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1. Abstract
The bolt-holes, pin-holes and vent holes on aero-engine disc are in many cases the most critical regions, and
there exists high level stress concentration around these areas. This paper proposed a parameterized model of
non-circular-hole, the profile of which could be optimized for different structural load conditions, to improve
fatigue performance of the holes and that of the aero engine disk as well. An optimum design based on
thermal-structural finite element analysis on a high-pressure turbine disk is conducted, and stress
concentration around the optimized non-circular-holes could be dramatically reduced. In the paper, an
elite-preservation adaptive genetic algorithm with modified immigrant strategy is used in the algorithm.
After optimizing, the stress concentration is evidently decreased and the maximum first principal stress is
reduced for 17.37%. The analysis of design variables’ sensitivity shows that the dimensions of transition arcs
which connect main arcs are of significant effect on the stress concentration on the holes’ edge.
2. Keywords
Keywords:: structural optimization; non-circular-hole; elite-preservation adaptive genetic algorithm;
sensitivity analysis.
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3. Introduction
Assemble holes, pin holes and vent holes of turbine disc or compressor disc are critical regions for which life
certification is necessary. The loads associated with these regions are the centrifugal forces on the disc and
associated blades, thermal loads, and there exists high level stress concentration around holes’ areas[1-2].
To resolve hole stress concentration problems, technicians adopted some implementations such as chamfering and
polishing, and some surface treatment processes are also applied. However, even with all those technical processes,
we can not effectively decrease the stress concentration around those areas, the thermo-mechanical integrity of
turbine discs is crucial to the operational safety and service life of gas turbine engines [4-8].
One effective approach to smooth the stress concentration is to change the profile of the hole. Non-circular hole
can be the candidate of it. This shape-design methodology is firstly applied in the tunnel wall design for the
purpose of decreasing the stress concentration. However, only fragmentary information towards the non-circular
holes design of aero engine disc has been reported till now [9].
Generally, the profile of a non-circular hole must be smooth and continuous to reduce stress concentration. When
bolt holes are considered, the fit tolerance of hole and bolt should not be altered. Additionally, to ensure a moderate
machining cost, the minimum radius of the profile should refer to the geometry of cutting tools.
In the paper, in consideration of the requirements above, a mathematical model of non-circular hole is built. We
take primal hole as a base circle and the profile of the hole consists of eight smoothly connected arcs. A turbine
disc with such a non-circular bolt hole on its collar is modeled and analyzed. A finite element model is built for it
and the dimensions of the hole are optimized, in which a modified Elite Preservation–Adaptive Genetic Algorithm
(EP-AGA) is proposed and an immigrant strategy is added to speed up convergence.
4. Geometric modeling of non-circular hole
4.1 Basic agreement
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Figure 1: Geometry model of non-circular hole
The non-circular hole is symmetrical to Y axis. Its profile consists of a top main arc (radius= R1), a bottom main arc
(radius=R2), two lateral main arcs on both sides (radius=R3), two upper transition arcs (radius=R4) and two bottom
transition arcs (radius=R5). R1、R2 、R3 、R4 and R5 are chosen as independent design variables for the following
optimization.
Since the non-circular hole is symmetrical to Y axe, a quarter of the hole in second quadrant is studied.
4.2 Constraint functions
According to Figure 1, R1 、 R2 should be greater than a as in Eq. (1), which guarantees the smooth connection
between transit segment (R3), main arcs (R1 and R2).
⎧ R1 > a
（1）
⎨
⎩ R2 > a
As transition segment between R1 and R2, R3 is in the second quadrant and can be expressed by Eq. (2)
（2）
R3 < a
Based on the geometrical relations of arcs connection, the center coordinates of arc R3 are derived and given in Eq.
(3), which ensures the smooth connection among R3 - R1 and R3 - R2
⎧
−en − 2nm2 − −e2 m 2 + 4em2 n2 + 4 j 2 m 2 n 2 − 4 m 2 n 4 + 4 j 2 m 4
⎪X3 =
2(m 2 + n 2 )
⎪
⎨
⎪
em − 2mn 2 + −e 2 n 2 − 4em 2 n 2 + 4i 2 m 2 n 2 − 4m 4 n 2 + 4i 2n 4
⎪ Y3 =
2(m 2 + n 2 )
⎩

（3）

where m= R1-a, n=a-R2, i=R1- R3, j= R2- R3, e=i2-j2+n2-m2. In the mean time, coordinates of the tangent point P
between R3 and R1 can be given by Eq. (4)
R
⎧
xp = − 1
⎪
g
⎪
⎨
−
mR
−
R
1
1 y 3 − gmx 3
⎪y =
⎪⎩ p
gx3

（4）

where g is given by Eq. (5)

g = 1+ (

y3 + m 2
)
x3

the coordinates of tangent point Q between R2 and R3 can be calculated in Eq. (6)
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⎧
−n − f 2 n − R22 + f 2 R22
⎪ xq =
1+ f 2
⎪
⎨
f (1 + f 2 ) R22
⎪
)
⎪ yq = −
1+ f 2
⎩

（6）

Where f is given by Eq. (6)

f =

y3
x3 + n

（7）

For the second quadrant arcs, the coordinates of the tangent points must also meet the need of the constraints given
by Eq. (8)

⎧−a < x p < 0, a > y p > 0
⎨
⎩ −a < xq < 0, a > yq > 0

（8）

When the center coordinates of R3 are given by Eq. (3), R1 and R2 are given by Eq. (1), transition arcs will be
tangent to the main arcs respectively. The coordinates of tangents points meet the need of Eq.（4）and（5）too.
Other quadrant arcs connect in a similar geometric relationship. In the mean time, the fit tolerance of hole and bolt
will be the same as the primal bolt hole.
5. Optimization example of bolt holes on the turbine collar
5.1 Thermal-structural analysis
A turbine disc of an aero-engine is selected as an example. The turbine disc is considered a symmetrical one, with
two collars on each side. The bolt holes are on the collars of the discussed. A segment of turbine disc model is
shown in Figure 2.

Figure 2: Simplified model of the turbine disk fan-shaped segment

In the analysis, both mechanical load and heat load are considered, based on the hypothesis of steady-state heat
transferring process and the first thermal boundary conditions are considered. The structure platforms and blades
are neglected and replaced by equivalent centrifugal load on the outer edge of the disc (shown in Figure 2). The
compressive load on the wall of bolt hole is not considered. Element SOLID 87 is used in the thermal stress
analysis, which is then transformed into element SOLID 187 in the structural analysis. The rotational speed is
12000 rpm. GH4169 is chosen as the material of the disk model and its properties in different temperatures are
shown in Figure 3 as below.
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Figure 3: Material properties of GH4169 under 550℃、600℃ and 650 ℃

5.2 Elite-preservation adaptive genetic algorithm (GA) with modified immigrant strategy
The optimization algorithm is based on the elite-preservation adaptive genetic algorithm which guarantees the
global optimal solution.
In practice, GA is associated with defects like premature or poor convergence. In the paper, a modified immigrant
strategy prior to crossover operation is proposed, which can enhance diversity of the population and be used to get
rid of premature.
Before implementing the immigrant strategy, a parameters Csim is calculated to evaluate the similarity of current
population and is given by
n= Ng n = Ng − i

C sim =

∑ ∑
i =1

( xi ⊕ x j )

(9)

j = i +1

where Ng stands for the number of generation. It can be seen, the larger the Csim, the more intensive the similarity
among individuals of the population. When Csim is over critical value Ccr which is defined as 0.08 in the article, a
number of new immigrant individuals will be supplemented to improve the diversity of the population. The genes
of immigrant individuals are formed based on the best individuals of the previous generation, and modified by a
moderate chaotic disturbance △Ii. The value of immigrant individual-xim is defined as Eq. (10)
(10)

xim = xbest +△ I i

Where xbest is one of the best sets and △Ii is defined in Eq. (11)

△ I i = xn ⋅ ( xbest − xworst )

（11）

where xn is a chaotic vector mapped from the current individual xim. The insect amount model is selected to carry
out the chaotic mapping. The insect amount model is a typical chaotic model, which is defined as follow

x j = µ ∗ x j ∗ (1 − x j )

µ ∈ [0, 4]

（12）

where xj+1、xj are two vectors mapped from the best sets of current and previous generations to 0~1, which stand for
the insects number of the current and previous generations. The n stands for the number of generation, which is 50.
The μ stands for a constant (defined as 3.8) that controls the convergence property of the system. When μ is over
3.3, the system presents a highly non-linear property and becomes chaotic，which will maintain the diversity of the
individuals in the generation.
5.3 Process integration
The maximum first principal stress on the surface (σ1max) of the hole is chosen as criterion function. Eq.（13）gives
the optimization model
⎧ min f ( Ri ) = σ 1max , (i = 1, 2,3, 4,5)
⎪
（13）
s.t R1 > a, R2 > a, R3 > a
⎨
⎪
a > R4 > Rmin , a > R4 > Rmin
⎩
where R1～R5 are five design variables. Rmin is the minimum processing radius of cutting-tools. According to the
reference [11], let Rmin=2mm. In order to evaluate optimization results, a descent ratio of maximum first principal
stress (K1) on inner surface is described by
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K1 =

(σ 1max − σ 1max 0 )
× 100%
σ 1max 0

（14）

where σ1max0 is the maximum first principal stress on the edge of circular hole, σ1max is the one on the
optimized non-circular hole. Figure 4 is the flowchart of the optimization process for non-circular hole.
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Figure 4： Integration of optimization process
6. Optimization results
The optimum design is carried out based on the proposed algorithm in section 3.2 and the results are tabulated in
Table 2.
Table 2： Optimization results with objective function σ1max
Design
parameters
Primal circular hole
Initial non-circular hole
Optimum non-circular hole

R1/mm

R2/mm

R3/mm

R4/mm

R5/mm

5.25
16.40
19.30

5.25
19.30
20.40

5.25
20.50
22.30

5.25
3.50
2.50

5.25
2.90
2.20

σ1max/
MPA
831.2
729.3
686.8

K1/%
N/A
12.26
17.37

The data in Table 2 indicates that compared with σ1max0 on a circular hole, the lowest σ1max in the first generation for
non-circular hole is 12.26% lower than the σ1max0 on circular hole. After optimization, the σ1max on non-circular
hole dropped another 5.4%. In comparison with circular hole, the optimum radius of main arcs, especially the
lateral main arc R2, are much larger, and this makes the profile of the non-circular hole flatter. The optimization
history of objective function is shown in Figure 5.
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Figure 5: optimization history of objective function σ1max
As shown in Figure 5, σ1max on the edge of non-circular hole achieves a significant decrease after optimizing.
Within the scope, a lager R1 will be beneficial for decrease of the stress and strain. The first principal stress
nephogram of collars (cut from the disk) with primal circular hole and optimum non-circular hole are shown in
Figure 6 and Figure 7 respectively.

Figure 6: First principal stress nephogram of the collar with a primal circular hole

Figure 7: First principal stress nephogram of the collar with an optimum non-circular hole
As for the optimized non-circular hole in Figure 7, six o’clock area of the hole is the most dangerous one, yet the
average stress of the dangerous area remarkably fell compared with original circular hole. The high stress areas are
located at the top and bottom main arcs. After optimization, approximate 13.2% first principal stress on the edge of
the hole is reduced in comparison with the circular hole. Meanwhile, stress distribution on the edge of the hole is
more balanced and beneficial. The von mises stress of stress concentration region spread from 500MPa to 700MPa.
The optimum profile of non-circular hole also suggests that flatness for top and lateral main arcs is beneficial for
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relieving stress concentration on the hole edge, and decreasing the first principal stress and von mises stress as
well.
7. Sensitivity analysis

In order to investigate the impacts of design variables towards objective function σ1max, sensitivity analysis is
conducted after optimization. The PDS module of ANSYS is used, integrating Monte Carlo probabilistic
design method and FEM, to calculate the probabilistic sensitivity of the design variables towards σ1max on the
edge of non-circular hole. The level of sensitivity is characterized by spearman correlation coefficient. The
results of sensitivity analysis are shown in table 3, and the proportion of each correlation coefficient is shown
in Figure 9.

Figure 9: Sensitivity proportion of design variables towards σ1max
Figure 9 shows that the correlation coefficient absolute value of R4 and R5 towards σ1max is larger than other design
variables, which means the variation of R4 and R5 contributes more to the variation of σ1max.
8. Conclusion
Aiming at the stress concentration problem on aero engine turbine disks, this paper proposed a parameterized
model of non-circular-hole, of which the profile is made up by eight smoothly connected arcs and could be
converted for different structural load conditions, to improve fatigue performance of pilot holes and that of the aero
engine disk as well.
The optimal computation is based on the proposed adaptive genetic algorithm with chaotic immigrant strategy and
is realized through Visual Basic programming. The conclusions can be drawn as follow: ①A well designed
non-circular hole could evidently reduce stress concentration on hole edge, thereby boosting the structural service
life of the disk. ② Through optimum design, σ1max on the non-circular hole edge could drop for over 17.36%
compared with circular hole. ③ Sensitivity analysis on design variables suggests that impacts of transition arcs R4
and R5 towards σ1max are more significant than R1、R2 and R3.
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