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Abstract

In this study, by comparing several different superalloys, the stress concentration and heat distribution on the
numerically simulated blade with Internal cooling are investigated. The suitable model for examining this simula-
tion is the k-€ turbulence model. The calculation of this simulation was solved by finite element analysis software.
By comparing different superalloys and calculating the Stress and the diffused heat generation, we were able to
find the alloy with the lowest thermal stress in blades suction and pressure side. Also, according to the results
obtained from simulation of the turbine blade, it can be noted that there is a concentration of thermal stress,

especially on the leading and trailing edge of blade.
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1. Introduction

The operating temperature of the turbine is much
higher than the permitted temperature of the blades,
so cooling the blades is a necessity for the proper op-
eration of turbine. There are several key factors affect-
ing the maintenance and the cooling process of a tur-
bine: material of the blade, which shows its mechani-
cal strength relative to the creep and deformation, the
thermal properties of the blade alloy, which is respon-
sible for its conductive heat transfer, An external Flow
that generates thermal load, and an internal cooling
Flow, which is responsible for reduction of the intensity
of the external convective heat.

The advancement of technology and metallurgy
leads to the strengthening and reinforcement of alloys.
On the other hand, the development of gas turbines
and increasing the efficiency and thermal efficiency
will require an increase in turbine inlet temperature
and Pressure ratios, which will increase the disruption
rate with the simultaneous increase in turbine blade
thermal load. So itis clear that efficiency of a turbine is
in correlation with the maximum amount of tempera-
ture the turbine blades can tolerate [1-2]. A lot of efforts
have been made to solve the problem of super-warm-
ing the blades using a cooling method [3-5]. Thermal
stress at high temperatures is not negligible because
it reduces the life of the blade and leads to fatigue early
on [6]. Therefore, examination of the thermal stresses

of the blade under the reduction of the thermal gradi-
entin the blade is necessary. Convectional Heat trans-
fer as shown in Fig. 1 is performed by passing cool air
from the inner paths of the blade. The heat is transmit-
ted by the conduction through the blades and then
transported by convection to the inner airflow of the
blade. There are 3 types of heat transfer between the
external flow due to the combustion of hot gas and the
air that is flowing in the holes embedded in the turbine
blade, the structure and material forming the blade
plays a key role in heat conduction.

 »

Cooling inlet
Fig. 1. Convectional Cooling blade

Kyung Min Kim et al. [7] examined the heat transfer

coefficient and thermal stress on the blade and ob-

tained the results of the maximum temperature of the
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blade at its trailing edge, which is higher than the lead-
ing edge of the blade due to the growth of the thermal
boundary layer. Candelario Bolaina et al. [8] studied
the distribution and propagation of thermodynamic
stresses in turbine blades cooled with air flow and the
effects of thermal stress concentration on reducing the
cooling rate in the blade and the concentration of ther-
mal stress in the leading edge and root of the blade.
Daniel Dragomir-Stancia et al. [9] using finite element
method and turbine blade simulation in Ansys soft-
ware, measured the amount of mechanical strength of
a blade (with or without a cooling hole with ceramic
coating) and proposed a method to reduce the afore-
mentioned tension. Bingxu Wang et al. [10] tried to op-
timize the shapes, locations and dimensions of the in-
ternal cooling passages within a turbine vane to
achieve a design that minimizes the average temper-
ature and ensures structural strength within the three
kinds of shape configurations: Circular, superellipse
and near-surface holes models with different positions
in the width of the blade to reduce the temperature
without reducing the mechanical strength up to a max-
imum of 50 k. R.K. Mishra et al. [11] examined the fail-
ure of an un-cooled turbine blade which had failed due
to malfunction of sensors in the engine control system.
This paper proved that the failure had originated from
the leading edge and then propagated towards the
trailing edge.

In this paper, the extent of the temperature range,
the stress and the thermal diffusion in the second row
(intermediate pressure section) of a gas turbine which
is being cooled internally by the means of convection
in three dimensions, will be discussed. Finally an eval-
uation between different superalloys used in turbine
blades, will provide us with a superalloy with a reason-
able temperature range and low thermal tension gra-
dient.

2. Solving method

We have used a finite element software to solve this
problem and assumed that air is compressible. The
domain of our study includes a 3D steady-state turbu-
lent flow and steady-state condition was assumed
while calculating thermal stress and temperature
range.

2.1 Mathematical equations governing the solu-
tion

The governing equations in this Simulation are the
conservation of mass, Energy and Momentum. Turbu-
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lence equation consists of small eddies that are con-
tinuously formed and evacuated. Reynolds stresses
are calculated at average speeds. These equations
work in accordance with the assumptions made [12].
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Where S, is the sum of the forces implied on the sur-
face and perr is the effective viscosity calculated from
the following equation.

Heit = 1+ 1
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The value of u; for simple eddy models is:

= pf/lu&lt
4)
f, is the ‘constant of proportion’ and |; is obtained from

the formula below:
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Lt is turbulence viscosity and according to the K-¢
model ,it is related to the kinetic energy of turbulence
and dissipation and is calculated by the following

equation:
He = m‘u -
&
(6)
And P’ is the corrected pressure as defined by the

following equation:
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The equation used to calculate the turbulence of this
problem is the turbulent flow model K-¢, which is based
on the Navier Stokes standard deviation group analy-
sis. In this equation, K calculates the kinetic energy

values of turbulence and the amount € are losses due
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to depreciation and rotational flows. The correspond-

ing equation is as follows:
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The value of Py in the equation above is calculated

from the following equation for turbulent flow:
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The fixed values in the K-¢ equations are given in Ta-
ble 1:

Table 1. Constants of the equations K-¢

Ce1 Ce2 Cp Ok O¢
1.44 1.92 0.09 1 1.3

3. Simulation and numerical solutions

The geometry of the blade is shown in Fig. 2. This
blade has an internal air passage for cooling which
transmits convectional heat transfer relative to the hot
blade body. The blade is constraint to its root and the
assumption of non-deformation is considered. The
CFX part of this software is used as a solver for heat
transfer, pressure and temperature equations.

Fig. 2. Blade geometry

First, we define a domain around the blade, accord-
ing to the requirements of the problem and the facilities
in the software, in order to determine the boundary
conditions and start meshing. The total number of
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nodes in the domain is approximately 1.5 million and
the total number of Elements is about 1.4 million.

3.1 Expression of the problem and definition of
boundary conditions

Before entering the problem solver, we define the
boundary conditions for the inlet and outlet conditions
of the air as well as the conditions on the walls. At the
entrance of this domain, hot air is fed at a pressure of
1.322 MPa and a temperature of 1320 K (1046.85 C),
and exits at an outlet pressure of 0.929 MPa. The cool
air temperature of the inlet to the cooling passage of
blade 780 K (506.85 C) and the flow rate of the air is
equal to 0.138 kg/s [13-14]. The total number of blades
on the turbine wheel is 86. The rotating speed of the
blade is considered at the domain of 15000 rev/min.
The domain of the analysis of this software is shown
in Fig. 6. High definition residuals were monitored and
the convergence residuals of 10 used for the maxi-
mum RMS error.

Fig. 3. The domain Modeling for CFD analysis

In section of the heat and Tension analysis, the blade
is analyzed using the temperature distribution and
temperature range and distribution of stress with using
different superalloys. The characteristics of the super
alloys used in Fig. 4 and 5 are [15-20].
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Fig. 4. superalloys thermal conductivity as a func-
tion of temperature
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Fig. 5. superalloys Young’s modulus as a function
of temperature

4. Results
4.1 Flow analysis around the blade

The average heat transfer coefficient at the pressure
side of turbine blade and leading Edge where stagna-
tion point is, is higher than the suction side. The growth
of the boundary layer increases the heat transfer coef-
ficient at the trailing edge and the walls near the root
of the blade, as shown in Fig. 6. Also the heat transfer
coefficient of the cooling passage wall is shown in Fig.
7.

Heat Transfer Coefficient
1.237e+004
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Fig. 6. Heat transfer coefficient distributions on
blade surfaces
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Heat Transfer Coefficient
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Fig. 7. Heat transfer coefficient distributions on
cooling passage of blade

The flow in the collision with the blade at stagnation

point is stagnant and the pressure is increased. Flow

continues along the path of streamline in the suction

side by reducing pressure and increasing speed. As a

result of the increase in speed, the Reynolds humber

of the flow increases, which also increases the Nusselt
number, Nu = 0.023Re®8Pr%4, In Fig. 8 the pressure
distribution on suction side of Blade is shown.

To calculate the pressure distribution over the blade

height, three sections are used. These three sections

show pressure variations in suction and pressure side,

as shown in the Fig. 9.

Pressl-f;e”em%
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Fig. 8. pressure distribution on suction side of Blade
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Fig. 9. Pressure variations at different sections
As shown in Fig.9, the high pressure appears at
leading edge of the tip section.
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Fig. 10. Mach number at different sections of Blade

The Mach number generated from the inlet condi-
tion is shown in the Fig.10 for different sections. The
Mid section in leading Edge has the highest Mach
number due to the absence of the walls and the ab-
sence of the boundary layer.

4.2 Tension and temperature distribution analysis
of blade

The highest temperature is at the leading edge at
the tip section and at the Trailing Edge of the blade,
And due to the increased cross section of the cooling
path at each section of the blade, the amount of ap-

5th International Conference on Materials and Reliability
Jeju, Korea, Nov. 27-29, 2019

plied heat in the blade from Tip to Hub has de-
creased. The Trailing edge of the blade has the high-
est temperature in each section due to the absence

and distancing of the internal cooling passage.
€x

Tip section

Mid section

Hub section

N\

Fig. 11. Temperature distribution at different sections
of Blade

The temperature range of the blade, which results
from the convectional heat transfer between the two
existing air streams with different superalloys, are
shown in Table 2.

Table 2. Temperature range of alloys used in blades

Alloys Tminc) Tmax(c)
CMXS-4 507.37 1102.4
In-738LC 507.5 1101.2
TMS-75 507.43 1102.7

The lowest temperature difference is related to IN-
738LC alloy and the highest temperature difference is
related to TMS-75 alloy. The IN-738LC alloy, due to its
high conduction coefficient, provides a more uniform
temperature distribution and a further reduction of the
temperature gradient. In the TMS-75 alloy, due to the
presence of thermal and ductile resistance properties
in the alloy structure, the difference in temperature
was higher than that of other alloys, but because of the
stability of this alloy particularly at high temperatures
and resistance to corrosion, it can be used in the blade
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forming component [21].

The distribution of the stress induced by the dy-
namic force and pressure distribution and thermal load
from the rotating blade in a 15000 rev/min that has
been applied to the blade according to the von Mises
criterion has been presented with various alloys in Ta-
ble 3.

Table 3. The Equivalent stress range on the blade
with different alloys

Alloys Stress minpa)  Stress max(ra)
CMXS-4 1270.1 6.8071E®
In-738LC 1093.1 5.4755E8
TMS-75 1161.2 6.121E®

The results for superalloys supplement as Blade
material are shown in Figs. 12-14.

As shown in Fig.12-14, the high stress appears at
root near the hub section on the suction side of the
blade. In general, the root zone of the blade is the most
critical area in the stressed areas. The highest tension
is in CMXS-4 alloy and the In-738LC alloy showed the
lowest tension in the blade.

5. Conclusions

1. The heat transfer coefficient generated in the
cooling passage wall at the pressure side surface is
greater than the suction side surface of the turbine
blade, and increasing the cooling air flow rate of blade
has a direct effect on the heat transfer coefficient.

2. The use of various alloys, in particular with high
thermal conductivity, will help us to expand and spread
the heat generated by combustion at all surfaces of the
blade.

3. The results obtained from simulation of the model,
point to the existence of a thermal stress concentration,
especially on the leading edge, the stagnation point
and near the corners of the blade. Also the equivalent
stress concentration near the roots is higher due to fact
that roots are constrained.

4. The In-738LC superalloy has a more suitable
heat range than other two superalloys due to its higher
heat transfer coefficient and it also has less thermal
and dynamic equivalent stresses.

5. The amount of Heat transfer coefficient on the
leading Edge and the trailing Edge of the pressure side
is generally greater than the heat transfer coefficient of
other surfaces.

Nomenclature

E Modulus of elasticity (unit: MPa)
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Mass Flow (unit: kg/s)

blade axial chord length

Reynolds number

Nusselt number

Thermal conductivity (unit: W/(m+K))
Pressure (unit: Pa)

temperature (unit: C)

Surface coefficient of heat transfer
(unit: W/(m?2-K))

Angular frequency (unit: rev/min)
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Fig. 12. Blade with cmsx-4 material; A) Temperature (C); B) Equivalent stress (Pa)
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Fig. 13. Blade with IN-738 material; A) Temperature (C); B) Equivalent stress (Pa)
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Fig. 14. Blade with TMS-75 material; A) Temperature (C); B) Equivalent stress (Pa)
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