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Abstract: In order to solve the problem that the dual-rotor system of aero—engine cannot avoid the critical
speed, and improve the vibration tolerance of the dual-rotor system, according to the optimization design method
for the workable mode of dual-rotor system with inter—shaft bearing, the similar model of a dual-rotor engine
with inter—shaft bearing is used as the initial model for optimization design. Based on the optimization results, a
dual-rotor test rig system was built. The accuracy, effectiveness, stability and reliability of the optimization de-
sign method for the workable mode of dual-rotor system with inter—shaft bearing were verified by modal test, re-
sponse test, continuous variable speed experiment and long time resonance experiment. According to research

findings, the maximum error of the critical speed between the experimental results and the calculation results of
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the dual-rotor test rig system is 3.06%, and the maximum error of the modal shape is 9.6%. The vibration ampli-

tude is less than 50 pwm at any speed even though the critical speed is frequently passed in the working range. The

resonance experiments at the sixth critical speed are completed at no less than 3790s. The maximum tolerated

amount of unbalance mass is 5.2 times the designed amount. The amplitude is stable, and the higher the tolerabil-

ity evaluation function is, the higher the tolerance to resonance is. The results indicate that the established optimi-

zation design method of workable mode for aero—engine dual—-rotor system with inter—shaft bearing is effective.

Key words: Aero—engine; Dual-rotor system; Workable mode; Optimization design; Experimental ver-

ification
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Fig.1 Dynamic model of a dual-rotor system

Table 1 Meaning of dual-rotor system nodes

Node number Node meaning

1# Front bearing of LP fan

24# Rear bearing of LP fan

3# Front bearing of HP rotor
44 Inter—shaft bearing

S5# Rear bearing of LP turbine
dl LP fan disk

d2 HP primary compressor disk
d3 HP second stage compressor disk
d4 HP third stage compressor disk
ds HP turbine disk

dé LP turbine disk

Table 2 Initial stiffness of fulcrum stiffness

Number Initial stiffness/( N/m )
14 5.96x10°
24 3.35%107
3# 9.99x10°
4# 5.00x10’
S# 7.04x10°

Table 3 Initial value of fulcrum span and shaft parameters

Parameter Value/mm
Length of LP shaft 1183.1
Span of 3# and 4# 449.4
Span of 4# and 54 69.3

Outer radius of LP shaft 40.0

Table 4 Initial value of LP disk parameters

Node mlkg 1,/( kg-m?*) 1, /(kg-m*)
dl 75.690 2.136 1.068
dé 52.090 0.991 0.495
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Table S Initial value of HP disk parameters

Node mikg [I)H/(kg'mz) IdH/(kg-mz)
d2 22.677 0.500 0.250
d3 24.596 0.315 0.157
d4 8.205 0.041 0.021
ds 65.302 1.727 0.864
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Fig.2 Actual speed line of the dual-rotor system
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Table 6 Critical speed of LP excited mode

Mode 0, /(x/min) 0,/(r/min) 0,10,
Ist 2122.6 4245.1 1.99
2nd 2987.9 4657.1 1.56
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Fig.3 LP excited Campbell map and mode shapes of initial

model
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Table 7 Critical speed of HP excited mode

Mode 0, /(r/min) 0,/(x/min) 0,0,
Ist 865.4 2108.4 2.44

2nd 1570.0 3825.1 2.44

3rd 3071.0 4696.6 1.53

4th 4051.8 5350.9 1.32
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Fig. 4 HP excited Campbell map and mode shapes of initial model
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< 4000 N
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Fig. 5 Influence of 1# stiffness on dynamic characteristics

of dual-rotor system

Table 8 Optimization range of fulcrum stiffness

Bound/(N/m)
Number

Upper Lower
1# 8x10° 5x10°
24 8x10® 2x108
3# 9x10° 5x10°
4# 8x10® 2x10®
S# 8x10° 4x10°
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Table 11 Key parameters of genetic algorithm

Parameter Value
Genetic algebra 80
Population size 5

Population individual 50
Mobility 0.2
Generation gap 0.9
Crossover probability 0.7
Mutation probability 0.1
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Fig. 6 Optimized calculation process

34 LER Table 14 Optimization results of disk parameters
S U T 5 G5 0 B B SR A A Parameter Relative change/%
RS F R T A DR AL B 7 ik, 7 3 P fan disk 18
B F R GEOALRER . 4 12~ 14 9 (6 A TR XUR T P turbine disk 10
UL B I HP primary co.mpre.ssor disk 18
HP turbine disk -5
Table 12 Optimization results of fulcrum stiffness A 5 1 WU F R G MR E 2 s iy 3L 6 T
Number Iniijf“e“’(“g’;)iml Relative changere 122 T 4776 2 W16 J LA 010 165 5L 0 ok 4 19 5
1# 5.96x10°  6.01x10° 0.84 AR FF A I 1S P o
2# 3.35x107  6.03x10° 1700
3# 9.99x10° 7.99%10° -20.02 Table 15 Critical speed and speed ratio of optimization
4 5.00x10’ 3.19x10* 538 model
54 7.04x10°  6.52x10° -7.39 Excitation rotor ~ Mode — @2,/(r/min)  Q,/(r/min)  Q,/Q,
Ist 1853.9 4117.1 2.22
Table 13 Optimization results of fulcrum span and shaft LP rotor Ind 29878 4657.0 156
parameters st 843.2 2054.4 2.44
Parameter Value/mm Relative R 2nd 1505.8 3668.6 2.44
Initial Optimal change/% 3rd 2502.9 4426.1 1.77
Length of LP shaft 1183.1 1210.1 2.28 4th 4040.3 5322.0 1.32
Span of 3# and 4# 449 4 485.1 7.94
Span of 4# and 5# 69.3 62.8 ~9.38 &7 KL S 43 51 Ry Al Ak 5 18 AU~ Si2 56 i A5 7R
Outer radius of LP shaft 40 31.5 -21.25 ETAEE B N R IR/ . S5 E 3 ME 4% 1, &t
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Table 16 Comparison results of LP excited mode tolerance

evaluation function values

Function Model 1st 2nd
N Tnitial 0.353 0.002
Ui Optimal 0.487 0.001
N Tnitial 0.808 0.982
i Optimal 0.799 0.991
. Tnitial 1 1
i
Optimal 1 1
Tnitial 0.932 0.999
S Optimal 0.902 0.999

IAA) e A5 ) AT 7 R R BT AR T LA
o TS DD B = I RS 2 ol T HR A SR N B PR, RT
R BEARLIE O O, ey s 880l 585 DU I A58 285 3 S 8 D AR i o
P et AR A A 7T 8 R (R o o T A S A i
T B M B2 T e T 0D SR B AR I B A Y
AR AR AT R il 26— B R T O AR B Y

Whirl orbit.

Relative displacement

c

: K
0.0 0.5 10 15 -l §
&

Axial location/m

(b) 2nd HP excited mode

£ 10

£

g 05

= e 1 5

2 0.0 / / / é)

e 5|/ Whiterbie—/ _\/ &

E=IR / / HP fotor S

- / / 2

S -10 , s
0.0 0.5 10 15 70 ) §

Axial location/m QE)

(d) 4th HP excited mode

Fig. 8 HP excited mode shapes of optimization model
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Table 17 Comparison results of HP excited mode tolerance Table 19 Inspection results of LP disk parameters
evaluation function values LP disk 1,/( ke -m?) I, /(kg-m?) ¢ f( fn)
Function Model Ist 2nd 3rd 4th Fan disk 2.136 1.068 2.01 0.9975
7 Initial 0.540  0.036  0.560  0.289 Turbine disk 0.991 0.495 201 1.0176
e Optimal ~ 0.432  0.061 0.546  0.196
Table20 I ti Its of HP disk t
N Initial 0.820 P 0514 0205 able nspection results o isk parameters
Hg .
Optimal 0.797 0.586 0.954 0.271 . L/ 1/
HP disk P
- dis (kg-m®) (kg-m®) J f(fH)
" Initial 1 1 0 1
Vi, Optimal 1 1 1 1 Primary compressor disk 0.500 0.250  2.00 0.9975
; Initial 0.903 0.983 0 0.770 Second stage compressor disk 0.315 0.157 2.01 1.0176
Heto Optimal 0.912 0.974 0.975 0.857 Third stage compressor disk 0.041 0.021 1.95 0.900
Turbine disk 1.727 0.864 2.00 0.9975
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Table 18 Critical speed and speed ratio of rigid support

mode

Rigid support mode  1st LP excited mode  1st HP excited mode

0Q,/(x/min) 11001 6230
Q,/(x/min) 22822 10824
0,10, 2.07 1.74
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Fig. 9 Dual-rotor test rig system
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(b) Photos of sensors installed on the experimenter

Fig. 10 Sensor arrangement of dual-rotor experimenter

Table 21 Technical parameters of sensors

Name Type Sensitivity
Photoelectric sensor P-84 -
Displacement sensor IN-085 8mV/pum

Velocity sensor VS-080 75mV/(mm/s)
Acceleration sensor AS-020 100mV/g
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Fig. 11 Vibration data acquisition system

Fig. 12 Experimental control and vibration monitoring

platform
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Fig. 13 Comparison of critical speed experimental and

calculation results

Table 22 Comparison results of LP excited critical speed
0/ 0./ Relative
M < 1 L H
ode Result (r/min) (r/min) error/%
Computation 1853.9 4117.1
Ist 0.43
Experimental 1846 4074
Computation 2987.8 4657.0
2nd 1.81
Experimental 3043 4919
Table 23 Comparison results of HP excited critical speed
0/ 0./ Relative
Mode Resul L i
ode esult (r/min) (r/min) error/%
Computation 843.2 2054.4
Ist 0.07
Experimental 886 2056
Computation 1505.8 3668.6
2nd 0.31
Experimental 1466 3680
Computation 2502.9 4426.1
3rd 2.19
Experimental 2370 4525
Computation 4040.3 5322.0
4th 3.06
Experimental 3650 5490

— HP computation * HP test *

Relative displacement
[

-] . A ;
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Axial location/m

(b) 2nd LP excited mode shape

Fig. 14 LP excited mode shapes
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Fig. 15 HP excited mode shapes
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Table 24 Unbalance mass distribution of response test

Position Size/(g+cm) Phase/(*)
LP fan disk 43 180
LP turbine disk 25.7 0
HP primary compressor disk 5.22 0
HP turbine disk 24.78 180
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"3 plane 3 dimension" diagram of dual-rotor test rig vibration response
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Fig. 18 Experiment results of HP turbine disk
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Table 25 Unbalance mass distribution similar to the 1st LP

excited mode shape

Position Size/(g+cm) Phase/(*)
LP fan disk 7.5 180
LP turbine disk 45.0 0
Total 52.5 -
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Fig. 19 Experiment results of the 1st LP excited mode

Table 26 Unbalance mass distribution similar to the 2nd

LP excited mode shape
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Position Size/(g+cm) Phase/(*)
LP fan disk 12.5 0
LP turbine disk 63.7 180
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Fig. 20 Experiment results of the 2nd LP excited mode
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Table 27 Unbalance mass distribution similar to the 1st HP

excited mode shape
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Fig. 21 Experiment results of the 1st HP excited mode
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Table 28 Unbalance mass distribution similar to the 2nd HP excited mode shape

Position Size /( g+cm) Phase/(*)
HP primary compressor disk 49.2 0
HP second stage compressor disk 47.0 0
HP third stage compressor disk 28.6 0
HP turbine disk 31.3 0
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Table 29 Information of unbalance mass and runtime
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Fig. 22 Experiment results of the 2nd HP excited mode
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