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ABSTRACT

There are numerous applications of rotating disc in the
aerospace industry such as in gas turbines. There are many
causes of disc failure. Among them, maximum tensile and
bending stresses induced under the action of centrifugal forces
are the main causes of disc failure. In this work, the
evaluation of stresses in an E-glass epoxy material rotating
solid disc is studied using finite element method. The FE
model is developed by using ABAQUS software for analysis
and the maximum principal stress is determined for different
angular velocities. The analysis of stresses within the disc of
constant thickness and density is based on the maximum
principal stress criterion and its associated flow rule. It is
observed that when increasing the angular velocity of the disc,
the stress quadratically increasing. The result also shows that
crack initiates at the center of the composite disc radially at a
certain minimum speed.

General Terms
Stress Analysis.
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1. INTRODUCTION

Stress analysis is the complete and comprehensive study of
stress distribution in the specimen under study. To improve
the quality of the product and in order to have safe and
reliable design, it is necessary to investigate the stresses
induced in the component during working condition.

Rotating discs are historically of interest to designers due to
their vast spectrum of use in the aerospace industry. Gas
turbine discs are an important example of such applications.
In gas turbines, rotating discs are simultaneously subjected to
mechanical and thermal loads. A disc may be under internal
pressure due to shrink fit on its mounting shaft; in addition an
external load is applied to its outer edge resulting from the
blade effects installed on its outer periphery. In operation,
when the disc rotates with significant angular velocity due to
the hot gases passing through the blades, which create a
variable temperature field on the disc. This study devoted to
analyze the mechanism of damage of the turbine disc and also
to determine the critical high stresses due to excessive
rotational speeds. (1)

As the rise of the concern for reducing the weight of
aerospace products increases, while not compromising its
strength, it is found that composite materials are the perfect
choice. Composite materials are then the dominant solution
for such a requirement as a result of ability to tailor material
properties upon desire.

Generally, composite discs can be categorized into two types
based on geometry, i.e. rim discs and solid discs. A rim disc is
an annular wheel, which concentrates the rotor mass as much
as possible in the relatively thin rim in order to increase the
mass moment of inertia around the rotating axis. It can easily
be built with the filament-winding technique and has a good
advantage of exploiting the high unidirectional strength of
fiber to withstand the major stress in the circumferential
direction. The radial stress for composite rim discs is usually
low and therefore, can be sustained by the transverse strength
of the composite. In contrast, a rotating disc looks like the flat
round plate centrally connected to driving shaft. It has more
mass moment of inertia around the rotating axis than a
composite rim discl when consuming the same swept area. It
is designed to reach higher values of the energy density with
higher peripheral velocities in comparison with a rim-type
rotor. However, the state of stresses in the disc is more
complicated due to the emergence of comparatively higher
radial stress. Furthermore, if the disc is made from a
laminated orthotropic layer, the interfacial stresses causing
delamination may be important and partially control the
failure of the disc.

This, consequently, influences the more complex failure
modes of the composite disc. At the beginning of composite
study study, a number of different discs have been identified
and published by some researchers [1-5], Moreover, a recent
review by [6] indicated lots of research and publications on
composite discs during a couple of past decades. This leads to
a significant growing in using and developing composite discs
in engineering applications. To additionally stream in this
demand, this paper will present another mean of analysis of
composite solid discs. The main objective is to develop a
fairly simple but favorably realistic model to predict
composite disc stress behaviors during operation, particularly
damage in the disc that is capable of being generated at a high
rotating speed and the highest possible speed the disc can
sustain right before crack initiation. Moreover, the model
developed can be used to aid an investigation of disc failure
mechanism and to complement as a design criteria of a
composite solid disc.

2. STRESS ANALYSIS OF A ROTATING
COMPOSITE SOLID DISC
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As mentioned above, the state of stresses that could happen in
a laminated composite disc is quite complicated. A three-
dimensional model is the most appropriate to govern the real
physical behavior of the rotating disc. Nonetheless, for the
sake of simplicity it is better to assume that if the laminated
disc is thin when compared to its diameter, the classical
lamination theory is applicable and then the problem is now
classified as a plane stress problem. Additionally,
delamination can be neglected for preliminary analysis



purpose. Moreover, if the stacking sequence is made such that
the quasi-isotropy is achieved, then in overall, the disc
behaves very much like an isotropic material, which provides
material axisymmetric besides the geometrical symmetry
around the rotating axis. According to the assumptions stated
earlier, the effective material properties for quasi-isotropic
symmetric laminate in a composite disc can be expressed as
_ A11A22_A212
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where Eeff , Geff and veff are effective Young’s modulus,
effective shear modulus, and effective Poisson’ ratio of the
laminate, respectively, h the total thickness of the laminate.
Aij, when i,j = 1,2,6, are in-plane stiffness of each lamina and
related to reduced stiffness as follows

Ay = TN Qij(zi — Zx-1) (i)

In the above, N is the total number of ply in the laminate, Qij
are the transformed reduced stiffness and are defined by

Qi1 = Qium* + 2(Qz; + 2Qee)n*m? + Q,on*
Q12 = (Qu1 + Q22 — 4Qg6)n?m? + Q2 (n* + m*)

Q22 = Quin* + 2(Qy2 + 2Qg6)n*m? + Q4 (n* 4(‘__1_'1)14)
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Q12 = (Qu1 + Q22 — 4Qg6)n*m? + Q5 (n* + m*)

where m = cosa , n = sina , in which a is the angle between
the global coordinate system X-Y and fiber direction (or 1-
axis) of composite disc at a given layer depicted in Figure 1.
The Qij, as expressed in Equation (iii), are reduced stiffness
and are functions of the engineering constants as shown in
Equation (iv).

E1l and E2 denoted in Equation (iv) are in-plane extensional
modulus of the composite material along the fiber and
transverse to the fiber directions, respectively. The property
G12 is in-plane shear modulus. In addition, v12 and v21 are
major and minor Poisson’s ratios, respectively.
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In addition, one can utilize the elasticity solution of an
isotropic rotating disc derived in [8, 9] for the quasi-isotropic
case. The state of stresses at a material point reads

34+v
or = T'Effpu)z(bZ -r?)
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In the above, or is effective radial normal stress in the whole
composite solid disc, o8 effective circumferential normal
stress, trf effective in-plane shear stress, p the mass density, ®
the angular velocity of the disc, b the radius of the disc, and r
radial distance from rotating axis.

It can be observed that normal stresses in the rotating disc are
always positive or in tension as indicated by Equation (5).
Therefore, in accordance with the conditions set above, failure
at a material point in the composite solid disc will occurs if at
least one of the following equations of failure surface
envelope satisfied.

S120 .
01 + 1221 — OoxXT (Vl)
S11
51201
1+ )
22
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In the above, Sij when i,j = 1,2,6 are compliances of the
composite material defined in Equation

(vi). 6XT, o YT and tXY are ultimate tensile strengths in the 1
and 2 directions, and ultimate shear strength in the 1-2 plane,
respectively.

LS, == (vii)
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Satisfaction of the first or second expression of Equation (vii)
indicates the failure in tension is in-the-fiber direction or
perpendicular-to-fiber direction, respectively. However, if the
third expression satisfies, the failure occurs in shear mode in
the 1-2plane.

The set of the aforementioned equations can basically
determine the maximum rotating speed of the composite
disc. This maximum rotating speed is defined as the speed
that causes damage in at least one of the failure modes in
every lamina throughout the whole disc. According to
Equation (5), it is expected that the damage initially occurs
at the center of the disc and subsequently spread to the outer
radius of the disc when the rotating speed gets higher. The
maximum speed obtained from this approach provides
fundamental information with respect to failure mechanism.
However, it may be significantly overestimated due to
negligence of damage accumulation within the solid disc
before the damage spreading.

3. GEOMETRIC
SOLID DISC

The major dimensions of the disc under consideration for the
present analysis are as follows:

DIMENSION OF

Outer Diameter of Solid Disc (Do) =1.1m
Inner Diameter of Solid Disc (Di) =0.1m

Thickness of the Solid Disc (t) = 0.025m
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4. MATERIAL PROPERTIES OF SOLID elliptical damag dzmage volume
DISK zone -
The laminated disc used in the analysis is made of E-glass '.:._._ A
Epoxy material of which properties are tabulated as given in ) 5 9
Table 1[10]. The ply thickness is 3.125mm and its stacking :: r
sequence is [0/-45/45/90]s with totally 8 plies. o3 |
matrix crack line
S/N| Properties Values Figure 1: Elliptical damage zone in a lamina and cylindrical
1 El(GPa) 39.13 damage volume
2 | E2(GPa) 8.39 The elliptical shape has the 1- axis as a major axis and 2-
axis as minor axis. This elliptical damage zone has the same
3 | y12(GPa) 4.14 shape in all laminate. Additionally, the elliptical damage
zone in each lamina can be union altogether approximately
4 | p(kg/m3) 1800 to form a cylindrical damage volume (CVD) inside the
composite damage volume (CVD) inside the composite
5 | M 0.26 discs as depicted in figure 1. Furthermore, the maximum
rotating speed in this case will be specified as the speed at
6 | Longitudinal Tensile Strength (cLT) (MPa) 1062 which the CDV is equal to the whole disc volume.
7 |Longitudinal Compressive Strength (o;c) (MPa) | 610 5.1.1 Analysis when the speed is below the
8 [Transverse Tensile Strength (a7r) (MPa) 31 FFSS
- Figure 2 shows the stress (maximum principal stress)
0 Transverse Compressive Strength (ocr)(MPa) 118 distribution of the whole solid dics FE model. Also, shows
the stress distribution along the radial distance of the disc

from its inner edge. Here the speed is below FFSS.
Table 1: Material properties of E-glass Epoxy

5. RESULTS AND DISCUSSION

5.1 Subsections

The computational results show that the dominant failure
mode of the laminated solid disc made from E-glass epoxy
material is matrix cracking. Amongst all the solutions
obtained from equation (11), the second equation yields the
lowest failure angular speed at almost every position on the
discs since this equation shows the stress is in a
perpendicular to fiber direction. The results show that the
matrix cracking initiates at the center of the composite disc
through the disc thickness at a certain speed. Then the OB oo Ao L 3555 ST 2
damage propagates along the radius of the disc when the
angular velocity keeps increasing as anticipated, since the
magnitudes of radial and hoop stresses both are highest at
the center point and start decaying when moving away from Figure 2: Stress distribution of the disc on the whole model
the rotating axis. when ©=1000rad/sec

The first angular velocity that creates the central point crack =
(defining herein as first-failure spinning speed or FFSS) is S
4608rad/sec for E-glass epoxy. \

Also, at any running speed higher than FFSS the
accumulated damage region with in the solid disc forms
elliptical shape on the 1-2 plane in each layer as shown in
figure 1.

Stress
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Figure 3: Stress distribution of the disc along the radial
distance when ®=1000rad/sec ¢

5.1.2 Analysis when the speed is below the 7
FFSS
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Figure 4 the stress (maximum principal stress) distribution

of the whole solid disc FE model. Also figure 5 shows the
variation stress along the radial distance of the disc from its
inner edge. Here the angular speed is above FFSS (about

w

"

Maximum Principal Stress in Nimm2

10000rad/sec). —

6000 T000 8000
Anguiar Speed of Flywheel in rad/sec
Figure 5: Maximum principal stress versus angular speed of

the solid disc

The result found from ABAQUS (FE) confirms with the
theory that, the maximum stress in a rotating composite
solid disc is at the center of the solid disc.
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