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Abstract

Aero engine rotor burst evaluation is one of the most important problems to be taken care off, whenever it comes to
designing a turbo machinery disc. The consequences of a failure can be intense, since the disc fragments into multiple
pieces and they are hurled away in all the possible direction at high speeds. Due to high thermo-mechanical loading
conditions the disc is subjected to varying degrees of temperature from bore to rim. However, the centrifugal force
dominates in the disc which ranges from 80%-90% and the rest can be treated as thermal and gas loads. The
challenge lies at designing a disc for off-design conditions with their varying loads and duty cycles. In present work
evaluation of safety limits and low-cycle fatigue (LCF) life estimation of an aero engine disc through classical
methods and blending the terminologies with simulation engineering to arrive at a probable interpretation of
number of duty cycles is carried out. The methodology compares the fatigue parameters involved in evaluation of disc
life at off-design condition through sensitivity analysis. The design tool closely connects the flight certification FAA
and EASA the regulating agencies for safety in air transportation vehicles. The off-design speed regulations through
API and MIL handbook for material specification are considered to carry out design of experiments using finite
element analysis approach

Keywords: Engine rotor burst, Duty cycles of turbo fan, over-speed and burst margins, low cycle fatigue, Robinson’s

and Hallinan’s failure criteria’s, FAA, EASA, Universal slope and Coffin-Manson method.

Nomenclature

Fc -Centrifugal force in N

M -Mass of the blade in Kg

rc -Center of Gravity in mm

w - Angular velocity in rads/s

N -Rotating speed in rpm

PB -Blade pressure in MPa

Nb -Number of blades = 60

D -Diameter of the disc in mm

t -Thickness of the disc in mm

€, -Strain amplitude

€s -Strain at failure

Nf -Number of cycles

¢ -Ductility factor

CASE 1- Centrifugal loading only

CASE 2 - Combination of centrifugal force and blade
pressure

CASE 3 - Combination of centrifugal, blade pressure
and thermal load

Abbreviation

API- American Petroleum Institute

*Corresponding author’s ORCID ID: 0000-0002-4876-1517,
DOLI: https://doi.org/10.14741/ijcet/v.8.2.10

ASTM- American Society for Testing Materials
Mill handbook - Military handbook standards
EASA - European Aviation Safety Agency

FAA - Federal Aviation Administrations

1. Introduction

Turbo-machinery discs are heavy, highly stressed
components used in gas turbines mainly due to over-
speed and operating temperatures and these stresses
play a key role in failure of disc. The two main
international authorities who regulate the safety of air

transportation, European Aviation Safety Agency
(EASA) [Stefano Chianese,2011] Europe, Federal
Aviation Administration (FAA) [Stefano

Chianese,2011] USA, have set the requirements to be
used for civil air transportation engine components.
The disc is made of an isotropic material say INCONEL
718 which is having a particular mechanical property
at a specific temperature as per MIL standards. For
analysis, duty cycles of turbofan engine are considered
which is as shown in figure (1). The failure criteria’s to
be employed for designing the disc under the safety
regulations and applying classical equations to arrive
at a thumb rule are a design challenge. Major disc
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design criteria are identified with importance on the
life limiting design and the application of life
estimating techniques. Design for low-cycle fatigue
capability includes consideration of material
characteristics, temperature and stress analysis. The
evaluation of safety margins and estimation of low-
cycle fatigue life in an aero engine disc for design
loading conditions (centrifugal force, blade loads and
thermal loads) with considering different methods
mainly linear and material non-linearity (isotropic and
kinematic hardening) is followed. Experimental way of
obtaining these safety margins and life of the aero
engine disc are very expensive and time consuming. By
employing FEA method for evaluating the safety
margins and life of disc the above-mentioned problem
can be minimized to a great extent. Commercial
package software ANSYS is used to carry out the
analysis.
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Fig. 1 Duty cycles of GE CF6-50 aero engine [W.N
Barack]

Fig.2 Process for the present work

The safety margins and corresponding speeds are
obtained by wusing two different approaches,

Robinson’s and Hallinan’s failure criteria’s. These two
classical equations need to be effectively utilized as per
FRC (Flight Readiness Certification). The low-cycle
fatigue life is estimated for the disc by considering
their respective speeds. By using two methods namely
Universal Slope Method and Coffin-Manson Method in
this work, the estimation of fatigue life of an aero
engine disc is carried out. The above analysis is
followed based on the two international agencies (FAA
and EASA) which regulate the safety of air
transportation. The safety margins obtained for the
disc which is subjected to loading conditions
mentioned above should follow the API standards and
the fatigue life should be greater than 1*e6 cycles.

The evaluation process of over-speed, burst margin
and estimation of fatigue life is as shown in figure (2).

2. Scope of work

Gas turbine rotors should pass through design, stress
and the quality checks while underdoing certification
loads. After the series of checks as per the regulations
the major test involves over-speeding, burst evaluation,
life estimation, fatigue, creep interaction, fracture and
finally the failure analysis. However, hand full of
literature is available on individual checks either
through  mathematical modeling or through
experimental work. The modern computers have made
it possible to carryout design of experiments employing
multi-degrees of freedom analysis carrying multi-
design objectives, behavior constraints to  achieve
design goal. However, the present work is to focus on
arriving at optimum disc geometry through DOE
considering in-service condition and blend the classical
theories with FEA and quickly arrive at commendable
methodology which can evolve the design objective in a
short duration of time with reliable results and the
margin of safety at conservative side.

2.1 Objectives of present work

1) Topological optimization to achieve the design
goal.
2) A sensitivity study for material model and its
behaviour at in-service condition.
3) 3-D analysis for estimation of over-speed and burst
margin evaluation
e Hallinans approach
e Robinsons approach
4) Estimation of over-speed margin and the burst
speed in rotating aero engine disc as per the
international authorities for integrity, blending the
classical approach with FEA
5) Estimation of low cycle fatigue life
6) Application of 3-D elasto-plastic strain to classical
equations to arrive at fatigue life of disc
e Coffin-Manson method
e Universal slope method
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3. Load considerations
3.1. Rotational velocity Rang

Rotational or angular velocity is defined as the rate of
change ofangular displacement and is a vector
quantity  which specifies the rotational speed
(angular speed) of an object and the axis rotation.

3.2. Influence of the blades

The presence of blades on the external ring of the disc
causes an additional traction load in the radial
direction, since they behave like concentrated masses

under the effect of the centrifugal field.

Formulas for blade pressure:

Fc=mw2rc Eqn.1
FcxNb
B= e Eqn.2

3.3. Thermal load

Loads due to change in temperature are produced by
the non-uniform distribution of temperature in the disc
under service conditions. The external region of the
rotor that is closer to the hot gasses, in fact, is hotter
than the internal area. This non-uniform temperature
gradient causes a deformation of the material, along
with the coefficient of thermal expansion.

3.4. Service conditions for disc

Turbine disc experiences centrifugal loads, thermal
loads and blade pressure under operating conditions.
The loading conditions of the disc for the present work
are classified into three cases: first case is by
considering centrifugal force only, second case is
combination of centrifugal and blade pressure, third
case is by considering all three loads as mentioned
above. Figure (3) represents the schematic diagram of
disc loading.

Py

L Tea00c
N

Fig.3 shows the schematic features of the disc

4. Material

Inconel alloys are corrosion-resistant materials well
suited for service in extreme environments subjected
to pressure and heat. Since, the aero engine discs are
subjected to high centrifugal and thermal loads Inconel
is the material preferred for their manufacturing.

Table 1 shows material property of INCONEL718

Density 8190 kg/m3
Poison’s ratio 0.3
Young’s modulus 209 GPa
Tensile strength 1035 MPa
Co-efficient ofthermal 13.0%10-6 K-1

expansion

5. DOE (Design Of Experiments)

Gas turbine rotors are often subjected to high transient
and fluctuating speed loads. Many key parameters from
design, material strength, geometry and behavior play
a vital role in reliability and robustness during in-
service condition. Sensitivity analysis and DOE become
very essential to arrive at an optimum geometry. The
design parameters and topological constraints
considered for the present work are to arrive at
optimum disc geometry through DOE which can be
broadly classified in sequence

1) Design Parameters
2) Behavior constraints
3) Topological constraints

5.1 Design parameters

1) Allowable hoop and von-Mises stress at the bore is
95% of 0.2% proof stress.

2) Allowable hoop stress at the web is 85% of 0.2%
proof stress

3) Allowable radial and von-Mises stress at the web is
80% of 0.2% proof stress.

4) Allowable hoop and von Mises stress at the rim is
67% of 0.2% proof stress

5) Allowable radial growth < specified tolerance of 1
mm

6) Allowable axial growth < specified tolerance of 1
mm.

5.2 Behaviour constraints

1) The average section stress at cross section of the
disc should be within the allowable design limits

2) The average section stress at the cross section
should be 10% less than the blade root neck
average stress

3) Allowable AWMHS< 72% of 0.2% proof stress at
peak temperature in the disc.

4) Allowable AWMHS< 64%
temperature in the disc.

of UTS at peak
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5) Disc burst-speed = 125% of maximum allowable
steady state speed for 12000 rpm.

6) Disc over-speed 2118% of maximum allowable
steady state speed for 12000rpm.

In addition to these standard behavior constraints on
stresses, there are constraints related to the area
weighted mean hoop stress (AWMHS) [3] and the area
weighted mean radial stress (AWMRS) [3]. These
constraints are not readily available in the program
like ANSYS and these are the constraints which are
used in aero industry. Hence, many non-standard
constraints have been incorporated into design rules
for the effective evaluation for rotor components.

5.3 Topological constraints

DOE is performed by utilizing the simple disc 2-D axis
symmetry. By executing DOE an optimum design can
be obtained with minimum weight and maximum
strength. The design parameters which should be
obtained by performing DOE are as shown in figure (4).

fa

V.

Fig.4 shows the disc parameters

Fig. 5 shows 3-D plot for feasible design points and
variations of maximum principle stress

The inner radius ‘r’ and outer radius ‘R’ of the disc are
constant. From the above obtained parameters range,
disc can be designed with an optimum dimension

which results in less weight and high strength. By using
commercial package ANSYS, a non-linear design of
experiments is conducted to arrive at feasible
possibility in design space. Based on the constraints
the optimum design surface recommended meeting the
design goal is considered for further analysis in 3-D.

e Hoop stress

=——Radial Stress

Stress in MPa
n
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Fig.6 shows variation of stress with respect to the
length of the disc sector

The hoop stress (maximum at the disc bore) induced in
the disc sector decrease as the length of disc increase
from bore to rim. The radial stress (minimum at the
bore and maximum in the web) increase in the bore
region and decreases in web region as the length
increases. Since the hoop stress is concentrated at disc
bore and plays a major role in disc failure. Hoop stress
considered for evaluating the safety margins.
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Fig.7 shows the graph plotted for radial growth with
change disc speed

The maximum radial gowth of the disc obtained from
three cases are less than ‘1’ which is below the
tolerance as mentioned.

6. Evaluation of over-speed and burst margins

Over-speed is a condition where the aero engine disc is
allowed or forced to rotate beyond its design limit. The
consequences of running the disc too fast vary by
engine type, model etc. The duration of over-speed is
main factor which speed of disc is dependent upon.
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In some aero engine discs, even a momentary of over-
speed can result in reducing the engine life or even
catastrophic failure. The speed at which disc undergoes
catastrophic failure is known as burst speed. In the
present work, for evaluating the safety margins and
burst speed a 3-D model of a disc section is considered
as shown in figure 8.

Fig.8 3-D axis- symmetric meshed model using ANSYS

The constraints for rotating speed of aero engine
turbine disc given by the two international agencies is
given below [EASA CS-E 840 AND FAR 33.27][Stefano
Chianese, 2011]

a) 120% of the maximum permissible rotor speeds
associated with any of the ratings of except OEI
ratings less than 2 %2 minutes.

b) 115% of the maximum permissible rotor speeds
associated with any OEI ratings less than 2 %
minutes.

c) 105% of the highest rotor speed that would result
from the failure of the component or system which
is the most critical with respect to over-speeding

d) The burst speed is a highest speed that would
result from the failure of any component or system
in a respective installation of the engine. This
failure of a component or system cannot normally
be detected during a routine pre-flight check or
during normal flight operation. Gross-yielding
approach at critical locations is followed for
evaluating the safety margins.

6.1 Failure criteria for rotating disc

The determination of the burst-speed has brought to
the formulation of several theories and criteria that
prescribe the procedure to determine the rotational
speed that causes failure. Among them, two are used in
this work: the Robinson’s Criteria also called average
hoop stress criterion; and Hallinan’s criteria.

6.2 Robinson'’s Criteria [W.N Barack]

The Robinson criteria is a method which is developed
for calculating the burst speed in the hoop mode
knowing the ultimate tensile strength, ¢UTS and the
mean hoop stress, oc mean. As per this criterion burst
occurs when the mean hoop stress on a disc section
becomes equal to the nominal tensile strength of the
material, determined from a uniaxial tensile stress.

The mathematical formulation of Robinson criteria,

_ ’ guTS
Wpyrst = W Oemean

It is important to know that ultimate strength
considered by Robinson Criteria is the engineering
stress that differs from true stress. ANSYS applies
engineering stress to perform the analysis since; the
evolution of safety margins is to be performed by
considering true stress. Due to this relation between
these stresses is to be performed and utilized for
evaluating the safety margins. When passing from
engineering stress to true stress, the following
relations must be applied:

Eqn.3

Errue = ln(l + eeng) Eqn.4

Otrue = 0-eng(l + geng) Eqn.5
From Eqn. 4 and Eqn. 5 a relationship between true
stress and engineering stress was obtained. By utilizing
these relations, a graph was plotted between stress and
strain which is as shown in figure 9.

@  veidstrensth
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Fig.9 shows the comparison between engginerring
stress and true stress

Robinson criteria fail to explain the relation between
the true stress and engineering stress. It also fails to
explain the effect of maximum hoop stress in the disc
failure. Hence this criterion is modified in several ways
and one of the forms is Hallinan criteria.

6.3 Hallinan criteria

This criteria extends the use of the Robinson criteria
considering the maximum hoop stress, oc max
introducing a factor S [W.N Barack] (it is the ratio of
true stress to the engineering stress) to weight the
influence of the maximum stress over the mean stress.
The ratio S is obtained from the graph figure (9) by
comparing true and engineering stress.

The mathematical form of Hallinan criteria

on = 09505 [ - [ )+ 2] mans
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These two criterions are similar to each other if the
value of S is close to 1, such as for discs made of ductile
materials.

Therefore, the equation becomes,

_ ’ ouTs
Wpurst = 0.95w %

In general, the concept of calculating the average stress
is associated with the ductility of material and no
difference occurs between the two formulations; while
if the disc is made of brittle material it is more
appropriate to weight the influence of the maximum
stress by applying the Hallinan Formula.

Eqn. 7

6.4. Linear Static Analysis

From the behaviour constraints mentioned over-speed
= 118% of the 100% speed. Hence, for evaluating the
safety margins 121% speed is considered as per API

standards,

uniformly. But in this case the deformation of the
material takes place by maintaining its center constant.
This implies that stress while tension and compression
remains same in value but opposite in signs, which is
not possible in the real behavior of the material. Hence
the obtained burst speeds by this approach are also
unacceptable.

Table 3 results for bi-linear isotropic

Particulars Casel Case2 Case3
Over-Speed limits 1.35 1.30 1.29
Burst Speed 186.14% 153.33% 152.73%

6.6 Bi-linear kinematic Analysis

The isotropic model implies that, if the yield strength in
tension and compression are initially the same, i.e. the
yield surface is symmetric about the stress axes; they
remain equal as the yield surface develops with plastic
strain. Real metals exhibit some isotropic hardening
and some kinematic hardening. In Isotropic hardening
the material just hardens until it responds elastically.

Over speed Margin = \/m Eqn.9 To fix this, alterr}ative laws i.e. kinematic hardeni-ng
Ocmean laws have been introduced. As per these hardening
For burst speed, laws, the material softens in compression and thus the
yield surface remains the same shape and size but
_ oUTS merely translates in stress space, which gives the real
Wourst = @ w’crc_me,,m behavior of the material. Hence, this approach gives the
real behavior burst speed obtained are acceptable.
Table 2 results for linear static
Table 4 results for bi-linear kinematic
Particulars Casel CaseZ2 Case3
Over-Speed limits 1.34 1.31 1.29 Particulars Casel Case2 Case3
Burst Speed 190.9% 158.7% 157.50% OV(]eirr;lSii):ed 134 1.29 127
Similarly, for other cases and methods of analysis Burst Speed 181.37% 150.34% 149.75%
similar approach is carried out for calculating the over-
speed margin, the burst-speed. .
Linearity is just an assumption which simplifies the
modeling. Every problem is bi-linear, but solving these 218 e Lincor
models time consumption is more when compare to E —— sotropic
the linear models. Hence, analysis of linear models is T 16 - Kinematic
carried out whenever possible. However, the ;J't
assumptions built into linearity must be considered gm
with every model. It is assumed here that the ultimate
stress is within the elastic limit and the there is no 12 A
yield i.e. the stiffness of the material remains constant
in linear analysis which is not real. But, the burst takes 1 T T T "
place in the disc when the induced stress is equivalent 1ooe 0o oo reoe 1eoe
to ultimate stress i.e. the linearity of the material is lost. Rotaional Speed in RPM

Therefore, the assumptions made are not applicable for
evaluating the burst speed. Hence, the burst speed
obtained from this approach is in-valid.

6.5 Bi-linear Isotropic Analysis

In isotropic hardening when the material is subjected
to loading tension or compression the material
deforms linearly till the yield limit. Once the material is
crossed the yield limit the material doesn’t deforms

Fig.10 shows OSM for different approachs with
respect to change in speed

The evaluated safety margins is plotted in the graph
with respect to the change in speed. For over-speed
(121% as per API standards ) condtion the saftey
margins obatined for the disc are in the range of 32-
34% which is as shown in figure (10).
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Fig.11 shows burst-margin for different approachs
with respect to change in speed

The graph plotted is by considering CASE 3 loading
condition. The burst-speed obtained for the disc from
different approachs is in the range of 152.73-149.7%
of the operating speed which is as shown in figure (11).

6.7 Comparison of Burst speed between Robinson and
Hallinan criteria

Hallinan criteria = 0.95*Robinson criteria [by using
Eqn. (6) & Eqn. (1)]

Therefore,

Burst speed in Hallinan criteria = 0.95* 190.9% =
181.355%

Similarly, the above is used to calculate for all other
cases.

160 -
= 158 A = Rohinson
=
= 156 7 e H linan
=
E 154
E 152 A
o
2 150 -
-
£ 148 -
@
146 -
144 4
142 A
140 T |
1 2 3
Non-parametric dimension

Fig.12 shows burst limits varying with two different
approaches

In the above shown figure 1, 2 and 3 represents linear,
isotropic, kinematic analysis respectively. It is
observed that burst limits obtained from Hallinan is
conservative and safe when compare to Robinsons
limits.

7. Fatigue in rotor disc

ASTM defines fatigue life, Nf, as the number of cycles of
specified character that a specimen sustains before
failure of a specified nature occurs. In the present
work, Universal Slope and Coffin-Manson methods is
effectively utilized for estimating the fatigue life of the
disc.

7.1 Estimation of fatigue life

Estimation of fatigue life cycle is performed by
considering the disc at over-speed (121% as per API
standards) condition

7.2. Coffin-Manson equation [P. Mestanek,2008]
This equation gives a relationship between number of

cycles and the total strain (elastic + plastic). In
mathematical model the equation can be written as,

€ =175 %Nf‘-“ + 0.5 N Eqn.10
It can be reduced to,
2= € 2Nf Eqn11

7.3. Universal slope method [U. Muralidharan]

The USM method can be written in mathematical
model is given below,

[ OyuTS 0832 -0.12 0.15 -.56
©=0.623 () 2N ™ +0.0196 €15 2N, Eqn 12
3.3
3
g Coffin-Manson
£ 25 | niversal Slope
a
=
2 2
=0
=1
Ly
)
15
1
1 2
Non-parametric dimension

Fig.13 shows low cycle fatigue life varying with two
different approaches

In the above figure, 1 and 2 represents linear and bi-
linear analysis. It is observed that Coffin-Manson
method provides a conservative result when compared
to universal slope method.
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Conclusions
e The sensitivity analysis and design checks
conducted through blending the classical

equations and methodologies has thrown light on
various aspects namely design considerations,
parametric and design constraints along with
behavior constraints to achieve design goal. A non-
linear analysis is must for evaluating the safety
limits as per regulations to ensure integrity.

e From the present study for evaluating the safety
limits for disc a bi-linear kinematic approach is
recommended. The safety limits obtained from this
analysis provides a conservative result in a range
of 6-8% when compared to other two approaches

e The burst limits obtained from Hallinans criteria is
considered since, the results are 5-7%
conservative when compare to Robinsons criteria.
By incorporating this criterion in FE code would
help in evaluating burst limits.

e The estimated fatigue life of the disc obtained from
Coffin-Manson and Universal Slope method is
greater than 1*e6 cycles. For, estimating the
fatigue life of disc Coffin-Manson method is
optimum since, it provides a factor of safety 1.66
when compare to universal slope method.
Universal Slope method is utilized for
approximation of fatigue life when there is lack of
material data.
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