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Abstract: Compressor Discs are subjected to various loads like
pressure load, tensile, compressive, buckling, temperature,
gravity, etc. during itsoperation. There areload bearing members
and non-load bearing members. The load bearing members are
critical components of the disc. Due to these loading condition
radial and hoop stresses are generated in the discs. When these
stresses exceed yield strength of the material failure occurs. To
determine the various stresses acting on a gas turbine compressor
disc rotating with constant velocity, initially the Disc is modeled
and analyzed using Commercial FEA codes focused on bolt holes
and nominal stresses on the cracked disc (a corner crack at a hole
and then a through-thickness crack between two holes) are
determined. These Stresses can be accounted for the development
of advanced crack growth model which can predict the
propagation of crack from the critical location of the rotating disc.

Keywords. Compressor Disc, Load bearing members, Critical
component, Failure, Stress, Deformation.

. INTRODUCTION

Compressor disks are failure-critical componentsin
aircraft engines that attract the most research attention in
engine life management. Fatigue crack propagation is greatly
relevant and need to be predicted from the critical location of
the disc e.g., subjection of the bolt to acyclic loading state. In
this way for the prediction of the crack growth behavior, it is
necessary to develop an advanced crack growth model that
can actually takeinto account complex loading conditions and
biaxial loading conditions. Rotating disks are often subject to
biaxial or multi-axial loading conditions during the operation
of the aircraft engine. The aim of this work is to examine the
stresses acting in a tie bolt holes in a representative gas
turbine compressor disc, with particular emphasis on the
effect of biaxia stressinherent in arotating disc. The nominal
stresses on the disc (a corner a a hole, then a
through-thickness & between two holes), are determined
using three-dimensional finite element elastic studies.
Therefore, Conventional Linear Elastic Fracture Mechanics
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should be dtill valid for quantify the growth of short crack
from the hole [1]. The objective of this work is to determine
the various stresses acting on a gas turbine compressor disc
rotating with constant velocity of 15000 RPM and 45000
RPM.

W.Z. Zhuang [1] studied the effect of bi-axial loading on
the disc subjected to the cyclic rotational speed. He found the
stress intensity factor ratio for both bi-axial and uniaxial
loading condition. He studied the stress distribution around
the bolt hole region for 8000 RPM and 37000 RPM. Hasan C
et a. [2] studied the stress analysis on disc made of
functionally graded materids (FGM). He studied the
tangential and radial stress distribution and displacement of
the disc by analytical and numerical methods. He found by
reducing the tangential stresses the disc’s rotational speed is
increased. M. Kumar et al. [3] studied the fatigue crack
growth inthe nickel based super aloys at two temperature. He
predicted crack growth in the aero-engine turbine disc. R.A
Claudio et al. [4] studied the propagation of crack in aturbine
disc without crack and with two types of crack. He found the
critical component of the discisthe notch root and found high
stresses developed in those location. Wieslaw Beres et al. [5]
studied the residual life of a turbo prop engine by both
experimental and numerical methods. Kumar R et al. [6]
Performed the el asto plastic analysis on aturbine disc rotating
with two different speedsto find the burst margins. He found
that the burst margin decreases with increase in speed of
rotation of disc and reduced the hoop stress. Sariti Lemi [7]
done various design studies through finite element method for
a gas turbine disc considering the structural and thermal
effectsmade of Inconel 713LC Superalloy. Vyas, N.Set a [8]
investigated the dynamic stress analysis of a turbine blade
using life prediction agorithm and studied fatigue life
prediction of blades. Horgon C.O et al. [9] investigated the
stresses acting on a hollow cylinder with internal and external
pressure made of functionally graded, isotropic, linearly
elastic materials. Durodola, J. F.et a. [10] investigated the
deformation and stress acting on a rotating disc made of
functionally graded materials and compared them with
theoretical results.

[I. FEAANALYSIS

To determine the state of stresses around the bolt hole region
in the disc, a three-dimensional finite element analysis of the
disc was carried out using ANSY S. The geometry of the disc
isshownin Fig. 1 below;
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Fig. 1.Full disk model 3D

Fig. 2.M odel Dimensions

Theinner diameter of the disc is 55mm and the outer
diameter of the disc is 255mm.The Pitch circle diameter
is 150mm and the diameter of the bolt holesis 6mm.The
thicknessin the region of the bolt holesis 3mm, and the
thickness at the hub and the rimis 15mm.The Dimensions
aregiveninFig. 2.Meshingisdonein ANSY S. Thefinite
element mesh of the model is shown in the Fig. 3. below;

Fig. 3.M esh model
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Fig. 4.Mesh around bolt hole
region

The meshed model consists of 3225, 3D Brick elements. The
mesh is densely captured in the bolt hole region as shown in
Fig. 4. Five inflation layers are used around the bolt hole
regions. The mesh ismore concentrated in the bolt hole region
where the stresses are to be studied.

The element quality checkswere performed for the critica
area in meshed model. The meshed model satisfies the
acceptable parameters. The parameters and the actual values
aregivenin Table- I. below;

Table- I: Quality check-critical areas
Parameters Actual value Acceptable value
Aspect Ratio 1.9 1lto4

Jacobian 14 >0.7
The element quality parameters are within the acceptable
range in bolt hole region. The disc material used in the FEA
analysisof adisc wastitanium alloy. Its ultimate tensile stress
6, 1070 MPa, and yield stress oy is 930 MPa. The elastic
modulus E is 96 GPa. The Poisson’s ratio is 0.36 and the
density p is 4373 kg/m°.

The loads, Boundary conditions and the analysis cases is
given below:

Case(i) 15,000 RPM (or) 1570.79 rad/s.

Case(ii) 45,000 RPM (or) 4712.38 rad/s.

; :;(-——-RPM applied

Fig. 5.Applying RPM

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation



OPEN 8 ACCESS

l Cyclic Region [Low)
I Cycic Region [Hi

Fig. 6.Cyclic Symmetry Condition

Uy, lUz=0 applied on the
edge

Fig. 7.In Cylindrical coordinate system

1. RESULTS

The following section consists of the detailed discussion
of results for 15000 RPM and 45000 RPM. The stress and
deformation plots are compared and analyzed for different
rotational speed of 15000 RPM and 45000 RPM. The Stress
variation across the surface of the disc between two bolt hole
region and through the thickness of the disc in the bolt hole
region iscompared. Then the state of the stressin the bolt hole
regionisanalyzed and discussed. Then the cyclic stress acting
on the hole is discussed. Finaly, the cyclic local stress strain
response is discussed.

A. Results Discussions 15000 RPM

At 15000 RPM the following results were obtained. The
Directional deformation and the various stress are obtained as
shown in Fig. 8., Fig. 9., Fig. 10., Fig. 11., Fig. 12., Fig. 13.
Below;

0.078724 Max
0.073804
0.068884
0.063965
0.059045
0.054126
0.045206
0.044287
0.039367
0.034448 Min

Fig. 8.Radial Deformation
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0 Max
H -0.0012971
-0.0025942

‘ -0.0038912
-0.0051883
-0.
-0.0077825
-0.0090795
-0.010377
-0.011674 Min

Fig. 9.Axial Deformation

0.079154 Max
0074191
0069229
0064266
0059303
o 0054341
0049378
0044416
0039453
0.034491 Mi

Fig. 10. Total Deformation

Maximum deformation at Rimin Radia directionis0.078mm
due to centrifugal force pulling the disc outward as shown in
the Fig. 8. Maximum deformation in Axial direction is0 mm
as shown in Fig. 9. Maximum deformation of 0.079mm is
observed on the rim of the disc as shown in Fig. 10.

Max stress of 198 MPa is observed

198.285 Max
E 175,38
152428

h 12958

106,69

818y
g 60828
e
1509
~T.8072 Min

Fig. 11. Radial Stress

Max stress of 2458 MPa is observed

245.86 Max
B 21804
19022
| 1624
13458
10577
78947
1128
23309
~4.5096 Min

Fig. 12. Hoop Stress
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Max Stress of 45.84 MPa is observed

Fig. 13. Axial Stress

The radial stressis minimal in the hub and the rim. The
maximum radial Stress is 198 MPa and it is observed in all
bolt hole regions of the disc as shown in Fig. 11.The
maximum hoop stressis 245.8 MPaand isobserved in all bolt
hole region as shown in Fig. 12.The maximum axia stressis
45.84 MPaanditisobserved intheregionasshownin  Fig.
13.

1) Radial Stress Variation Along Hole Thickness& between
two bolt holes

In the below section the variation of the radia stress
through the thickness of the hole and between the bolt holesis
discussed

Fig. 14.Radial Stressregion

Fig. 15. Radia Stress Variation through thickness

The maximum radial stressisfound in the bolt hole region
as shownin the Fig. 14. It isfound that the stress 198 MPais
varying through-thickness of the hole and the minimum stress
191 MPa is found at the middle and is again gradually
increasing towards the other edge of the bolt hole as shownin
Fig. 15.

Fig. 16. Radial stressvariation along the corner at
15000 RPM

The variation of stress between two bolt holes is seen in
the Fig. 16.It is observed that the stress(198 MPa) is
gradually decreasing from the corner of the bolt hole region
and it is found minimal (103.68 MPa) at the middle and is
gradually increasing again and found maximum(198 MPa) at
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the edge of the other bolt hole region. The Average Remote
stressis 104 MPa.

2) Hoop stress Variation through thickness of hole& along
surface

A detailed study is done to understand the behavior of the
hoop stress variation through the thickness of the bolt hole
and between two bolt holesas shown inthe Fig.17 and Fig.18.

Fig. 17. Hoop Stressregion

Fig. 18. Hoop Stress Variation through thickness

The maximum hoop stressis found in the bolt hole region
as shown in the Fig. 17. It is found that the stress is varying
through-thickness of the hole and the maximum stress
(246 MPa) is found on the middle of the region as shown in
Fig. 18.

Fig. 19. Hoop stressvariation along surface at 15000
RPM

The hoop stress is gradually decreasing from the edge of
the bolt hole towards the other side of the disc as shown in
Fig. 19. The stress value at the edge of the hole is 234 MPa.
The hoop stress is maximum when compared with the radial
stress acting on the rotating disc. The Average Remote stress
is104 MPa

B. Results Discussions 45000 RPM

At 45000 RPM the following results were obtained. The
Directional deformation and the various stress are obtained as
showninFig. 20., Fig. 21., Fig. 22., Fig. 23., Fig. 24., Fig. 25.
below;
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0.70851 Max
0.66424
0.61996
- 0.57568,
0.52141
0.48713
0.44286
0.39858
0.3543

0.31003 Min

Fig. 20. Radial Deformation

O Max
00115874
0.023247

+ -0.035021

-0.0465S85

-0.058368

-0.070042
0081718
00232839

-0.10506 Min

Fig. 21. Axial Deformation

0.71238 Max
066772
0.62306
0.57839
0.53373
0.48907
0.4444
0.39974
0.35508
0.31041 Min

Fig. 22. Total Deformation

Maximum deformation in Radial direction is 0.7 mm at
Rim dueto centrifugal force pulling disc outward as shown in
Fig. 20. Maximum deformation in Axial directionis0 mm as
shown in Fig. 21. Maximum deformation of 0.7 mm is
observed on the rim of the disc as shown in Fig. 22.

Max stress of 1784 MPa is observed

. 17845 Max
15784

13723

11863

26017

5408

! 5479

! w19

13522

-70.265 Min

Fig. 23. Radial Stress

Max stress of 2212 MPa is observed

2212.7 Max
E 19624
| 172
— 156
12113
D83
§ 71052
@014
20978
~40.587 Min

Fig. 24. Hoop Stress
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Max stress of 412 MPa 1s observed

412,59 Max

H 20278

16297

= 12316
03325
43535
37236
%087
75858
19571
155,52 Min

Fig. 25. Axial Stress

The Radia stressis minimal in the hub and the rim. The
maximum radial Stressis 1784 MPa and it is observed in all
bolt hole regions of the disc as shown in Fig. 23.The
maximum hoop stressis 2212 MPaand is observed in al bolt
hole region as shown in Fig. 24.The maximum axial stressis
412 MPaand it is observed in the region as shown in Fig. 25.

1) Radial Stress Variation along the hole thickness&
between bolt holes

Fig. 26. Radial Stressregion

Fig. 27. Radia Stress Variation through thickness

The maximum radial stressisfound in the bolt hole region
asshownintheFig. 26. It isfound that the stress 1784 MPais
varying through-thickness of the hole and the minimum stress
1720 MPa is found at the middle and is again gradually
increasing towards the other edge of the bolt hole as shown in
Fig. 27.

Fig. 28. Radial stressvariation along the corner at
45000 RPM

The variation of stress between two bolt holes is seen in the
Fig. 28.1t is observed that the stress (1784 MPa) is gradually
decreasing from the corner of the bolt hole region and it is
found minimal (933 MPa) at the middle and is gradualy
increasing again and found maximum (1784 MPa) at the edge
of the other bolt hole region.
The Average Remote stressis
900 MPa.
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2) Hoop stress Variation through thickness of hole &along
surface

Fig. 29. Hoop Stressregion
Fig. 30. Hoop Stress Variation through thickness
Fig. 31.

The maximum hoop stress is found in the bolt hole region
as shown in the Fig. 29. It is found that the stress are varying
through-thickness of the hole and the maximum stress (2212
MPa) isfound in the middle region as shown in Fig. 30.

Fig. 32. Hoop stressvariation along surface at 45000
RPM

The hoop stress is gradually decreasing from the edge of
the bolt hole towards the other side of the disc as shown in
Fig. 31. The stress value at the edge of the holeis 2132 MPa.
The hoop stress is minimum when compared with the radial
stress acting on the rotating disc. The Average remote stressis
900 MPa.

C. Results Detailed Discussions

In this section, the state of stress around the bolt hole
region, theradial cyclic stress, the cyclic stress strain response
of the disc is discussed.

The stress acting on the bolt hole region is equi—biaxial.
At 45000 rpm, the radial/hoop remote stress is 900 MPa and
A*=1. where X is the ratio of stress along x-axis to that of
Y-axis. At 15000 rpm, the radial/Hoop remote stress is
104 MPa, A*=1.

According to Theory of Elasticity,

¢ Hoop stress at the edge of hole (2212 MPa) is more than

twice the Remote stress (900 M Pa)

¢ Sincetheremote stress (900 M Pa) is greater than half the

yield strength (930 M Pa) of the material the hole edge
undergoes plastic yielding.

At the minimum rotation speed of 15000 RPM, the radial
stressisegual to 104 MPaand at the maximum rotation speed
of 45000 RPM, theradial stressis equal to 900 MPa.
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Tomin 104
Omay 200

The cyclic stress amplitude is 796 MPawhich isless than
the material yield strength (930 MPa). Therefore, after plastic
deformation, elastic shakedown occurs and there is no cyclic
plasticity around the hole.

Further, the cyclic local stress strain response for elastic
material and for the elastic plastic materia is compared and
analysed. The details are as follows,

During first half cycle, local plastic yielding would occur
around the hole edge when the stress reaches 900MPa
(Remote stress).

For elastic material the stress concentration factor is 2.3
and hence during cyclic loading the stress at the edge of the
hole varies from 70 MPato 1496 MPa during the rotation.

Stress Raotio =

O 2212
Stress Concentration factor K; = =—-=
Tmin 200

Using Neuber'srule;

oye 930 = 108
Tatal strain = gy = ? = I;ﬁ.—
E s

(K = 5)’
Vield (Elastic)Strain = &ppq = ——— = 0.0522
tota [al}-_g * E]
Thus, total strain (0.0522) istwice the yield(elastic) strain
(0.0096) of the material.

[V. CONCLUSION

The compressor disc model with bolt holesisanalyzed for
Centrifugal force. When the Disc with a bolt hole Is made to
rotate with constant velocity the hoop stressis higher than the
radial stress. The maximum stress is found in the bolt hole
region. The summary of the results obtained are tabulated in
the Table-1l given below,

Table- 11: Results Summary

Rotati ?S gJN\I/)eI ocity | =000 45000
(g (mbothos, | 1% e
(g8 (nboithoey | 2 =

Rmz(;}lfleo :t)f% 104 900

From the results summary it’s clear that the stress acting
on the bolt hole region is equi —biaxial. The hoop stress is
more than the Radial stress for both the rotational velocity.
According to Theory of Elasticity, Hoop stress at the edge of
hole 2212 MPa) is more than twice the Remote stress
(900Mpa). Since the remote stress(900MPa) is greater than
half the yield strength (930M Pa) of the material the hole edge
undergoes plastic yielding. The cyclic stress amplitude is 796
MPawhich islessthan the material yield strength (930 MPa).
Therefore, after plastic deformation, elastic shakedown
occurs and there is no cyclic plasticity around the hole.
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For elastic material the stress concentration factor is 2.4
and hence during cyclic loading the stress at the edge of the
hole varies from 246 MPa to 2212 MPa during the rotation.
Thus, total strain (0.0522) is twice the yield(elastic) strain
(0.0096) of the material.

V. FUTURE WORK

Since the cyclic stress amplitude at the hole edge is equal
to 796 MPa. Slightly above 2/3" material yield strength of
930 MPa, Conventiona Linear Elastic Fracture Mechanics
should be still applicable to quantifying the growth of short
cracks emanating from the hole. However, elastic-plastic
stress distribution along prospective crack path is required to
determine max. stress intensity factors, while, the range of
stress intensity factor can be determined using elastic
solutions [1]. Regarding the validation of the results through
experiments, some experimental tests are aready conducted
in literature. Because experimental validation of these type of
disc is very expensive and hard to be conducted.
Nevertheless, the Experimental results will be in correlation
with the Finite element analysis. For a future studies one can
perform Rig test for a given Disc model to compare the
experimental results with the numerical results obtained from
our studies.
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