holes.
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meshing. For this purpose, several meshing with different
numbers of elements was built by Gambit 2.4.6 software
and mesh independency was investigated. In order to
analyze the fluid flow, the sector volume around the blade
was calculated considering the arrangement of 93 adjacent
turbine blades of the second stage. A total of 3,287,137
structured elements were used, 1,482,314 elements of which
are for the blade body (Fig. 2), and the rest for the
environment around the blade and 6 cooling holes (Fig. 3).
It should be noted that according to Figure 2 a boundary
layer mesh was used in areas near surface of the blade.

Boundary conditions used in this study is based on
measurements done in the power plant. According to
Figure 4 the inlet mass flow rate is 4 kg/s with the
temperature of 1149 °K. In the case of cooling channels, the
inlet cooling fluid mass flow rate from the compressor is
7.2� 10�4 kg/s for each channel, and its temperature is
620 Kelvin. Periodic boundary condition is used for the
lateral boundaries; the output pressure boundary condition
is used for the outlet surface.

Since the flow around the turbine blade is turbulent, k
–e model was used to simulate the flow. The convergence
criteria determined to be 10‒6 for the residuals.

The material properties of the GTD 111 nickel-base
alloy are shown in Table 1.

3 Results and discussion

In the sight of theory, the thermal stresses, static and
dynamic forces that affect the performance of the turbine
blades are as follows:

–
 the aerodynamic forces of flow;

–
 the stresses resulting from temperature gradient;

–
 forces due to centrifugal effect.
In this part these that the effect of each parameter on
the blade performance will be explained.

3.1 Fluid flow analysis

The uniform distribution of the force from the fluid
pressure from bottom to top of the blade is of great
importance. Unequal distribution of the force makes the
gases flow over the blade with different speed and pressure.
The difference in rotational speed at the hub and tip of the
blade reduces the gases relative speed at the tip, so less
force is applied to the tip of the blade compared with hub.
So, modern gas turbines use blades that have impaction at
the hub and reaction at the tip.

Figure 5 shows the distribution of static pressure on the
blade. Pressure drop required for the blade reaction
appears at the tip, and gradually changes to the conditions
without drop for the impaction at the hub. High pressure at
the tip makes the gases move toward the roots of the blade;
this effect is opposed to centrifugal forces which flow gases
into the tip. As a result, a uniform force distribution occurs
across the entire blade.

Figure 6 shows the static pressure coefficient which is
obtained by Cp= [Px � Pref]/[1/2 pV 2

b ], where Px and Pref
are the static pressure on the mid-surface of the blade and
the reference pressure on the stagnation point, respectively.
Vb is thespeedat theblade input that isusedasa reference for
dynamic pressure term.Thedifference of the results fromthe
present study and the result from reference [3] is due to the
physical conditions of the flow.
3.2 Heat transfer analysis

Figure 7 shows the comparison of the heat transfer
coefficient in the middle part of the blade in the recent
study and the amount of mass and heat transfer coefficient
in the previous studies conducted by others [3,4,5,9,10].



Fig. 4. Boundary conditions of the flow variables with 6 cooling channels.

Table 1. Properties of the alloy GTD-111 [15].

Ultimate tensile strength (21 °C) 0.2% yield strength (21 °C)

MPa Ksi MPa Ksi

Mechanical properties at room temperature
GTD-111 1095 159 950 135

Density
(g/cm3)

Melting
point (°C)

Specific heat (J/kgK) Thermal conductivity
(W/mK)

Thermal expansion
(10�6/K)

21 °C 538 °C 1093 °C 538 °C 1093 °C 93 °C 538 °C
Physical properties

GTD-111 8.11 1230–1315 420 565 710 17.7 27.2 11.6 14
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The highest amount of heat transfer occurs due to collision
of the main flow on the stagnation point at leading edge.
The lowest amount of heat transfer coefficient occurs due
to the development of thermal boundary layer at the
trailing edge. The highest temperature is observed at the
blade tip.

In this study, the Reynolds number is considered to
be equal to 1.07� 106. One of the reasons for the different
results in some parts is the difference in the blade
geometry studied by other researchers. Of course,
another thing that has impact on the change of these
results is the condition in which the flow passes the blade
surface.

Since the effect of temperature gradient on stress
distribution occurring in the blade is much more than the
pressure of the fluid on the blade, and with respect to
blades’ working conditions, there is blocking probability in
some cooling channels, therefore, for better comparison,
simulation is done in three modes of (1) full cooling with 6
cooling channels; (2) cooling assuming the blockage of half of
the cooling channels (Fig. 8); (3) assuming theblockage of all
cooling channels.
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In order to find the temperature distribution and Stress
caused by temperature gradients in the blade, 4 sections are
considered with similar distances in the blade according to
Figure 9 for all three cooling modes.

Figure 10 shows the temperature distribution and
stress caused by temperature gradients in section 1 for all
three modes. In the full cooling with 6 cooling channels,
maximum blade temperature is significantly lower than
the other two conditions. The highest temperature
gradient is in the half-cooling mode and is equal to 74
Kelvin.The maximum stresses caused by the temperature
gradient in this section is related to half-cooling state.

Figure 11 shows the section 2 at the distance of one
third of the blades’ length from hub of the blade. With
increasing altitude, average temperature is increased in all
Fig. 5. Distribution of pressure on both sides of the blade.

Fig. 6. Static pressure coefficient
threemodes but the temperature gradient is reduced at any
section. On the other hand with reduces the temperature
gradient we can also see decrease of corresponding stresses.

Figure 12 shows the section 3 at the distance of two
third of the blades’ length from hub of the blade. The blade
without cooling is subjected to relatively little temperature
changes. In blades with cooling channels, as height
increases the cooling fluid impact reduces, so the section
temperature will be increased. The maximum temperature
of the section (3) happens at the trailing edge of the blade in
all three modes, and the highest temperature is in the mode
without cooling. In this section also a reduction in the
stresses caused by the temperature gradient in three
sections can be seen.

Figure 13 shows near the blade tip, i.e. section (4).
Compared to all sections, the maximum temperature
occurred in this section, and in all cases, the trailing edge of
the blade is in high temperature which is due to the cooling
fluid warming and its low impact in this height of the
blades. On the other hand, the temperature difference
between the three modes is reduced. On the other hand the
thermal stress at this section is the lowest and is near
together in three states.

Figure 14 shows the temperature distribution on the
wall attached to the cooling fluid with 6 cooling channels.
The results show that with increasing altitude, cooling fluid
gets warmer and the wall temperature goes higher.
3.3 Centrifugal force

This force is a function of the rotor rotation speed, turning
radius and mass of blades. This force is a harmful one for
the blades so, designers are always trying to reduce mass of
blades to minimize its amount. In order to calculate
on the mid-surface of the blade.



Fig. 7. Comparing the local heat transfer on the middle part of the blade in previous researches with the current study.

Fig. 8. Cooling channels in semi-open mode (2, 4 and 6 are
closed). Fig. 9. Plotted sections for blade temperature analysis.
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analytically the function of the changes in stress distribu-
tion caused by the centrifugal force along a blade with
variable cross-section, we act as follows [16]:

sr ¼ Fr=Sr ð1Þ

Fr ¼ FblðrÞ þ Fb ð2Þ

whereFr is the amount of centrifugal force and Sr is the area
function at any section of the blade, both of which are
defined as functions of the turning radius of blades.
According to Figure 15, Rhub= the radius of the blade hub
and Rtip= the radius of the blade tip. In relation 2, Fb
parameter is the centrifugal force of the Shroud Banding
which is considered to be zero for this kind of blade due to
the lack of Shroud Banding part. Centrifugal force of Fbl(r)
is a piece of the blade, which is applied in the area between
section r and blade end radius Rtip with rotational speed of
3000 rpm. In order to calculate the Fbl for the airfoil,
according to Figure 15, considering a longitudinal element,
centrifugal force is achieved.

FblðrÞ ¼ ∫lr�RHub
rv2SðjÞðRHub þ jÞdj: ð3Þ

To compute the integral in equation (3) area function
(S(j)) needs to be obtained. To evaluate S(j) the area of
forty different sections of blade obtained and interpolated.
S(j) is achieved as follow:

SðjÞ ¼ �3:02�10�5j3 þ 1:36�10�2j2 � 9:9�10�3j

þ2:58 � 10�3:



Fig. 10. Temperature distribution and normal stress caused by temperature gradients in section (1) near the hub in the modes (a)
without cooling, (b) half-cooling, (c) full cooling.
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Consequently Fr can be obtained:

Fr ¼ �4:837�103r5 þ 2:730�106r4 þ 9:34�105r3

�2:851 � 106r2 þ 2:022 � 106r:

Finally, having the area and force functions, the stress
distribution function can be obtained in accordance with
equation (1) which is shown by solid line in Figure 16. To
ensure the validity of the results obtained by numerical
simulation, the stress distribution due to centrifugal force
compared by analytical results. Numerical results (the
average stress in each section) are also illustrated by circles
in this figure. The agreement between the results is suitable
and the differences can be because of assumptions have
been made in the analytical method; normal stress
distribution in each section is assumed to be constant
and the deformation of the blade is ignored.
To examine the stress on the blade from the fluid, the
results of the fluid analysis, including temperature and
pressure distribution on the blade, are inserted as boundary
conditions; and the stresses obtained in different sections of
the blade are investigated by applying a 3000 rpm rotation
on the blade Figure 17 shows the overall stress that applied
on the blades in half cooling state.

Field surveys of the second stage blade fracture surfaces
show that the fractures occurred at the section 2 and lower
sections of the blade, started to grow and finally caused the
failure of the blade. Thermo-mechanical analyses also show
the fact that the maximum stress occurred in the hub. It
seems this is because of high temperature gradients in this
area due to the proximity of these pages to the inlet opening
of the cooling fluid on the one hand, and inability of
deformation as a result of root constraint, on the other
hand.



Fig. 11. Temperature distribution and normal stress caused by temperature gradients in section (2) at the distance of one third of the
blades’ length from hub of the blade in the modes (a) without cooling, (b) half-cooling, (c) full cooling.
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4 Conclusion
Internal cooling of GEF9 turbine blade was presented and
investigated in this paper. In the first step, the cooling air
flow inside the channel was simulated and evaluated. In the
next step, normal stresses were evaluated in four sections
using the results obtained from the fluid analyses and
cooling system effect on the temperature parameters.
According to the results presented in this report, the
following cases can be presented as the conclusion:

–
 Using cooling system as a channel in the blade
significantly reduces the temperature in all parts of the
blade. Results showed that maximum temperature is in
the mode without cooling at all sections, and the
temperature difference is more tangible in the modes
of cooling and without cooling in the blade root, and this
difference decreases with increasing altitude; but in
general, the temperature increases with increased blade
height, and maximum temperature occurs in the upper
part of the blade.
–
 It can be said about the pressure that in three modes of
6- and 3-channel cooling and without cooling, there is
no significant change in the pressure on the blades, and
the pressure is almost equal in all modes, and the
highest pressure is at the stagnation point near the
peak leading. Another important point is that the
influence of this parameter is very low compared to the
impact of stresses caused by rotation and temperature
gradient.
–
 Investigating the four sections cut on the blade, it can be
concluded about the applied stress that the stress will be
reduced gradually with increasing distance from the
blade root, and the maximum stress occurs in the section
near the blade root. These stresses are caused by
applying blade rotation, temperature gradient and fluid
pressure on the blade. Comparing the three modes
above, it can be found that highest stress is related to
the 6-channel cooling mode. Stress difference between
cooling and without cooling modes is at maximum at the
blade root.



Fig. 12. Temperature distribution and normal stress caused by temperature gradients in section (3) at the distance of one third of the
blades’ length from hub of the blade in the modes (a) without cooling, (b) half-cooling, (c) full cooling.
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–
 In this study, cooling channels was considered alter-
nately closed, however, due to the expected weather
conditions, channels would be closed consecutively
which leads to create a more intense temperature
gradient.
–
 It can be said blade in full cooling mode provides turbine
blade function optimal conditions compared to the half-
cooling and without cooling modes. Thanks to cooling,
the blade temperature operating range is decreased and
as a consequence, the material can tolerate higher
stresses.

4.1 Solutions to prevent such events

– Some infiltration filters can be installed in the way air
flow to the compressor to prevent the entrance of dusts
and impurities. These filters should be visited periodi-
cally.
–Another solution is regular oversee of the hot paths of the
turbine.
Nomenclature
Cp
 Local pressure coefficient, [Px ‑ Pref]/[1/2 pV 2
b ]
Cx
 Blade axial chord length

Px
 Local pressure

Pref
 Reference pressure

Fr
 Centrifugal force as a function of blades’ radios

Sr
 Area of a cross section of the blade as a function of

blades’ radios

Rhub
 Radios of the blade at hub

Rtip
 Radios of the blade at tip

Fb
 Centrifugal force of the Sherrod bonding area

Fbl(r)
 Centrifugal force of a section of the blade that is

between r cross section and r of tip of blade



Fig. 13. Temperature distribution and normal stress caused by temperature gradients in section (4) at tip of the blade in themodes (a)
without cooling, (b) half-cooling, (c) full cooling.

Fig. 14. Temperature distribution on the wall adjacent to the
cooling fluid with 6 cooling channels.

Fig. 15. Schema of a moving blade having Sherrod bonding with
corresponding coordinates [16].
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Fig. 16. The normal stress from centrifugal force.

ig. 17. Overall stress that applied on the blades in half cooling
tate.
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