
aerospace

Article

Strength Evaluation and Failure Analysis of the Vortex Reducer
under Overspeed Condition

Mengdi Ma 1 , Dasheng Wei 1,2,*, Yanrong Wang 1 , Di Li 3 and Hui Zhang 3

����������
�������

Citation: Ma, M.; Wei, D.; Wang, Y.;

Li, D.; Zhang, H. Strength Evaluation

and Failure Analysis of the Vortex

Reducer under Overspeed Condition.

Aerospace 2021, 8, 394. https://

doi.org/aerospace8120394

Academic Editor:

Hossein Zare-Behtash

Received: 28 October 2021

Accepted: 7 December 2021

Published: 13 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Energy and Power Engineering, Beihang University, Beijing 100083, China;
mengdi_ma@163.com (M.M.); yrwang@buaa.edu.cn (Y.W.)

2 Jiangxi Research Institute, Beihang University, Beijing 100191, China
3 Research and Development Center, AECC Commercial Aircraft Engine Co., Ltd., Shanghai 201108, China;

lidi831616@163.com (D.L.); zhang_hui261@163.com (H.Z.)
* Correspondence: dasheng.w@163.com; Fax: +86-10-82316108

Abstract: Rotating parts of aeroengines need to have a high speed margin according to the civil avia-
tion airworthiness regulations. Previous studies on burst speed are based on mechanical properties
of standard specimens. In this paper, a new method for predicting burst speed by means of a tensile
test of a simulative specimen is proposed, and the predicted results are compared with the traditional
method. The results show that the stress gradient of the designed simulative specimen and the
assessment location of vortex reducer are in good agreement, which indicates that they have similar
stress characteristics. The burst speed predicted by the new method is greater than the traditional
method. Both prediction methods can provide a reference for such a structure in the design stage.
In addition, the overspeed test of a vortex reducer is carried out, and the results verify that it still has
sufficient strength reserves at 120% relative speed.

Keywords: vortex reducer; burst speed; simulative specimen; tensile test; overspeed test

1. Introduction

During the cooling process from the compressor to the turbine, the flow loss of the
airflow in the rotating disk cavity is large. In order to achieve the expected cooling effect,
it is necessary to increase the flow rate of the cold air, but it will lead to a decrease in the
overall performance of the aeroengine. A vortex reducer is used to improve this adverse
effect, which is the functional structure of the current high bypass-ratio turbofan engine,
and has been applied in various types of engines [1].

A vortex reducer is usually installed on the disk of the last stage of a high-pressure
compressor using a bolt connecting structure, which is mainly composed of a support ring
and a series of air tubes, as shown in Figure 1 [2]. With the structure rotating at high speed,
the pressure loss of the induced gas can be reduced [3]. This structure can be used in large
commercial aeroengines to improve the cooling effect, but the burst speed of the rotor
structure must be evaluated before engineering applications.

Nowadays, many studies have carried out theoretical analysis and numerical calcula-
tion of the burst speed of different structures, especially the disk of aeroengines, and also
carried out burst tests [4]. Genta et al. [5] studied the stress distribution of an orthotropic
rotary disk. Reddy et al. [6] and Guven [7] analyzed the stress distribution of elastic and
elasto-plastic disks with different thicknesses and densities, respectively. Eraslan et al. [8]
proposed the analytical solution of the elasto-plastic stress of variable thicknesses of disk
based on the Tresca yield criterion. You et al. [9] proposed a unified numerical method
to analyze the deformation and stress of elasto-plastic disks with arbitrary cross-sections,
continuous thickness change and arbitrary density change made of a nonlinear strain
hardening material. In addition, many studies have also calculated the stress and strain
distribution of disks under different types of load [10–12]. Accurate calculation of stress
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distribution is the basis for predicting the burst speed. The failure types of the disk are
generally divided into “rim peel” burst and “hoop mode” burst. The average hoop stress
method and the local plastic strain method are commonly used in the engineering calcu-
lation of burst speed [13–15]. Hong et al. [16] presented a large deformation analytical
method to calculate the burst speed, which is in good agreement with the experimental
results. Squarcella [17] studied the numerical prediction method of the burst speed based
on finite element (FE) simulation. Wan et al. [18] established the burst speed criterion
related to material elongation, and carried out experimental verification. In addition, other
prediction methods of burst speed are based on elasto-plastic FE analysis, and good predic-
tion accuracy is obtained [19,20]. However, the burst speed test of an actual structure costs
a lot, and the current studies on the prediction of burst speed are usually aimed at the disk
of the engine. For the above reasons, a new method that can predict the burst speed of the
vortex reducer with lower cost needs to be developed.

Aerospace 2021, 8, x  2 of 29 
 

 

 

Figure 1. Schematic diagram of vortex reducer. 

Nowadays, many studies have carried out theoretical analysis and numerical 

calculation of the burst speed of different structures, especially the disk of aeroengines, 

and also carried out burst tests [4]. Genta et al. [5] studied the stress distribution of an 

orthotropic rotary disk. Reddy et al. [6] and Guven [7] analyzed the stress distribution of 

elastic and elasto-plastic disks with different thicknesses and densities, respectively. 

Eraslan et al. [8] proposed the analytical solution of the elasto-plastic stress of variable 

thicknesses of disk based on the Tresca yield criterion. You et al. [9] proposed a unified 

numerical method to analyze the deformation and stress of elasto-plastic disks with 

arbitrary cross-sections, continuous thickness change and arbitrary density change made 

of a nonlinear strain hardening material. In addition, many studies have also calculated 

the stress and strain distribution of disks under different types of load [10–12]. Accurate 

calculation of stress distribution is the basis for predicting the burst speed. The failure 

types of the disk are generally divided into “rim peel” burst and “hoop mode” burst. The 

average hoop stress method and the local plastic strain method are commonly used in the 

engineering calculation of burst speed [13–15]. Hong et al. [16] presented a large 

deformation analytical method to calculate the burst speed, which is in good agreement 

with the experimental results. Squarcella [17] studied the numerical prediction method of 

the burst speed based on finite element (FE) simulation. Wan et al. [18] established the 

burst speed criterion related to material elongation, and carried out experimental 

verification. In addition, other prediction methods of burst speed are based on elasto-

plastic FE analysis, and good prediction accuracy is obtained [19,20]. However, the burst 

speed test of an actual structure costs a lot, and the current studies on the prediction of 

burst speed are usually aimed at the disk of the engine. For the above reasons, a new 

method that can predict the burst speed of the vortex reducer with lower cost needs to be 

developed. 

This paper is organized as follows: firstly, the FE analysis is used to obtain the stress 

of the vortex reducer assessment location under working conditions, which provides the 

basis for designing the overspeed test. Secondly, the connecting structure of the overspeed 

test is designed to make the stress under the test condition and the working condition 

basically consistent. Then, the overspeed test is carried out. Finally, the method based on 

the tensile test of a simulative specimen is used to predict the burst speed of the vortex 

reducer and is compared with the traditional method. 

  

Figure 1. Schematic diagram of vortex reducer.

This paper is organized as follows: firstly, the FE analysis is used to obtain the stress
of the vortex reducer assessment location under working conditions, which provides the
basis for designing the overspeed test. Secondly, the connecting structure of the overspeed
test is designed to make the stress under the test condition and the working condition
basically consistent. Then, the overspeed test is carried out. Finally, the method based on
the tensile test of a simulative specimen is used to predict the burst speed of the vortex
reducer and is compared with the traditional method.

2. Stress Analysis of the Vortex Reducer
2.1. Structure of the Vortex Reducer

The structure of the vortex reducer studied in this paper is shown in Figure 2, which
mainly includes two parts: the support ring and the air tubes. A total of 18 air tubes
pass through the support ring holes and are fixed by the collar. The vortex reducer is
located between the two-stage high-pressure compressors, and is fixed on the front-stage
high-pressure compressor disk with a large nut. It rotates with the high-pressure rotor to
extract the air.

2.2. FE Analysis under Working Condition

The 1/18 sector FE mesh is established according to the simplified cyclic symmetry
structure as shown in Figure 3, which includes the vortex reducer and connected disks.
The eight-node hexahedral elements are used in the calculation through the FE analysis
software ABAQUS with a total of 108,394 elements and 137,820 nodes. The material of
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the structure is the high-strength GH4169 alloy (Grade in America: Inconel 718), and the
mass percentage of components is shown in Table 1. The elastic stress distribution at 100%
and 120% relative speed is calculated, respectively. The other load boundary conditions
applied are as follows: (1) temperature field (as shown in Figure 4); (2) centrifugal force of
the blades (by applying the equivalent pressure at groove of the disk); and (3) pressure in
the disk cavity (as shown in Figure 5).

The stress distribution under two rotational speeds is consistent except for the absolute
value, so only the results under 120% relative speed are extracted, as shown in Figure 6.
The results show that there is a large stress concentration at the edge of the support ring
hole. From the calculation results of hoop stress and equivalent stress, the position has
entered plasticity.

Aerospace 2021, 8, x  3 of 29 
 

 

2. Stress Analysis of the Vortex Reducer 

2.1. Structure of the Vortex Reducer 

The structure of the vortex reducer studied in this paper is shown in Figure 2, which 

mainly includes two parts: the support ring and the air tubes. A total of 18 air tubes pass 

through the support ring holes and are fixed by the collar. The vortex reducer is located 

between the two-stage high-pressure compressors, and is fixed on the front-stage high-

pressure compressor disk with a large nut. It rotates with the high-pressure rotor to extract 

the air. 

 

Figure 2. Vortex reducer and its installation position: (a) Three dimensional model; (b) Position diagram. 

2.2. FE Analysis under Working Condition 

The 1/18 sector FE mesh is established according to the simplified cyclic symmetry 

structure as shown in Figure 3, which includes the vortex reducer and connected disks. 

The eight-node hexahedral elements are used in the calculation through the FE analysis 

software ABAQUS with a total of 108,394 elements and 137,820 nodes. The material of the 

structure is the high-strength GH4169 alloy (Grade in America: Inconel 718), and the mass 

percentage of components is shown in Table 1. The elastic stress distribution at 100% and 

120% relative speed is calculated, respectively. The other load boundary conditions 

applied are as follows: (1) temperature field (as shown in Figure 4); (2) centrifugal force of 

the blades (by applying the equivalent pressure at groove of the disk); and (3) pressure in 

the disk cavity (as shown in Figure 5). 

  

Figure 2. Vortex reducer and its installation position: (a) Three dimensional model; (b) Position diagram.

Aerospace 2021, 8, x  4 of 29 
 

 

 

 

Figure 3. FE model of the vortex reducer and the disk (1/18 sector). 

  

Figure 3. FE model of the vortex reducer and the disk (1/18 sector).

Table 1. Chemical composition of high-strength GH4169 alloy.

Element C Cr Mo Nb + Ta Ni Fe Al Ti

Mass per cent (%) 0.015~0.08 17.0~21.0 2.80~3.30 4.75~5.50 50.0~55.0 the rest 0.30~0.70 0.75~1.15

Element Si Mn Co Cu P S B

Mass per cent (%) ≤a.35 ≤a.35 ≤a.00 ≤a.30 ≤a.015 ≤a.015 ≤a.006
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(b) Equivalent stress.

3. Overspeed Test of the Vortex Reducer
3.1. Design of the Test
3.1.1. Design of the Connecting Structure

In order to carry out an overspeed test in laboratory conditions, it is necessary to
design a connecting structure to install the vortex reducer on the rotating test bench, as
shown in Figure 7.

Connecting structure part A: The part identified as A in Figure 7 is a circular structure.
Its function is to simulate the connecting between the vortex reducer and the seven-stage
disk (connected by a large nut). It is axially connected to part B through 18 bolts on the
outer edge.
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Figure 7. Schematic diagram of the vortex reducer and its connecting structure.

Connecting structure part B: The part identified as B in Figure 7 is used to connect
part A and the shaft of the rotating test bench. It is axially connected to part A through
18 M6 bolts on the outer edge, and connected to the rotating shaft of the rotating test bench
through 6 M8 bolts at the center of the part.

During installation, part A is connected to the vortex reducer through a large nut, and
then part B is bolted on the rotating shaft of the rotating test bench. Finally, part A and
part B are connected with bolts.

It should be noted that, according to the numerical simulation results of the previous
work, the support ring of the vortex reducer will not come into contact with the rear disk
when the speed increases. Therefore, the simulative structure of the rear disk is not added
into the design of the connecting structure.

3.1.2. FE Analysis under Test Condition

The 1/6 sector finite element mesh is established as shown in Figure 8. The eight-node
hexahedral elements are used in the calculation through the FE analysis software ABAQUS
with a total of 242,726 elements and 290,220 nodes. The elastic stress distribution at 100%
and 120% relative speed is calculated, respectively, the same as the working condition. The
temperature field is uniform at 500 ◦C. The stress distributions of the support ring at 120%
relative speed are shown in Figure 9.

3.1.3. Stress Comparison under Working Condition and Test Condition

The results of FE analysis show that the dangerous positions of the two models are
at the edge of the supporting ring hole. The maximum hoop stress and equivalent stress
are extracted, as shown in Table 2. It can be seen from Table 2 that the error of the two
calculation conditions decreases with the increase in rotational speed, and is within 5%
at 120% relative speed. Therefore, the designed test can evaluate the performance of the
actual structure under overspeed condition.
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Table 2. Comparison of the maximum stress between the working condition and test condition.

Stress Component Relative Speed Working
Condition/MPa

Test
Condition/MPa Error

Maximum hoop stress 100% 801 821 2.5%
120% 1164 1181 1.5%

Maximum equivalent
stress

100% 970 895 7.7%
120% 1334 1285 3.7%

3.2. The Process and Result of the Test

The 100% and 120% overspeed tests of the vortex reducer are carried out on a rotor
high-speed rotating tester, as shown in Figure 10. The following work needs to be carried
out before the test starts: the vacuum chamber needs to be vacuumed and the vacuum
must be less than 500 Pa; dynamic balance and speed adjustment tests of the assembly are
performed; and the chamber is heated up to the specified temperature (500 ◦C) for 30 min.

Aerospace 2021, 8, x  11 of 29 
 

 

 

Figure 10. Test equipment: (a) The rotor high-speed rotating tester; (b) Installation schematic. 

The test process is as follows: (1) the test is carried out under 100% relative speed test, 

and dwell loading for 5 min; (2) after the vortex reducer is qualified, the test is carried out 

under the 120% overspeed test, and dwell loading for 5 min, as shown in Figure 11. 

Fluorescence nondestructive examination (as shown in Figure 12) and radial dimension 

measurement are performed after each test to confirm whether the vortex reducer is 

damaged. 

  

Figure 10. Test equipment: (a) The rotor high-speed rotating tester; (b) Installation schematic.

The test process is as follows: (1) the test is carried out under 100% relative speed
test, and dwell loading for 5 min; (2) after the vortex reducer is qualified, the test is
carried out under the 120% overspeed test, and dwell loading for 5 min, as shown in
Figure 11. Fluorescence nondestructive examination (as shown in Figure 12) and radial
dimension measurement are performed after each test to confirm whether the vortex
reducer is damaged.
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Figure 12. Fluorescence nondestructive examination: (a) The air tubes; (b) The support ring.

After the test, the surface of the support ring and air tubes is not damaged by visual
inspection. Then, these components are subjected to fluorescence nondestructive examina-
tion, which shows that there are no cracks and other defects on the surface. In addition,
the radial dimensions of the support ring remain constant. This indicates that the vortex
reducer has a high strength margin.

4. Prediction of the Burst Speed
4.1. Failure Strength of the Edge of Support Ring Hole

The numerical calculation shows that the edge of the support ring hole is a dangerous
position for the vortex reducer, and obtaining its failure strength is key to predicting the
burst speed. The method used in this paper is designing a simulative specimen which has
a similar stress gradient to the support ring hole. Then, a tensile failure test is carried out to
obtain the failure strength. Schematic diagrams of the dangerous sections of the supporting
ring and the simulative specimen are shown in Figures 13 and 14, respectively.

4.1.1. Design of a Simulative Specimen

According to the geometrical characteristics of the hole in the support ring, the form
of the simulative specimen is designed as shown in Figure 15. By adjusting the critical
dimensions, the stress gradient of the hole edge of the simulative specimen and the support
ring is consistent.
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Figure 15. Diagram of the simulative specimen.

According to the size of the support ring, the size of the specimen is calculated as
follows: r1 = 2.5 mm; d/2 = 2.2 mm; r2 = 9 mm; W = 12 mm; T = 2 mm. Then, it is important
to check whether the stress gradient of the specimen is consistent with the structure. The
established FE model and boundary conditions are shown in Figure 16.
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Figure 16. FE model and boundary conditions of the simulative specimen.

The elastic stress distribution in normalized distance and normalized stress at the hole
edge of the simulative specimen and the support ring is illustrated in Figure 17. In the
figure, the abscissa is normalized by the notch radius (x is the distance from the root of
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the notch along the normal direction of the arc; r is the radius of the notch root arc) and
the ordinate is normalized by the stress (σ is the stress from the root of the notch along
the normal direction of the arc; σmax is the maximum stress at the root of the notch). The
results show that the stress gradient of the simulative specimen is in good agreement with
the support ring hole. Therefore, the specimen can be used for strength assessment of
such structures.
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stress gradient.

4.1.2. Tensile Test of Simulative Specimen

According to the size of Figure 15 and the fixture of the test equipment, two kinds of
simulative specimen are designed and processed. The geometric dimensions of the middle
working sections are completely identical, but one is clamped by pin holes and the other is
clamped by hydraulic pressure, as shown in Figure 18.

The specimens are slowly stretched until fracturing at 500 ◦C. The available number
of S1 specimens and S2 specimens is three and five, respectively. The test results are shown
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in Table 3. The maximum load error of the two kinds of specimens during the test is
within 3%.

The fracture form of the specimen after the experiment is shown in Figure 19. It can
be seen from Figure 19 that the fracture of both specimens occurs at the hole edge.
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4.2. Calculation of Burst Speed
4.2.1. Based on Failure Strength of the Simulative Specimen

The monotonic tensile elastic-plastic FE analysis is carried out on the simulative
specimen. The FE model is the same as Figure 16, except for the material properties. A true
stress–strain curve is used in the calculation because of the large deformation, as shown in
Figure 20.

The variation of maximum equivalent plastic strain, the average equivalent stress and
the average tensile direction stress on the dangerous section with tensile load of the testing
machine are obtained in the calculation process, as shown in Figures 21–23. The red dotted
line is the minimum tensile load in Table 3. It can be seen from the diagram that the FE
analysis does not converge before reaching the tensile load of the test due to the large mesh
deformation. The maximum equivalent plastic strain, the average equivalent stress and
the average tensile stress on the dangerous section obtained when the calculation does not
converge are used as the failure criteria of the specimen, as shown in Table 4. Meanwhile,
they are also used as the failure criteria of the support ring of the vortex reducer. Because
the failure criterion of the specimen is conservative compared with the test, the prediction
results of the burst speed obtained by this method are also conservative.
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Table 4. The failure criteria of the specimen.

Maximum Equivalent
Plastic Strain/%

Average Equivalent
Stress/MPa

Average Tensile Direction
Stress/MPa

Value of the different failure criteria 15.4 1291.2 1364.4

Then, the elastic-plastic FE analysis of the vortex reducer is carried out, and the
calculation speed is continuously increased until it does not converge. The maximum
equivalent plastic strain, the average equivalent stress and the average hoop stress on
the dangerous section are obtained in the calculation process. Figures 24–26 shows the
variation of maximum equivalent plastic strain, average equivalent stress and average
hoop stress on the dangerous section with the increase in the speed. The horizontal red
dotted line in the diagram is the failure criteria in Table 4, and the intersection of the two
lines is the predicted value of the burst speed. The predicted burst speeds of different
failure criteria are shown in Table 5.
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Figure 26. The variation of average hoop stress of the dangerous section of vortex reducer with
rotational speed.

Table 5. Burst speed predicted by different criteria.

Criteria of the
Maximum Equivalent

Plastic Strain

Criteria of the
Average Equivalent

Stress

Criteria of the
Average Hoop

Stress

Predicted burst speed 174% 182% 182%

4.2.2. Based on the Average Hoop Stress Method

For comparison with the results of the traditional burst speed prediction method,
the average hoop stress method is used to calculate the burst speed of the structure. The
method is as follows:

nb
nmax

=

√
ησb

σAHS
, (1)

where nb is the predicted burst speed; nmax is the maximum steady speed (100% speed);
η is an empirical parameter; σb is the tensile strength of the smooth specimen; and σAHS is
the average hoop stress of 100% speed. The values of each parameter and the predicted
burst speed are shown in Table 6.
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Table 6. Prediction of burst speed based on the average hoop stress method.

nmax η σb/MPa σAHS/MPa Predicted Burst Speed

100% 0.9 1230 440 159%

5. Conclusions

In this paper, the FE analysis of the vortex reducer under working condition is carried
out. The overspeed test is designed, and no damage occurs after the 120% relative speed
test. The test results show that the burst margin of the vortex reducer is high due to its
small rotation radius.

Based on the method of predicting the burst speed of a disk, the method for predicting
the burst speed of rotating thin-walled parts with stress concentration is developed in
this paper. In this method, the tensile fracture test of a simulative specimen is used as the
criterion of structural failure. The stress gradient of the simulative specimen designed
in this paper is in good agreement with the structure, which can accurately describe the
structural stress characteristics.

The results predicted by the new method which combines the tensile test of the
simulative specimen and finite element analysis are slightly higher than those produced by
the traditional method. This indicates that the developed method can provide a reference
for such structures in the design stage.

There are still some shortcomings in this study, in that the burst test of the vortex
reducer is not carried out due to financial constraints, the research cycle and other reasons,
and so the test value of burst speed cannot be obtained. This work will be carried out in
the future.
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