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The increasing demand for power, fuel efficiency, and safety of aeroengines has called for weight reduction and structural integrity
examination of the critical components. This paper is aimed at performing a systematic investigation on the design of a high-speed
Ti2AIND blisk, including disc geometry optimization and burst speed prediction. Incorporating the design of the experimental
approach and the commercial software has guaranteed that the optimization could be accomplished. Six key parameters were
defined as variables with regard to the geometric dimensions whereas the safety factors were set as constraints to make the disc
feasible. Sensitivity analysis has been conducted to study the effects of the variables on the safety factors and disc weight. Bore
width, web width, and bore angle are identified to be the dominant factors regarding optimization. Results reveal that the bore
width and web width are positively related to the safety factors at the cost of increasing the disc weight. On the contrary, the
effects of the bore angle show the opposite trend. Finally, the achieved minimum disc weight is 15.2kg with all the safety
factors meeting the requirements. Upon completing the disc shape optimization, the burst speed was estimated using three
elaborated methods. The comparisons between the numerical results and the experimental results indicate that the mean stress
method is accurate when the correction coefficient is chosen properly. The local stress and strain method and the global plastic
instability method also offer a precise prediction on the burst speed with errors of less than 5%. It could also be concluded that

the predicted web failure in the radial direction of the disc is in good agreement with the experimental results.

1. Introduction

The application of new materials and new structures in aero-
engines has made it more difficult to assess engine safety. The
desire to design a higher performance engine within a limited
design iteration drives the engineers to further implement
advanced approaches and integrated tools to estimate the
reliability and integrity of the key components. The blisk
structure has cancelled the conventional tenon connection
and incorporates the blades as an integrated structure, which
could reduce the rotor weight and blade counts as well as
eliminate the flow loss [1]. The posing issue is that the high
cycle life and vibration problems are outstanding due to the
absence of an effective damper. However, the approaches of
the conventional disc in terms of optimization strategy are
still applicable.

Numerous researchers have performed engine compo-
nent design optimization to achieve the optimal structure.

Kasina et al. [2] conducted an optimization design aiming
at the minimum weight of a fir tree connection turbine disc
with several critical parameters regarding the disc dimen-
sions which were identified as variables. Xiaodong and Xiuli
[3] developed a turbine disc design process based on Ansys
Workbench software and considered the aerodynamic, ther-
mal, and structural coupling effects. Rao et al. [4], Li and Lu
[5], and Lu and Lu [6] have undertaken a similar engine disc
optimization investigation with remarkable results. In recent
years, more designers are dedicated to utilizing the design of
experiment (DOE) approach to search for the optimal strat-
egy. Liu et al. [7] analyzed the fan shroud failure causes and
performed shroud optimization to mitigate the contact stress
concentration with the DOE method. The maximum contact
stress dropped dramatically from 623 MPa to 378 MPa.
Huang et al. [8] adopted the kriging surrogate models into
the turbine disc optimization process. The corresponding
results showed that the kriging appropriation offered high
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accuracy but low computation time. Bharatish et al. [9]
implemented Taguchi’s DOE approach into the optimiza-
tion of a turbine disc fir tree joint for fretting analysis
purposes. Mavroudi et al. [10] investigated the shape optimi-
zation of the blade and disc fixing by simultaneously updat-
ing the model and calculating the stress. The DOE approach
has provided the designers with a fast and accurate way to
obtain the desired structure, which shortens the design iter-
ations and improve efficiency.

After obtaining the optimal blisk shape, another concern
that has drawn attention is the burst speed prediction. Aero-
engines have to cater to extreme conditions resulting in a
complex and challenging working environment for the key
components, especially the military fighters which call for
high power demand and operating flexibility. The conse-
quence is that the compressor blisk sometimes rotates at
very high speed, bearing the centrifugal load, and the rear
stages even endure the high temperature, uneven tempera-
ture, and corrosion. The integrity of the compressor blisk
is crucial for engine safety. Once broken, the fragments
would break through the casing and even penetrate the fuel
tank and the cockpit, leading to severe and catastrophic con-
sequences [11]. Many studies have been carried out to pre-
dict the burst speed by miscellaneous approaches. Manavi
[12] investigated the burst of a centrifugal rotor by 2D and
3D finite element analysis with a mean stress comparison
approach and test validation. The rupture results revealed
that the crack initiated from the slots which are always the
weak points of the blisk. Maziere [13] compared the quasi-
static and dynamic prediction on overburst speed and found
that the Hosford yield criterion was accurate with only 0.1%
error compared to the experimental results. More impor-
tantly, the local plastic strain is strongly dependent on the
yield function. Servetnik [14] performed a numerical calcu-
lation on the HPT disc with the finite element analysis based
on the energy method. It was proved that the Tresca yield
criterion was better than the von Mises yield criterion in pre-
dicting the limit speed. Ekhteraei Toussi and Rezaei [15]
implemented the elastic-plastic imaging method to obtain
the limit speed by observing the deformation of the disc.
What is interesting is that the inside part seemed to encoun-
ter failure first in the radial direction due to the higher
equivalent stress.

There are many factors affecting the accuracy of burst
speed prediction, consisting of the geometric parameters,
load conditions, and material properties. Kasina et al. [2]
investigated the influences of the critical dimensions on the
burst speed margin, such as the bore radius and bore width.
The increase of bore radius would significantly increase the
burst margin whereas the expansion of bore width had an
adverse effect on the burst limit. Maruthi et al. [16] analyzed
the influences of different load conditions including the cen-
trifugal load, thermal load, and blade load on burst margin.
With the real loading conditions, the burst speed is much
lower than the simple centrifugal load condition. Squarcella
et al. [17] performed a sensitivity analysis of the material
properties on the burst speed of turbine discs. The stress-
strain curve plot was significantly affected by the Young
modulus, ultimate stress values, ultimate strain values, stiff-
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FIGURE 1: Design optimization framework.
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ness, and yield stress, which would impact the burst speed
estimation.

This paper presents a consistent and coherent investiga-
tion on the design optimization, burst speed estimation, and
validation of a Ti2AINb blisk. The DOE method was
adopted in the design process with the integration of Work-
bench and Isight software. Sensitivity analysis regarding the
critical geometric parameters was established to search for
the most influential factors that provide the minimum
weight and stress. The burst speed was predicted by three
approaches using the finite element results on obtaining
the optimum disc shape. Finally, the blisk burst experiment
was conducted to validate the numerical results.

2. Design Optimization

This chapter first describes the design process and the meth-
odology implemented in the disc optimization. Then, the
effects of the critical parameters on the disc weight and
safety factor were demonstrated by the Pareto bar chart.
Afterwards, the optimization results were checked against
the initial values.

2.1. Methodology. A brief design framework is depicted in
Figure 1. It consists of three individual procedures, which
are mutually connected. The initial weight and stress could
be calculated in the Workbench software. Meanwhile, the
critical geometric parameters have been established as
variables with the identified lower and upper bounds. By
setting up appropriate design constraints and design objec-
tives, the optimal disc shape could be achieved with mini-
mum weight by the DOE approach. In Workbench, the
geometry module, thermal analysis module, and static
strength analysis module are employed to conduct the opti-
mization. The disc geometry is updated according to the
optimized sampling data from Isight. Therefore, the opti-
mum disc shape and stress would be obtained concurrently
without too many iterations.
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FIGURE 2: Design variables.

2.2. Design Space Exploration. In the majority of disc optimi-
zation cases, several objectives have to be achieved simulta-
neously. Therefore, it is required to identify the most
influential parameters for the design objectives. In this sce-
nario, six parameters were chosen as variables, as shown in
Figure 2. The bore height, bore width, and bore angle are
crucial for the bore stress distribution and deformation.
Meanwhile, the neck width is responsible for the neck area
which is thin and needs careful design. The blade is designed
as an equivalent mass module. Table 1 lists the boundaries of
the six variables according to the approximate layout of disc
and the compatibility. Another important issue that has to
be considered in the actual engineering design [18-20] is
the space constraints especially the bore radius concern. In
this scenario, the bore radius is kept constant to prevent pos-
sible interference and rub risk.

3
TaBLE 1: Definition of design variables.
Variables Meaning Lower bound Upper bound
h (P11) Bore height 9mm 12 mm
w, (P12) Neck width 7 mm 12mm
0, (P13) Web angle 78° 82°
0 (P14) Bore angle 38° 42°
w, (P8) Web width 6 mm 12 mm
w (P9) Bore width 38 mm 44 mm
TaBLE 2: Design constraints.

Constraints Initial values Desired values
BCS 1.01 1.05
CSCS 1.31 1.25
CRS 1.57 1.35
MPCS 1.39 1.35

The design optimization could be formulated as a weight
minimization problem, as shown in (1). The main aim is to
find the minimum weight within the design space but main-
taining the safety factors above the required level. o, (T4)
and o5y, (T,) refer to the circumferential stress and radial
stress receptively while the ny ,}, and the n,,, are the cor-
responding safety factors.

Find : min weight(h, 0, w;)

0925(Tp)

p— =N, >
oy 0,0.2,b (1)

0925(T,)

>n
— = ,0.2,b"
g, ’

Before moving to the design objectives, it is important to
define the design constraints to make the optimized disc
more practical and achievable. For the investigated compres-
sor blisk, the design priority is to guarantee that the blisk
would still maintain its integrity under the burst speed
requirement. Correspondingly, the maximum stress and
safety factors have to be lying within a certain range. The
safety factors of bore circumferential stress (BCS), cylindri-
cal surface circumferential stress (CSCS), cylindrical radial
stress (CRS), and meridian plane circumferential stress
(MPCS) are identified as design constraints, as listed in
Table 2. It could be seen that the initial values of the safety
factors are higher than the desired values except the BCS,
indicating that there is still much space for improvement.

The main objective of this paper is to obtain the opti-
mum disc with minimum weight. To carry out the optimiza-
tion, Ansys Workbench and Isight were employed to achieve
the desired objective.

2.3. Sensitivity Analysis. In order to explore the influences of
the variables on the results, the optimal Latin hypercube
design (OLHD) method was implemented to generate the
design space. The OLHD method will create distributed
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FIGURE 3: Pareto plots.

sampling points in the design space so as to guarantee that the
points are uniformly located. Consequently, it ensures that the
design variables and surface response are accurately simulated.
The number of the sampling points was chosen as 25.

A multivariate quadratic regression model was adopted
to assess the effects of each variable, as shown in (2). It
should be noted that the input has been normalized to [-1,
+1]. After obtaining the model coefficients, they were con-
verted into percentages representing the contribution rate,
as listed in (3).

V= ﬁ0+2ﬁixi+zﬁixi2+zﬁixixj’ (2)

1008,
sti .

Figure 3 depicts the Pareto bar charts of the variables on
the disc weight and safety factors. The red bar indicates that
the parameters demonstrate a positive response, whereas the
red bar reveals that the parameters would weaken the objec-
tives. From Figure 3(a), it is evident that the bore width (P9)
is the most influential factor contributing almost 50% to the

in(%) = (3)

BCS safety factor. It means that a larger P9 is desired due to
the fact that BCS is lower than the target value, as discussed
previously. Following is the bore height (P11) which takes
up about 9% contribution on BCS. Nevertheless, a closer
inspection of the figure shows that bore angle (P14) is nega-
tive on the BCS, meaning that it should be lowered to
increase the safety factor.

A similar trend could be observed in Figures 3(c) and
3(d). The contribution of bore width ranks top on the MPCS
safety factor and disc weight while the bore angle shows the
largest negative response. What needs to be pointed out is
that the decrease of web width (P8) could also dramatically
reduce disc weight but at the risk of lowering the MPCS
safety factor. For the CRS safety factor, it is clear that the
web width and web angle are the two dominant factors that
proportionally related.

From the above discussion, it could be concluded that
the bore width and web width are the key parameters that
could improve the safety factors but burden the disc weight.
On the contrary, the increase of the bore angle would lessen
the weight but impact the safety factors. The optimum disc
shape needs trade off among the variables.
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FIGURE 6: BCS safety factor response surface.

FIGURE 7: Disc weight response surface.

A more specific analysis was demonstrated in Figures 4
and 5, which illustrate the influences of each variable on
the disc weight and BCS safety factor in quantity. The weight
reduction reaches 6.37% when the bore angle is doubled.
However, the corresponding BCS safety factor is lower than
the desired value, indicating a compromise in the stress and
weight. More importantly, when the bore width or the web
width is twice larger, then the disc is 11.9% heavier than
the initial value. Nevertheless, the web width increase results
in the drop of BCS safety factor and should be avoided, as
shown in Figure 5. The rise of bore width and bore height
is beneficial for the BCS safety factor, which contribute
3.6% and 0.6%, respectively. Other parameters show less rel-
evance in the weight and safety factor optimization.
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TaBLE 3: Optimum design variables.

Variables Optimum values
h (P11) 10 mm

w, (P12) 10 mm

0, (P13) 82°

0 (P14) 40°

w, (P8) 8 mm

w (P9) 39 mm

TaBLE 4: Optimum solution.

Constraints Initial values Optimum values
BCS 1.01 1.05

CSCs 1.31 1.27

CRS 1.57 1.35
MPCS 1.39 1.35

Disc weight (kg) 16.5 15.2

2.4. Result Analysis. The response surface was plotted based
on the sampling points generated by the OLHD approach, as
depicted in Figures 6 and 7. Obviously, there exist optimum
parameters that offer the lowest achievable weight and ade-
quate safety factor. The optimal variables are listed in
Table 3. The effects of the variables are mutually affected
requiring compromise to minimize the weight with the con-
strained space and given constraints.

The best solution was then obtained by finite element
analysis with the optimal variables, as listed in Table 4. It
is clear that the BCS safety factor has reached the desired
values while other safety factors have been reduced to cater
for the BCS. In addition, the disc weight has dropped from
16.5 to 15.2kg, reaching almost a 7.88% reduction. It would
be helpful in minimizing the whole engine weight and hence
decrease the mission fuel burn. The optimization approach
utilized in this paper provides users with easier access and
fewer iterations for compressor disc shape optimization. It
could also include the thermal load, centrifugal load, and
blade load affecting the disc stress in one platform.

3. Burst Speed Prediction

The application of Ti2AINb material in areoengines has sig-
nificantly improved the endurance temperature from the
maximum of 400°C~500°C of the traditional titanium alloy
to about 650°C~700°C [21, 22]. Typically, the Ti2AINb
alloys are composed of 20 to 30 Al and 12.5-30 Nb. The pro-
portion of Nb has decided the microstructure and mechani-
cal properties due to the different phases during heat
treatment process. The yield stress and ultimate tensile stress
of the Ti2AINb-based alloys might approach 845 MPa and
1002 MPa, respectively, at 650°C [21]. However, one partic-
ular concern is that it is more sensitive to notches. In this
scenario, the Ti2AIND alloys are implemented in the blisk
structure. At first, the forging blank including the blade/disc
was manufactured according to the designed component
size. Afterwards, the blisk was obtained after a series of
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FiGure 9: Circumferential stress distribution.

manufacturing process, including rough turning, finish turn-  engines and validate the burst speed limit for certification
ing, polishing, clamp repair, and flame plating. In order to ~ purposes, three approaches were incorporated to estimate
explore the possibility of applying Ti2AINb material in aero-  the burst speed of the optimized blisk.



3.1. Mean Stress Method. One commonly accepted approach
is the mean stress (MS) method considering the burst speed
factor [23, 24]. It is a semiempirical method dependent on
the engineers’ experience. The main principle is to perform
the finite element analysis, then utilize the mean stress and
correction coefficient to calculate the burst speed. The burst
speed factor is listed in the following equation:

ko
ki = Tb’ (4)

where ky is the burst speed safety factor, o}, is the ultimate
tensile strength, o represents the mean stress for maximum
allowable speed, and k is the correction coefficient.

This approach provides convenient access for burst
speed calculation once the finite analysis results are known.
However, the prediction of circumferential burst speed is
quite different from the radial burst speed with regard to
the selection of correction coefficient. When calculating the
circumferential burst speed, the mean circumferential stress
calculation should consider the uneven stress distribution
resulting from the geometry and material dispersion, which
lead to the area-weighted approach according to the merid-
ian plane. Typically, the correction coefficient k is lower than
1. Nevertheless, the radial burst speed is estimated under the
assumption that the radial stress is uniformly distributed as
well as the material properties. Hence, k is usually chosen
as 1. It should be noted that for a compressor disc, the thin-
ner thickness makes the CRS more accurate in the radial
burst speed prediction using the mean stress method.

The disc stress was calculated using the two-dimensional
axisymmetric finite element model with the design point
stress distribution depicted in Figures 8 and 9. It could be
seen that the maximum radial stress and circumferential
stress are larger than 700 MPa. Nevertheless, the mean stress
of the meridian plane was obtained by dividing the total
force by the total area of the meridian plane. The total force
of the meridian plane was achieved using the weighted inte-
gral approach. It should be noted that the bolt holes using
the plane stress element with thickness need to be excluded
from the model during the circumferential stress calculation.
However, considering the nonuniformity of stress distribu-
tion in the meridian plane, the range of the coefficient k
for the meridian plane burst speed analysis was confirmed
to be between 0.86 and 0.93. As discussed previously, k is
set as 1 for the cylindrical plane burst speed calculation. In
this scenario, the burst speed safety factor should be larger
than 1. Therefore, the burst speed could be estimated with
the results listed in Table 5. Obviously, the weak point is
the cylindrical plane resulting from the high radial mean
stress. The estimated burst speed is 21179 r/min with the
rupture originated from the web radial stress.

Regarding the uneven distribution of the meridian plane
circumferential stress and cylindrical plane radial stress, the
mean stress has to be corrected to cater to the nonuniform
stress. Besides, material discretion also needs to be consid-
ered. Nevertheless, the selection of the correction coefficient
highly depends on the designer and the database for engi-
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TaBLE 5: Burst speed results from mean stress method.

Weak position k  Mean stress (MPa) Burst speed (r/min)

0.93 462 22498
Meridian plane

0.86 462 21635
Cylindrical plane 1.0 561 21179
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FiGure 10: Fitted curves for EPS versus rotational speed.

TABLE 6: Burst speed results from local stress and strain method.

Weak point EPS (%) Burst speed (r/min)
Web 8.984 21841
Bolt hole 8.984 22293

neering practice has not been established. Consequently, it
might lead to the apparent deviation of the predicted burst
speed and the experimental speed. Furthermore, the predic-
tion of the burst speed using MS for the bolt holes, transition
fillet, and groove bottom regions is limited due to the high
non-axis-symmetrical stress concentration.

3.2. Local Stress-Strain Method. The material elongation
could describe the ability of the material to withstand plastic
deformation before encountering failure. According to the
local stress-strain (LSS) method [25, 26], the fracture crite-
rion of the disc can be further expanded. When the equiva-
lent plastic strain (EPS) of any local point in the disc reaches
the allowable elongation of the material under the monoto-
nously increasing rotational speed, then the rotational speed
is identified as the disc rupture speed. The EPS is expressed
in the form of logarithm and should be lower than the elon-
gation, as shown in the following equation:

g, <In (1+865). (5)

It means that when the EPS of any location in the disc
exceeds the material elongation, then the crack is generated
and propagates quickly, leading to the burst of the disc.
The elastic-plastic stress-strain cure was obtained according
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FiGure 11: Web EPS distribution.
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FiGure 12: Bolt hole EPS distribution.

to the uniaxial tensile specimen results. Then, the elastoplas-
tic curve of the material is fitted by von Mises yield criterion
using the finite element software.

In this scenario, the EPS-speed curve was fitted by
increasing the rotational speed and calculating the corre-
sponding EPS. The most concerning parts of the disc are
the web and the bolt holes. The maximum allowable EPS is
8.984% before the disc encounters failures. The experimental
points and the corresponding fitted EPS-speed curve are
depicted in Figure 10. It could be seen that the web EPS
shows significant growth from 3.44% to 17.89% when the

9
ANSYS
R14.5
.05989 .07986
06987 .08984
w
w limit

d

FIGURE 13: Rotational speed variation versus radial deformation.

rotation speed goes up from 21200r/min to 22300 r/min.
However, the maximum bolt hole EPS for 22300 r/min is
9.06%, which lies around the logarithmic elongation limit.
By using the equation depicted in Figure 10, the predicted
burst speed for the web and bolt hole is demonstrated in
Table 6. Apparently, the web is more dangerous than the
bolt hole with an estimated burst speed of approximately
21841 r/min. Figures 11 and 12 show that the weak point
of the web and bolt hole with the maximum EPS reaches
maximum allowable elongation.

3.3. Global Plastic Instability Method. The global plastic
instability (GPI) method [15, 27, 28] assumes that the rup-
ture process of aeroengines under the centrifugal load is
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similar to that of smooth specimens and notched specimens.
The disc would encounter the global plastic instability when
it reaches a certain rotational speed, which leads to the burst
of the blisk due to the plastic deformation.

In the disc overspeed experiment, the radial deformation
is growing when rotational speed gradually increased. Under
the assumption that the deformation in the radial direction
is uniform, the variation of rotational speed versus the disc
radial dimension could be observed, which is similar to the
tensile response curve obtained by controlling displacement
loading of smooth and notched specimens. There exists a
maximum allowable speed that the disc would not bear
any more load after exceeding the speed due to the plastic
instability. The rotational speed has to be lowered to main-
tain the balance, as shown in Figure 13.

Considering the complex disc shape and heavy loading, a
large deformation would be expected when reaching the
burst speed. Therefore, the finite element analysis consid-
ering the large nonlinear deformation was adopted in the
burst speed prediction process. The simulated result of
the radial deformation versus rotational speed is depicted
in Figure 14. It shows the same trend as Figure 13 with
the maximum allowable rotation speed of 21440r/min
and the corresponding radial deformation about 4.5 mm.

4. Validation and Discussion

On completion of the burst speed calculation, the disc burst
experiment was conducted in Zhejiang University High-
Speed Rotating Machinery Laboratory to validate the
numerical results. The experimental temperature is room
temperature with the test performed in a vertical rotational
rig. In addition, the test was recorded and monitored by a
high-speed camera. Figure 15 depicts the detailed rupture
process of the investigated blisk. What can be seen clearly is
that there existed a radial crack in the first picture, and then,
it propagated and expanded rapidly. In the second picture, a
circumferential crack was found near the radial crack, which
seemed to be the maximum web EPS point in Figure 11. After
that, the crack propagated quickly until the disc burst into
pieces, as shown in the third and fourth picture.

F1GURE 15: Rupture process of the investigated blisk.

As revealed earlier, the Ti2AINb material is quite sensi-
tive to notches or cracks. Once the web EPS reaches the
upper bound, the blisk encounters rupture in seconds.
Meanwhile, the final rupture state indicates that the material
is relatively weak in brittleness and toughness at room tem-
perature. It should be carefully designed in the application of
high-speed turbomachinery.

Figure 16 compares the burst speed between the numer-
ical calculation and experimental results. The tested burst
speed was 20935 r/min, as the black bar indicates. Mean-
while, the estimated burst speed from MS method, LSS
method, and GPI method was 1.17%, 4.33%, and 2.41%
higher than the experimental value. The errors are believed
to be acceptable if less than 5%. It should be noted that the
reason why the MS method is accurate than other methods
is that the correction coeflicient was defined as 1, which suits
the thin disc web condition. The real correction coeflicient
inferred from the test results is about 0.98, which is very
close to the defined value. However, it should be pointed
out that the MS method is highly dependent on experience
or data from similar structures and materials. Finally, the
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rupture mode predicted by the three methods was web fail-
ure in the radial direction, which is consistent with the
experimental results.

5. Conclusions

A comprehensive investigation on the design optimization
and burst speed prediction of a Ti2AINb blisk has been per-
formed. The adopted DOE approach provides a convenient
way to reduce the design iterations using the OLHD method
to generate the sampling points. Meanwhile, the geometric
model is updated and evaluated simultaneously in the
Workbench software, which simplified the optimization
process. The achieved lowest disc weight is 15.2 kg with the
BCS safety factor reaching the minimum allowable value. In
addition, it should be pointed out that the bore width, bore
angle, and web width are identified to be the most influential
factors that affect the safety factors and the disc weight.
Increasing the bore width and web width could significantly
improve the safety factors but burden the disc weight whereas
the rise of bore angle shows the opposite trend.

After obtaining the optimized blisk, three methods have
been included to predict the burst speed. It has been found
that the mean stress method offers the most precise results
only when the correction coefficient is given properly, which
relies on engineers’ experience. The LSS method and GPI
method also predict the burst speed accurately with errors
less than 5%. It could be observed in the experimental results
that the disc encountered failure starting from the radial
direction in the web, which was forecast in the numerical
calculation.

Further studies need to be undertaken considering the
thermal load with regard to the HPC last stage compressor.
Design optimization using the 3D analysis for the blisk
would be further investigated in the future.

Abbreviations

d: Radial deformation (unit: mm)
DOE: Design of experiment

h: Bore height (unit: mm)

k: Correction coefhicient

n: Safety factor

N: Contribution rate (unit: %)

w: Bore width (unit: mm)

wy: Web width (unit: mm)

w,: Neck width (unit: mm)

0: Bore angle (unit:*)

0,: Web angle (unit: °)

BCS:  Bore circumferential stress (unit: MPa)
CRS:  Cylindrical radial stress (unit: MPa)
CSCS:  Cylindrical surface circumferential stress (unit:

MPa)
EPS:  Equivalent plastic strain
GPI:  Global plastic instability
MPCS: Meridian plane circumferential stress (unit: MPa)
MS: Mean stress
LSS: Local stress-strain
OLHD: Optimal Latin hypercube design.

Greek Symbols

o: Tensile stress (unit: MPa)

B: Coefficient

&:  Equivalent plastic strain in logarithm (unit: %)
w: Rotational speed (unit: (r/min)).

Subscripts

0.2: 0.2% proof strength

b:  Ultimate strength

r:  Radial

0:  Circumferential.
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