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Abstract

Gas turbine disks usually operate at very high temperatures and rotate at very high angular
velocities under normal working conditions. High temperature in turbine disks causes changes in
their properties. High angular velocity creates a large centrifugal force in the disk and high
temperature reduces the strength of the material and causes deformation. Complexity of these
parameters has turned the determination of stress distribution in gas turbine disks to one of the
bottlenecks in the analysis, design and manufacturing of turbine engines. Therefore, using an
applicable method for stress analysis is essential in order to better determine stress distribution in
turbine disks. In this study, the finite element method (FEA) is used for predicting the behavior of
rotating disks under mechanical and thermal stresses. In order to increase the certainty of
simulation, gas turbine disk is first simulated and analyzed based on dimensions and loading
conditions extracted from previous studies. Then, the results are compared with previous studies in
order to determine the accuracy of analysis method applied in ANAQUS software. Afterwards, gas
turbine disks are evaluated under both rotational movement and temperature gradient. The results
show that the presence of angular velocity and centrifugal force cause expansion to the disk radius.
Finally, the conditions of the disk under the same rotational speed and temperature gradient applied
for experiments are simulated and modeled in ABAQUS. The results show an acceptable
correlation between the results of empirical and numerical studies. High angular velocity causes
high centrifugal force in the component and increases stress especially at weak points. An increase
in temperature also reduces the strength of the disk material and increases its deformation.
According to the results, the approach proposed in this study is a suitable method for analysis of the
stress, temperature and displacement in turbine disks and other components with similar functions.

Keywords: Gas Turbine Disks, Mechanical Stress, Temperature Gradient, Finite Element Analysis
(FEM)

1. Introduction

Gas turbines are widely used in electric power generation and gas-line compressors as well as in
cargo ships, trains, automobiles and turbojets engines. Gas turbine disks usually work under very
high temperatures and angular velocities. The amount and distribution of the stress in rotating disks
are the main limiting factors in their design [1]. In rotating disks, it is recommended to employ
disks with variable thickness as the disks with constant thickness are uneconomical to use [2].
Eraslan [3] proposed a theoretical solution for the analysis of rotating disks with variable
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exponential thickness. Eraslan et al. [4] also calculated the limit of angular velocity for rotating
disks with variable exponential thickness.

Seireg and Surana [5] analyzed symmetrical disks under angular velocity without temperature
gradient. In order to calculate peripheral and radial stresses inside a heterogeneous rotating disk
with high rotational velocity, they divided the disk into several segments with constant thickness
and used equilibrium equations to calculate stress for each segment. They ignored the effects of
temperature gradient in their analysis. Ray and Sinha [6] first divided a rotating disk with variable
thickness into several rings and then analyzed the rings separately. Chern and Prager [7] proposed
similar analyses for rotating disks. Fox [8] used feasible direction method based on thermal gradient
calculation to analyze the gas turbine disks. Cheu [9] used two methods of feasible direction and
sequential linear programming to determine the geometry of gas turbine disks. His main goal was to
reduce the disk weight under geometrical and stress limitations. Luchi et al. [10] determined the
thickness in several locations on the disk and extracted general profile graphs by connecting these
points to each other. They used triangular mesh to calculate the values of stress and displacement
inside the disk at each step. Farshi et al. [11] calculated the stress in a heterogeneous disk under
temperature gradient by dividing the disk into several rings. Jahed et al. [12] used the method of
dividing the disk into several rings to propose a semi-analytical method for weight optimization in
heterogeneous rotating disks under temperature gradients. Brujic et al. [13] used CATIA software to
create parametric models for a gas turbine disk. Derakhshan et al. [14] designed the axial turbine of
a small hydro-power plant. They used CATIA software to simulate the turbine and the results of
their simulation showed a limited efficiency for axial turbine. The common method for mechanical
attachment of fins into disk is via dove-tail slots on disk rim which limit the disk speed due to stress
concentration in slots location. Another limitation of this method is that clamps on the disk rim
which act against fin forces, add dead weight to the disk. One solution to overcome above problems
IS to create a rotor disk with integrated blades known as blisk [15, 16]. Non-integrated rotor disk
design increases the engine size and complexity, giving rise to a lower engine durability and higher
production cost [17].

Better performance and reliability as well as lower imbalance are among the advantages of the blisk
turbines with blades made from the same material as the disk and its other components. Blisk
turbines significantly reduce complexity and weight of the engines and their durable structure
means better performance with lower hardware costs. The main challenges in manufacturing of the
blisk turbines are high cost and complexity of the machining process [18, 19]. Since new engine
blades are three dimensional and blisk manufacturing process for them is difficult and time-
consuming, it is necessary to introduce more cost-effective methods for their manufacturing. Recent
technological advances have made possible to use processes such as linear frictional welding to
replace damaged blades in blisk structures. Based on the engine performance and geometrical
characteristics, engine type and tolerances, various methods are used to attach the turbine to the
engine shaft and transferring turbine torque to shaft and compressor. These methods include
integrated rotors, splines, press fitting, welding, torque ring in self-containing disk, and hybrid
methods. Disks can also be attached to shafts using simultaneous shrink and press fitting in order to
ensure coaxiality between the disk and shaft as well as to increase their strength for proper transfer
of torque to the shaft [20]. Rosyid et al. [21] only attempted the finite element analysis of
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heterogeneous disks under mechanical and thermal stresses and investigated a disk at temperature
of 800 °C and rotational speed of 15000 rpm. They used axial symmetry method for their analysis
and reported that the maximum displacement takes place at the outer diameter of the disk while the
maximum stress is observed in the thin part of the disk. Zharfi et al. [22] investigated the effect of
temperature and particle distribution on creep behavior of rotating disks made of functionally
graded materials (FGMs). They analyzed the disk at temperature of 300 °C and like previous studies
only used software analysis.

In the previous studies, most of the researchers have attempted numerical analysis of the rotating
disks and have rarely performed empirical studies. Most of the studies about rotating disks also
ignore the changes in materials properties with changes in temperature. Therefore, the present study
aims to analyze a rotating disk with properties dependent on the temperature. A finite element
simulation of the heterogeneous gas turbine disks under mechanical stress, thermal gradient, and
rotational movement is first presented by using temperature — displacement model and axial
symmetry. Then, a sample of the disk is fabricated and studied under experimental conditions with
a temperature of 800°C and rotational speed of 1000rpm. Subsequently, the experimental results
are compared with the results of the software analysis.

2. Validation of the FEA results from ABAQUS

In order to validate the simulation process performed in ABAQUS, first a gas turbine disk with
dimensions and loading conditions presented in references [9, 12] is simulated and analyzed. Then,
the results are compared to those reported in [9, 12] to determine the validity of the software
analysis results.

2.1 Simulation of the rotating disk
In order for modeling to be close to real conditions, four different types of loading were applied:
1. Rotational force: with the assumption of rotational speed equal to 22000rpm [9, 12]
2. Loading force caused by blades: a uniformly distributed load of P=165MPa which affects
the outside layer of the disk radially [9, 12]
3. Load caused by assembly pressure: a uniformly distributed pressure caused by assembly of
disk and shaft g=40MPa, affecting the inner part of the disk radially [24]
4. Thermal loading: temperatures at inner and outer diameters of the modeled disk are
assumed to be T;=28°C and To=252°C, respectively [9, 12].

In the research works reported in [9, 12], a steel disk with inner radius of 20.32mm and outer
radius of 123.2mm rotating at speed of 22000rmp was optimized. Linear programming method and
acceptable direction algorithm were employed for the disk optimization in [9]. While in [12], the
disk was optimized by dividing it into rings.

2.2 Comparison between the results of numerical analysis in this research and other studies

Figure 1 presents the diagram for the disk profile thickness versus disk radius reported in [9, 12]
along with the results of the present study. Figure 2 also shows the comparison between the results
of stress distribution reported in [9, 12] and those of the present study. The similarity of these
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graphs shows that the results of stress analysis in this study have a good correlation with the results
reported in [9. 12].
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Figurel. Results of the disk profile thickness versus disk radius in [9, 12] and present study
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Figure2. Results of the disk stress distribution in [9, 12] and present study

3. Experimentation

A sample disk with CK45 carbon-steel material was made on a TN50D lathe machine. The disk
dimensions are shown in Figure 3. The properties of the CK45 steel are shown in Tables 1 and 2(a,
b) [23]. Table 3 shows the properties of this material with yield strength of 420MPa at various
temperatures [24]. As depicted in Figure 4, the disk was assembled on a mandrel and fixed into
machine chuck with providing enough space for heating and temperature measurement of the disk.
In the next step, the disk was rotated at speed of 1000 rpm and heated with a gas torch at a suitable
distance in order for the flame to only reach the periphery of the disk. During heating, it is
necessary to keep the flame stable and at a constant distance of 50 mm from the disk for the entire
experiment to produce a uniform temperature on the disk (Figure 5). The temperature of the disk
surface is constantly measured using a laser thermometer model FLUKE 568 (Figure 6). Then, the
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heating time is recorded for various disk temperatures at 250, 500, 600 and 800°C. The results of
the experimental tests at different parameter settings are presented in Table 4. In all experiments,
the rotational speed of the disk was kept constant at 1000 rpm. In order for the disk to reach the
necessary temperature for each experiment, the heating was carried out for a certain time duration
which is determined based on the preliminary tests. As can be seen in table 4, an increase in
temperature causes the expansion in the part while angular velocity and centrifugal force increase
the diameter of the disk. Figure 7 shows the increase in the outer diameter of the disk with rising the

temperature.
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Figure3. The geometrical shape of investigated disk
Tablel. Properties of the CK45 carbon-steel [23]
Yield Tensile Thermal Thermal Specific heat Density Poisson®  Young's
strength  strength expansion  conductivity S ratio modulus
w K
420 , 750 , 1.17 15 0.45 7800—‘9 0.3 210GPa
N/mm N/mm y 10_5i m°K % 10-3 J m3
°K Kg°K
Table2 (a). CK45 carbon-steel chemical composition
C Mn Si Cr Ni Mo P S
0.42-0.50 0.50-0.80 0.40 0.40 0.40 0.10 0.035 0.02-0.04
Table 2 (b). Hot work and heat treatment temperatures
Forging Normalization Subcritical Isothermal annealing Hardening Tempering
annealing
1100~850°C 840~880°C 650~700°C 820~860°C 600°C x1h 820~860°C water ~ 550~660°C

Table3. Properties of the disk material with yield strength of 420MPa at high temperatures [25]
Young's modulus (Gpa) 14 27 147 189 210 210

Temperature (°C) 900 700 400 200 100 20
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Figure4. The placement of disk on the shaft and their location on drilling chuck
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Figure6. FLUKE 568 thermo-Laser instrument and temperature control method
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Table4. Results of the experimental tests at various parameter settings
Test Temp. Time(s) Outerdia.at Outer dia. at test Outer dia. Radius

No. (°C) 28°C (mm) temp. (mm) increase increase
(mm) (mm)
1 250 120 119.73 120.05 0.32 0.16
2 500 330 119.73 120.47 0.64 0.32
3 600 400 119.73 120.53 0.80 0.40
4 800 600 119.73 120.79 1.04 0.52
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Figure7. Experimental results of the disk radius increase with temperature

4. FEM simulation of the disk based on the experimental conditions

In this section, the disk used for empirical tests is simulated and analyzed in ABAQUS finite
element analysis software. In order to define boundary conditions, the rotational speed is set to
®=1000rpm, the initial disk temperature to Ti=25°C, and the outer surface temperate of the disk to
To=800°C. The meshing was selected from type CAX6MT with the size of 0.00lmm. The time
necessary for the disk to reach the test temperature is shown in Table 4. In this study, various
analyses were carried out to determine the proper heat flux, five of which are shown in Table 5. In
order to determine the proper heat flux software, the heating time was considered constant and
equal to 600 sec. Then, a rough heat flux number e.g. 15000 W/m? was entered and the simulation
was started. The results were then extracted and the temperature of the disk surface was determined.
In this study, a heat flux of 15000 W/m? yielded a disk surface temperature of 120 °C. Then, the
heat flux number was changed by trial and error, until surface temperature of the disk reached 800
°C. Finally, a heat flux of 115000 W/m? yielded a disk surface temperature of 820 °C.

Table5. Trial and error table for determining the heat flux
Heat flux (W/m?) Time duration Disk surface temp. (°C)

()
1 10000 600 94
2 15000 600 120
3 50000 600 302
4 120000 600 850
5 115000 600 820
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4.1 Numerical analysis with angular velocity parameter

In this section, the gas turbine disk was analyzed under four different angular velocities (w)
including 1000, 10000, 20000 and 40000 rpm. In this analysis, similar meshing was used in
different loading conditions. In all rotational speeds, the geometrical dimensions of the disk were
similar. Mechanical and thermal stresses were also constant, the value of which are presented in
Table 6. In Figure 8, the locations defined on the disk surface for drawing the graph are shown.
Figure 9 shows the distribution of VVon Mises stress in the loading condition 3 with 20000 rpm
rotational speed. As can be seen in Figure 9, the maximum stress is applied to the inner ring of the
disk. Figure 10 shows the distribution of VVon Mises stress in the a-f path (Figure 8).

In Figure 11, the displacement distribution graph under condition 4 and rotational speed of
40000 rpm is shown. The maximum displacement happens on the outmost part of the disk which is
equal to 0.5mm at the rotational speed of 40000 rpm in the radial direction, while the minimum
displacement (equal to 0.19mm in the radial direction) is seen at the innermost part of the disk. Due
to symmetry of the disk, no significant deformation is seen in the disk and only precise
measurements can determine the changes in disk dimensions.

Table6. Stress values in the turbine disk

Stress in the inner part of the disk due to assembly g=40Mpa
Stress in the outer part of the disk due blades p=200MPa
Initial disk temperature Ti=28°C
Disk surface temperature To=252°C

- P

(4]
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L. m
X

Figure8: Defined paths on the disk for displacement graphs
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Figurell. Displacement distribution at radius path in condition 4

4.2 Results of the finite element analysis of the disk at different angular velocities

The stress distribution graphs at rotational speeds of 1000, 10000, 20000 and 40000 rpm are shown
In Figure 10. With increasing the angular velocity, the stress on the disk increases. Due to the
symmetry of the disk, the stress on the disk increases uniformly for all parts of the disk. As can be
seen in these graphs, maximum stress is present in the inner ring of the disk which is due to high
centrifugal force at that location as shown in Figure 9. Another part of the disk with high stress is
the disk edge having the smallest thickness compared to other locations. The maximum
displacement is also related to the outermost point of the disk (Figure 11) which is affected by
centrifugal force and is directly dependent on it while the least displacement occurs in the inner
diameter of the disk.

4.3 Results of the disk FEA using experimental tests conditions

Four experimental tests are simulated and analyzed using ABAQUS. Figure 12 shows the
temperature distribution in the experiments. The temperature distribution graph on the disk radial
direction for the experiments is shown in Figure 13. Displacement distribution of the disk in four
experiments is shown in Figure 14 while Figure 15 shows the displacement in the radius direction
of the disk. Horizontal axis is the normalized disk radius path while the vertical axis is the
displacement in meters. Figure 16 shows the distribution of Von Mises stress in the disk during tests
while the distribution of Von Mises stress in the disk radial direction is shown in Figure 17. The
results of the simulation which is based on the four empirical tests are shown in Table 7. As can be
seen from the results, the stress is reduced with increasing the temperature. This is due to the fact
that Young's modulus of the disk material decreases with temperature rising. In the analysis number
4, due to temperature increase to 800 °C, the Young's modulus significantly decreases as evidenced
in Table 3 and therefore the resulting stress is very low. The results of displacement and
temperature distributions on the disk show that the highest temperature and displacement values are
at the outer edge of the disk which could be ascribed to the high temperature at the outer edge of the
disk due to closeness to heat source as well as the high centrifugal force that creates displacement in
the outer edge of the disk.
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Table7. The results of limited element analysis

Test Time Max temp. Min temp. Max disp. Min disp. Max.
No. (outer edge) (inner edge)  (outer edge) (mm) stress
) ) (mm) (MPa)
1 120 254 95 0.11 0.012 156
2 330 507 333 0.28 0.04 112
3 400 558 414 0.34 0.04 80
4 600 821 647 0.49 0.07 86
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4.4 Comparison between empirical and numerical studies

An increase in temperature causes expansion in the disk while an increase in both centrifugal force
and angular velocity results in an increased disk radius. The changes in the outer diameter of the
disk versus temperature variations for empirical tests and finite element analysis at four temperature
levels of 250, 500, 600 and 800 °C are shown In Figure 18. According to the graphs presented in

69



Empirical and Numerical Study of Gas Turbine Disks under Mechanical Stress and Temperature Gradient, pp. 57 -72

Figure 18, it can be concluded that there is a negligible difference between the results of the
experimental tests and finite element analysis. Therefore, it can be said that there is a good
correlation between empirical and numerical results.
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Figurel8. Variations of the disk outer diameter vs. temperature for experiments and FEA

5. Conclusion

In this study, finite element analysis was employed for predicting the behavior of rotating disk
under mechanical and thermal stresses. First, in order to ensure the validity of finite element
analysis in ABAQUS software, gas turbine disk with dimensions and loading conditions extracted
from previous works was simulated. The results were then compared to the results in previous
works in order to evaluate the validity of ABAQUS finite element analysis results. In the next step,
a gas turbine disk was investigated using empirical tests. The results showed that an increase in
temperature causes expansion of the disk. Moreover, an increase in both angular velocity and
centrifugal force leads to an increased disk diameter. In the final step, the rotating disk and
temperature gradient used in empirical studies were modeled and analyzed in ABAQUS software.
The results showed that there is a good correlation between numerical and empirical results which
is evident in temperature — displacement graphs. Angular velocity causes high centrifugal force in
the disk and increases stress especially in thin parts of the disk. Temperature increase also reduces
the strength of the materials used in the disk and increases its deformation. Based on the results, the
method used in this work is a suitable method for analyzing the stress, temperature and
displacement distributions in turbine disks and similar parts in order to achieve better conditions for
stress, temperature and displacement distributions.
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