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Abstract. After the blade losing, the aero-engine rotor system is subjected to
multiple loads, including sudden unbalance excitation, angular acceleration exci-
tation caused by time-varying speed, and rub-impact excitation due to the fan
blade off (FBO), which results in a complex dynamic characteristic of the rotor
system. At present, the dynamic response mechanism analysis and high-precision
simulation results in this case are not complete, which seriously restricts the safety
design and verification in the engine development process. This paper analyzes
the load characteristics of the rotor when FBO occurs. Then the dynamic equa-
tion of inertia asymmetric rotor is carried out considering the combined action of
multiple loads. the dynamic response analysis model of the low-pressure rotor of
the turbofan engine with the condition of blade loss is established, the dynamic
response of inertia symmetric rotor and inertia asymmetric rotor are compared
and studied. A safety design idea of the support structure is proposed according to
the characteristics of the inertia asymmetric rotor structure. This research shows
that after the FBO occurs, the vibration response of the rotor increases sharply
when it decelerates passing the critical speed, and the rotor system appears back-
ward whirl frequency with the action of multiple loads. Compared with the inertia
symmetric rotor, the inertia asymmetric rotor is more prone to appear backward
whirl characteristics. According to the characteristics of inertia asymmetric rotor
load with multiple loads, this paper changes the dynamic characteristics of rotor
system by reducing the support stiffness, and increases the support damping to
improve the energy dissipation, so as to reduce the vibration response of the inertia
asymmetric rotor and to ensure the integrity of the support structure after blade
loss.
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1 Introduction

Fan Blade Off (FBO) is a severe safety accident in the aero-engine. The study of FBO
has always been an important part of aero-engine safety design. After FBO occurs, the
diameter moments of inertia of the blade-disk structure are no longer equal in different
directions due to the FBO, and show strong inertia asymmetry. In the meanwhile, the rotor
system is subject to the combined action of multiple loads (sudden unbalance excitation,
angular acceleration excitation caused by speed change, and rub-impact excitation) [1].
The action mechanism of various loads on the dynamic response of asymmetric rotor
system and the interaction mechanism of various loads under strong nonlinear conditions
make it very difficult for researchers to accurately obtain the rotor dynamic characteristics
with the FBO.

For the study of rotor load excitation with FBO, the early Genta [2] took Jeffcott rotor
as the research object, and studied the vibration response of the rotor with sudden impact
load instead of the load excitation after FBO occurs. For the complex rotor system, Ren
Xingmin [3], Gu Jialiu [4] calculated and analyzed the sudden unbalance response by
using the improved transfer matrix method. With the in-depth research, it is found that
the inertia asymmetry of the disk will occur after the blade is lost.

Yu [1] established the dynamic model of the inertia asymmetric disk, and found that
the mass matrix and gyroscopic matrix of the inertia asymmetric disk are time-varying.
Liu Di [5] established the modal characteristic analysis method of inertia asymmetric
rotor through Hill infinite determinant to analyze the dynamic response characteristics
of inertia asymmetric rotor considering time-varying speed. Ishida et al. [6] established
a complex rotor model and analyzed the impact of inertia asymmetry characteristics on
the dynamic characteristics of the rotor system when FBO events occurs.

After the blade is lost, the vibration amplitude of the rotor system will increase
sharply, which will cause rub-impact between rotor and stator. Rub-impact will produce
impact, friction and constraint effects on the rotor system, and make complex vibration
phenomena to the rotor system [7]. Beatty [8] established a piecewise linear rub-impact
force model for the first time, and studied the typical rub-impact characteristics. Zhang
Siqi [9] gave a detailed description of the process of rotor—stator rub-impact, and found
that the rotor—stator rub-impact presented nonlinear characteristics through numerical
simulation. Liu Di [10] studied the rub-impact characteristics of rotor under sudden
unbalance excitation from the perspective of complex nonlinearity, indicating that severe
rub-impact will lead to backward whirl.

The excessive reaction forces of the support after FBO will seriously threaten the
structural integrity of the rotor system [11]. Li Chao [12] designed a buffer damping
support structure to reduce the reaction forces of the support of the rotor system with
FBO; Hong Jie [13] proposed a safety design strategy, which can effectively reduce the
vibration of the fan disk by changing the bearing position and the support stiffness.

The above research on the dynamic characteristics of rotor system when FBO occurs
is mostly focused on the impact of sudden unbalance load generated by FBO events on
the rotor system, while the specific research on the load characteristics of rotor system
after blade loss is less. In addition, there is little research on the inertial asymmetry of the
rotor with the combined action of multiple loads (sudden unbalance excitation, angular
acceleration excitation caused by time-varying speed and rub-impact excitation) after
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FBO occurs, which results that there is no clear concept about the dynamic response of
the inertia asymmetry rotor with the excitation of multiple loads after FBO occurs. In
this paper, when FBO occurs, the load characteristics of the rotor system are described
with the low-pressure rotor structure of a high bypass ratio turbofan engine. The dynamic
model of the inertial asymmetric rotor system is established considering the action of
multiple loads, the dynamic response of the inertial symmetric rotor and the inertial
asymmetric rotor with the action of multiple load excitation are compared and analyzed.
The safety design strategy of inertia asymmetric rotor is proposed, which provides certain
theoretical and technical support for the safety research of aeroengine.

2 Description of Rotor Load Characteristics After FBO

After FBO occurs, the motion process of the engine rotor system is variable and the load
situation is complex. Take the high bypass ratio turbofan engine as an example. After
the large diameter fan blade losing, the rotor motion state and load characteristics of
aero-engine can be divided into three stages:

1) Before FBO occurs, the rotor system with fine assembly and balance can be consid-
ered that the center of mass (G point) coincides with the center of rotation (O point).
During stable state, the rotational inertia excitation load is at a low level.

2) At the moment of FBO, the rotor system is impacted by sudden unbalance. Due to
the lack of blade, the diameter moment of inertia of the blade-disk structure shows
asymmetry, resulting in the inertia asymmetry (J; # Jy).

3) After the blade is lost, the speed of the rotor system will change in a short time, and the
rotor system will be affected by the angular acceleration caused by the time-varying
speed; The center of mass (G point) will no longer coincide with the center of rotation
(O point), which will cause the center of mass deviation, and the rotor system will
also subject to large unbalanced rotation excitation. The rotor unbalance vibration
makes the rotor amplitude exceed the blade-casing clearance. The blade will contact

Fig. 1. Variation of rotor load characteristics after FBO.



Analysis and Safety Design of Aero-Engine Rotor Dynamic Response 37

and rub the casing. Therefore, the fan casing will generate additional rubbing force
on the rotor system, as shown in Fig. 1.

3 Action Mechanism of Multiple Loads with FBO

3.1 Sudden Unbalance Load

Before FBO occurs, the initial unbalance of the rotor system is small (about 100g - mm),
and the rotation excitation is small. After the blade is lost, the unbalance increases
significantly (the unbalance can reach 10°g - mm ), and the center of mass will suddenly
deviate at the moment of FBO, which results in a sudden unbalance load.

After FBO occurs, the rotation speed will rapidly reduce to the windmill speed. With
the rapid reduction of speed, the rotor system will be affected by the tangential load
(Fr = meef) caused by the time-varying speed (Fig. 2).

The expression is given in Eq. (1):

{0,047 t<tp_of

mee{0 sin6 + 6% cos 6, —0 cos O + 0?sinO} t > tg_op

D

wherein, m, represents the mass of the fan disk after FBO, e represents the eccentricity,
6 represents the phase angle of the fan disk, and 7z, represents the moment of FBO.

Fig. 2. The load of unbalanced rotor during time-varying speed.

3.2 Inertial Asymmetric Disk

FBO makes the blade disk structure mass eccentricity e. The method proposed in ref-
erence [1] to analyze the inertial asymmetric disk. According to the theorem of parallel
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axis, the polar moment of inertia around O, pointis Je = Jp — mh?, the diameter moment
of inertia around inertia main shaftare J, = J, /2 —mh?, Jy = J, /2. the diameter moment
of inertia in both directions are not equal, which are called inertia asymmetric, as shown
in Fig. 3.

Blade off  V m ,: Mass of the lost blade
Blade damage m, : Mass of the disk after FBO

h: Distance between center of broken
blade and Or-point before FBO

¢- Eccentricity after FBO

Fan case

J, :Polar moment of inertia before FBO
J, - Polar moment of inertia around O, point after FBO
J! : Polar moment of nertia around G point after FBO

J..J, : Diameter moment of inertia of the x-axis and y-axis passing through O point

Fig. 3. The inertial asymmetric characteristics of the fan disk.

The control equation of the rotor system in the absolute coordinate system is
established with the Lagrange energy method, as shown in Eq. (2):

d (0T oT oU
d—<—.>——+—=Q )
t\ dg aq aq

q=I[x,y, 0, Gy]T is the radial and angular freedom of the disk.
The kinetic energy expression of the asymmetric disk is shown in Eq. (3):

1 1 . . 1 . .
Ty zzm(jc2 +3) + EJX(QX cos wf + By sin a)t)2 + EJy(Qx sin wt — 6y cos (Uf)z
1 . .
50+ )[ 0 + (6,6, — 6,60,)] 3)

Equation (4) defines the average diameter moment of inertia J and Eq. (5) defines
the inertia unsymmetrical AJ.

J=0U+J4y)/2 4

AJ = (Jy - Jx)/z &)
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Substitute Eq. (4) and Eq. (5) to obtain the fan disk kinematics equation, as shown
in Eq. (6):

(Mgise + M gisc—c €08 20t + M gise—s sin 2wt)g

. . (6)
+(Gise + Gaisc—c €08 2wt + Ggjse—s Sin2wt)g = 0

wherein, Mg, and Gy, are the mass matrix and gyro matrix respectively,
M gise—c cos 2wt and M gjsc—g sin 2wt are the time-varying mass matrix of fan disk,
Gisc—c €08 2wt, Ggise—s Sin 2wt are the time-varying gyro matrix of the disk.

m 0
m 0
M gise = J » Gise = 0 2w
J —2Jw 0
"0 0 -
0 0
Mgise—c = AJ -1 » Gaise—c = 20AJ 0 —1
L 1 -1 0 _
r0 0 -
M g; =AJ 0 Gyi =2wAJ 0
disc—s = 0 —1 s Udisc—S — 1
L -1 0 —1

3.3 Rub-Impact Excitation

After the blade is lost, the fan casing and the blade collide with each other, resulting in
mutual force. In this paper, the method proposed in reference [14] will be used to obtain
the rubbing force between the blade and the casing. The origin (i.e. the rotating center of
the disk) is O, the geometric center is O, the distance from the blade tip to the geometric
center O, is r, and the displacement of geometric center O, in the x and y directions is
recorded as x1 and yy, respectively. Take the i-th blade for analysis. At the moment of t,
the phase angle ¢; of the i-th blade is calculated as shown in Eq. (7):

gi=wt+2n(i—1)/n @)

n is the number of blades and w is the rotor speed.
Equation (8) defines the distance from the i-th blade tip to the center of rotation (O
point):

rl= \/(xl + reosg;)? + (y1 + rsing;)? ®)

¢; is the included angle between r; with the x direction.



40 J. Fuet al.

As shown in Fig. 4, the velocities of the disk geometric center in the x and y directions
are respectively defined as vy and vy1. Therefore, the velocities of the i-th blade tip in
the x and y directions are shown in Eq. (9):

Vyi = —Vx1 + or sin @; ©)
Vyi = —Vy1 + @F COS @;

The speed of the i-th blade tip relative to the casing is calculated as follows in Eq. (10):

Vei = vy cos ®; + vy sin @; (10)

v,

Fan disk

Fan case

Fig. 4. Speed of the blade tip relative to fan case.

The rubbing force between fan blade and casing is decomposed into rubbing normal
force and rubbing tangential force, as shown in Fig. 5. The rubbing normal force adopts
linear elastic model, and the rubbing tangential force adopts Coulomb friction model.
Establish rubbing criteria: P; = rlf —r—rg. If P; <0, it means that the fan blade is not in
contact with the fan casing, and there is no rotor—stator rubbing; If P; > 0, it means that
there is no clearance between the fan blade and the casing, and there has been friction.
If rub-impact occurs, the fan casing will generate radial rubbing force F,,; = k.P; and
tangential rubbing force F;; = pFy,; on the rotor system, which are decomposed in the
x and y directions shown in Eq. (11):

{in = kefi {fxi = —H(P;)(P;cos ®; — sign(v;)uP; cos ®;) an
Fyi = kcfy, ’ fyi = —H (P;)(P; sin ®; 4 sign(v;;) uP; sin ;)
1 v;; >0
mBq (D:HP) =1 £ 0 sionwy=1 0 v =0.
oP; <0
-1 Vo < 0

Translate the component force in the x and y directions to the geometric center O,
of the disk, and obtain the friction force (shown in Eq. (12)) of the rotor blade disk in
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the x and y directions. In this paper, it did not consider the torque acting on the center
of disk:

Fy = kefy - -
) x = E i, Jy = E i 12
{ Fy = kefy : i:Of b i:Ofy 1

V_:

i
The i-th blade F X
yi F

ni

Fan disk

Fan case

Fig. 5. Rubbing force between the blade and fan case.

3.4 Rotor Dynamics Model with Multiple Loads

After FBO occurs, the inertia symmetric rotor system becomes an inertia asymmetric
one. The rotor system is subject to the combined action of multiple loads (sudden impact
load, large unbalance rotating excitation, angular acceleration excitation and rub-impact
excitation). Write multiple load excitation in the form of Eq. (11):

9 o T
moe[9 cosf, 0 sme} t < 1tp_off

{meeéz cos6 + px, meeéz sin 6 +py} IBoff St <1

P(t) = (13)

.. . .. . T
{meee sin 6 -i-meee2 cos 0 + py, —meet) cos 6 -i-meee2 sin 6 +py‘l H<t<nt

. . T
{mee@2 cos 6 + py, mee6? sin 6 +py} t) <t <tend

wherein, m, is the mass of the fan disk before the blade losing, m, is the mass of the fan
disk after FBO, e is the eccentricity, 0 is the phase angle of the fan disk, py, p, are the
component of the friction force in the x and y directions, 7g_, is the moment of FBO,
11 is the time when the speed starts to decrease, f;, is the time when the speed reaches
the speed of the windmill, and ¢, is the end time.

Therefore, the rotor dynamics equation of inertia symmetric rotor with multiple loads
is shown in Eq. (14):

Mg+ (C+G)g+Kg=P() (14)
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And the rotor dynamics equation of inertia asymmetric rotor with multiple loads
after FBO is given in Eq. (15):

(Mgisc + Mgise—c €08 20t + M gise—s sin 2wt)§

. . (15)
+(C + Guise + Gaise—c €08 2wt + Gise—s $in 2wt)q + Kq = P(t)

P(t) refers to multiple load excitation of rotor system, including initial unbalance
excitation, sudden unbalance excitation, angular acceleration excitation, large unbalance
excitation and rub-impact excitation.

4 Modeling and Analysis Method of Low-Pressure Rotor

4.1 Establishment of Low-Pressure Rotor Model

Referring to the low-pressure rotor of a typical high bypass ratio turbofan engine, a
finite element model is established. The low-pressure rotor is mainly composed of 30
fan blades, 4-stage compressor, 5-stage low-pressure turbine, fan disk and compressor
structure, fan stub shaft, low-pressure turbine shaft, turbine disk and 3 fulcrums, as
shown in Fig. 6.

Fig. 6. LP rotor finite element model.

The modal characteristics of the rotor system are analyzed. The first order critical
speed of the rotor system is w; = 4900 rpm and the mode shape is the pitch vibration
of fan; The second order critical speed is w» = 5964 rpm, and the mode shape is the
translation motion of the turbine; The third order critical speed is w3 = 18028 rpm,
and the mode shape is the overall bending vibration. As shown in Fig. 7, the working
speed of the rotor system is 9000 rpm. The critical speed of the overall bending vibration
mode is designed above the working speed. The rotor system does not go through the
overall bending critical speed during the acceleration and deceleration process, which
is in accordance with the engineering design.
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Fig. 7. The LP rotor resonance speed distribution.

4.2 Dynamic Response Analysis Method

First, the three-dimensional solid model of LP rotor is established through finite element
analysis software, and the established model is output to the [K], [C], [M], [G] matrix
in HBMAT format.

Use the simulation software to convert the matrix of HBMAT format into the rotor
dynamics matrix. The dynamic equations of inertia symmetric rotor and inertia asymmet-
ric rotor are constructed in the simulation software based on Sect. 3.4, and the mechanical
boundary conditions of multiple loads are applied to the rotor system.

Finally, the established rotor dynamics equation is solved by the Newmark-$ method.
The dynamic analysis method is shown in Fig. 8.

i

Inertial asymmetric
excitation

v
| ! 1
. L R .
: Esla}a llﬁh{ng three dlmensmnafl [ Unbalanced Blade-casing :
1| solid finite element model of | : load ubbin. |
: rotor support system : : i :
1 ! |
1
| v o ‘ * :
: Forming HBMAT format : | | MATLAB format rotor Rotor dynamics equation Rotor dynamic response | !
| rotor dynamics matrix X .F dynamics matrix 9 under complex load = under complex load :
: [K] [C] [M] [G] | [K] [C] [M] [G] environment environment :
\ 1
| ! :
| ! 1
1 ! 1
| : 1
| 1
| ! |

Fig. 8. Dynamic analysis method.

S Analysis of Rotor Dynamic Response with Multiple Load
Excitation

The radius of the fan is 460 mm, and the rub-impact clearance is 2.5 mm (if the radial
vibration displacement of the fan blade is greater than 2.5 mm, the rotor rub-impact
occurs). The rigidity of the fan casing is K=2 x 10’N /m, and the friction coefficient is
u=0.2.
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In the initial state, the rotor runs stably at the working speed. When FBO occurs, the
rotor system speed will rapidly reduce to the windmill speed in a short time, and keep
the windmill speed rotating continuously. The rotation speed-time diagram is shown in
Fig. 9.
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Fig. 9. Rotation speed-time diagram.

5.1 Inertia Symmetric Rotor

From the Sect. 3.4, we can get the dynamic equation of inertia symmetric rotor, as shown
in Eq. (14).

In this paper, Newmark-p method is adopted to solve Eq. (14), and the dynamic
response law of the inertia symmetric rotor with multiple loads is obtained.

Time-Frequency Displacement Response. Figure 10(a) and Fig. 10(b) show the hor-
izontal and vertical displacement response of the fan disk in time domain. It can be seen
that the initial unbalance of the fan disk is small before the blade lost, and the vibration
amplitude is small for the action of the initial unbalance load. After FBO occurs, the
amplitude of the fan disk increases sharply. When passing the first critical speed, the
amplitude of the fan disk reaches a peak. Figure 10(c) shows the amplitude of the fan
disk in time domain. From the Fig. 10(c), we can see that the peak amplitude of the
fan disk in time domain reaches 2.73 mm, which exceeds the clearance between the fan
blade and the fan casing(2.5 mm).

Rub-impact is a continuous process. Figure 10(d) is the vibration response of the fan
disk in frequency domain. In Fig. 10(d), it can be seen that the main frequency 81.33 Hz
is the frequency when the rotor system passes the first critical speed. A lot of clutter
in the frequency 85 Hz—100 Hz are caused by the rub-impact. In the frequency domain
figure (Fig. 10(d)), it can be seen that the first-order backward whirl frequency of the
rotor system is 75.17 Hz, which is due to the backward whirl frequency caused by the
action of the tangential rubbing force when rub-impact occurs.
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Fig. 10. The vibration response of the inertia symmetric fan disk (a) horizontal displacement
in time domain (b)vertical displacement in time domain (c)vibration amplitude in time domain
(d)response in frequency domain.

The Reaction Forces of the Supports. Figure 11 shows the reaction forces of No.1,
No.2 and No.3 supports of inertia symmetric rotor in time domain with the action of
multiple loads. In the normal working conditions, the amplitude of the supports’ reaction
forces is small due to the effect of initial unbalanced load. When FBO occurs, the
supports’ reaction forces increase sharply. When passing the first critical speed, the
reaction forces of supports reach the peak value, the reaction force of No.l support
reaches 9.65 x 10*N, the reaction force of No.2 support reaches 5.944 x 10*N, and the
maximum the reaction force of No.3 support reaches 6.401 x 10*N;

The second mode shape of the rotor system is the translation motion of the turbine,
which is small effect on the fan (including No.l support and No.2 support). On the
contrary, it has a large impact on the turbine rear support (No.3 support). When passing
the second critical speed, the reaction force of No.3 support reaches a peak value of
about 4.068 x 10*N.

To sum up, when the rotor system passes the critical speed, the supports’ reaction
forces of the rotor system reaches the peak value. Therefore, when the rotor decelerates
beyond the critical speed point, the vibration response of the rotor is the largest and it is
the most dangerous point, which needs to be focused on.

Rub-Impact Characteristics. The rub-impact characteristics of the rotor system are
analyzed, and axis orbit of inertia symmetric rotor during rubbing in Fig. 12 is obtained.
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Fig. 11. The reaction forces of the supports of the inertia symmetric rotor in time domain.
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Fig. 12. Axis orbit of inertia symmetric rotor during rubbing.

Figure 12 shows axis orbit of the fan disk of the inertia symmetric rotor system
during rubbing. From the Fig. 12, it can be seen that the form of rubbing between the
fan blade and the casing is full annular rub, and the rubbing is continuously.

5.2 Inertia Asymmetric Rotor

The mutually orthogonal diameter moments of inertia are no longer equal due to the fan
losing. At the rotating state, the mass matrix and gyro matrix of the rotor system are
time-varying instead of constant.

From the Sect. 3.4, we can get the dynamic equation of inertia asymmetric rotor, as
shown in Eq. (15).

In this paper, Newmark-f3 method is adopted to solve Eq. (14), and the dynamic
response law of the inertia asymmetric rotor with multiple loads is obtained.

Time—frequency displacement response. Figure 13(a) and Fig. 13(b) show the hori-
zontal and vertical displacement response of the fan disk in time domain. It can be seen
that the response of inertia asymmetric rotor with multiple load excitation is similar to
that of inertia symmetric rotor. the initial unbalance of the fan disk is small before the



Analysis and Safety Design of Aero-Engine Rotor Dynamic Response 47

blade lost, and the vibration amplitude is small for the action of the initial unbalance
load. After FBO occurs, the amplitude of the fan disk increases sharply. When passing
the first critical speed, the maximum horizontal displacement reaches 2.921 mm, the
maximum vertical displacement reaches 3.692 mm. Figure 13(c) shows the amplitude
of the fan disk in time domain. From the Fig. 13(c), we can see that the peak amplitude of
the fan disk in time domain reaches 3.797 mm, which exceeds the rotor-static clearance
of 2.5 mm, and the rotor-static friction occurs between the fan blade and the casing.

Figure 13(d) is the vibration response of the fan disk in frequency domain. In
Fig. 13(d), it can be seen that the main frequency 82 Hz is the frequency when the
rotor system passes the first critical speed. From the Fig. 10(d), it also can be seen that
the first-order backward whirl frequency of the rotor system is 76 Hz, which is caused
by the action of the tangential rubbing force when rub-impact occurs.

Compared with inertia symmetric rotor, inertia asymmetric rotor is subject to more
serious rub-impact and represents more obvious rub-impact characteristics. It can be
seen from the Fig. 13(d) that there are two main frequencies in the rotor system with the
excitation of multiple loads: 82 Hz and 76 Hz. They are the first critical speed (forward
whirl) frequency and the first backward whirl frequency, which indicate that the inertia
asymmetric rotor has serious rub-impact between rotor and stator with the excitation of
multiple loads, directly resulting in the backward whirl in the rotor system.

@ (b)

X displacement /mm
. =)
Y displacement/mm
o
T

time/s timels

35 3.797 07

Amplitude /mm
N

6 0 20 40 60 80 100 120 140 160
Frequensy (Hz)

0 1 2 3 4 5
Time /s

Fig. 13. The vibration response of the inertia asymmetric fan disk (a) horizontal displacement in
time domain (b) vertical displacement in time domain (c) vibration amplitude in time domain (d)
response in frequency domain.
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The Reaction Forces of the Supports. Figure 14 shows the reaction forces of No.l,
No.2 and No.3 supports of inertia asymmetric rotor in time domain with the action of
multiple loads. From the Fig. 14, the supports’ reaction forces of inertia asymmetric
rotor are similar to the supports’ reaction forces of the inertia symmetric rotor. In the
normal working conditions, the amplitude of the supports’ reaction forces is small due
to the effect of initial unbalanced load. When FBO occurs, the supports’ reaction forces
increase sharply. When passing the first critical speed, the reaction forces of supports
reach the peak value, the reaction force of No.l support reaches 1.349 x 10°N, the
reaction force of No.2 support reaches 8.245 x 10*N, and the maximum the reaction
force of No.3 support reaches 8.194 x 10*N;

The second mode shape of the rotor system is the translation motion of the turbine,
which is small effect on the fan (including No.l support and No.2 support). On the
contrary, it has a large impact on the turbine rear support (No.3 support). When passing
the second critical speed, the reaction force of No.3 support reaches a peak value of
about 4.196 x 10*N.

x10*

1.349x10° N — No.1support |
— No.2 support

— No.3 support |

8.194x10'N 8.245x10°N

Reaction force (N)

4.196x10'N

Time (s)

Fig. 14. The reaction forces of the supports of the inertia asymmetric rotor in time domain.

Table 1 is obtained by comparing the peak of the supports’ reaction forces of the
inertia asymmetric rotor system with the peak of the supports’ reaction forces of the
inertia symmetric rotor system with multiple load excitation.

From Table 1, compared with the peak value of the supports’ reaction forces of the
inertia asymmetric rotor and the peak value of the inertia symmetric rotor, the peak value
of the supports’ reaction forces increases. The supports’ reaction forces increase more
obviously at the first critical speed. Therefore, at the first critical speed, the reaction force
of No.1 support increased by 39.79%, about 38400N; The reaction force of No.3 support
increased by 37.85%, about 22500N; The reaction force of No.2 support increased by
28.81%, about 18440N. It has little influence on the peak of supports’ reaction forces at
the second critical speed.
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Table 1. Peak value comparison of the supports’ reaction forces with multiple loads

Support number No.1 support | No.2 support | No.3 support (the | No.3 support (the
1st order) 2nd order)

The inertia 96500N 64010N 59440N 40680N

symmetric rotor

system

The inertia 134900N 82450N 81940N 41960N

asymmetric rotor

system

Variation +38400N +18440N +22500N +1280N

Change rate +39.79% +28.81% +37.85% +3.15%

To sum up, the inertia asymmetry will seriously affect the reaction forces of the
supports, make the rotor supports bear greater reaction forces, and seriously threaten the
safety of the bearing support structure.

Rub-Impact Characteristics

The rub-impact characteristics of the rotor are analyzed, mainly the axis orbit at the
rub-impact stage, as shown in Fig. 15(a). Figure 15(b) shows the backward whirl
characteristics of the inertia asymmetric.

(a) , (b)
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Fig. 15. Axis orbit of inertia asymmetric rotor (a) rub-impact stage, (b) backward whirl
characteristics.

It can be seen from the Fig. 15(a) that the form of rubbing between the fan rotor
blades and the casing is local rub. There are multiple contact-collisions and rebound-
separation between blades and casing. From the Fig. 15(b), the inertia asymmetric rotor
shows the backward whirl feature after the rub-impact. The whirl direction of the rotor
system at the initial time is anticlockwise (forward whirl). After rub-impact, the whirl
direction of the rotor system turns clockwise (backward whirl) with the action of rub-
impact excitation, which is opposite to the initial whirl direction. The rotor system has
the backward whirl characteristics.
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Compared with the inertia symmetric rotor, the inertia asymmetric rotor has more
serious rub-impact. From the Figs. 12 and 15(a), the inertia symmetric rotor mainly rubs
in the form of contact non-separation full-cycle rubs, while the inertia asymmetric rotor
mainly rubs in the form of contact separation local rub with multiple load excitation.

From the previous analysis, it can be seen that inertia symmetric rotor has only
one backward whirl frequency with multiple load excitation, and there is no backward
whirl characteristics; However, with the combined action of multiple loads, the degree
of rub-impact of the inertial asymmetric rotor system is more serious, and the time
of rub-impact is longer. The serous rub-impact directly leads to the backward whirl
characteristics of the rotor system. Therefore, the inertial asymmetric rotor system is
more prone to backward whirl than the inertial rotor system.

6 Safety Design of Support Structure

6.1 Safety Design Strategy

With the action of multiple loads, the transient response peak of the inertia asymmetric
rotor system can reach above 1.3 x 105N, which can affect the completeness of the
supporting structure, and in severe cases, it can cause secondary accidents such as bearing
jamming, damage to mount, shaft breakage, etc. Therefore, it is necessary to design a
safety structure of the aeroengine rotor to reduce the reaction forces of supports.

(1) The low-pressure rotor is a flexible rotor with multiple fulcrums. After FBO occurs,
the No.1 support of the rotor system is the closest to the fan and its load is the largest.
Therefore, the load environment of the No.1 support of the rotor system is the most
severe. It is necessary to carry out safety design for it.

(2) For modern aero-engines, the No.1 support is a roller bearing, which mainly bears
radial load. Figure 16(a) and (b) shows the safety design of typical support structures
at home and abroad. As can be seen from Fig. 16(a) and (b), in order to avoid
secondary failure caused by excessive reaction force of support, the safety design
of the fuse structure (design of thinned conical shell (e.g. Fig. 17(a)) and design of
fuse bolt (e.g. Fig. 17(b))) has been carried out at the No.1 support structure, so that
the rotor system can be changed from 3 to 2 fulcrums to realize the variable stiffness
design of the rotor. This will change the dynamic characteristics of the rotor system,
reduce the critical speed, thereby reducing the reaction force of support when the
rotor passes the critical speed.

(3) From the perspective of energy, damping will absorb the energy of rotor vibration
and reduce the reaction force of support. In order to reduce the peak of support’s
reaction force of the inertia asymmetric rotor with the excitation of multiple loads
and protect the safety of the support structure, the damping of the rotor can be
appropriately increased to reduce the reaction force of support of the rotor system.

Therefore, a support structure of roller bearing is designed based on the safety design
characteristics of inertia asymmetric rotor, as shown in Fig. 17(a) and (b).

The support structure mainly consists of two key structures, the fuse structure and
the low stiffness structure. When the aero-engine rotor works normally, the vibration
response of the rotor system is at a relatively low level. The reaction force of support
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Fig. 16. Typical safety design of No.1 support structure (a) design of thinned conical shell (b)
design of fuse bolt.
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Fig. 17. A new safety design of support structure (a) working state. (b) after blade loss.

is transmitted to the left and right convex shoulder through the fulcrum bearing and the
bearing outer ring (e.g. Fig. 17(a)). However, when FBO occurs, the reaction force of
support is large, and the left and right convex shoulder are broken. The reaction force of
support is transmitted to the elastic ring through the fulcrum bearing (e.g. Fig. 17(b));
The elastic ring is made of metal rubber with low stiffness. The metal rubber produces
great damping effect and consumes vibration energy under the reaction force of support,
reduces the external transmission of vibration load, and protects the support frame and
mounting joint of the engine.

6.2 Effect of Reducing Support Stiffness

Change the stiffness of the No. 1 support to obtain the critical speed of the rotor system
under different support stiffness. As shown in Fig. 18, which shows the change of the
critical speed of the rotor system with reducing the No. 1 support stiffness.

The data in Fig. 18 is sorted out to draw Table 2.

It can be seen from Fig. 18 and Table 2 that changing the stiffness of No. 1 support
has little impact on the second critical speed of the rotor system (the translation motion
of the turbine mode). However, it has a great impact on the first critical speed of the rotor
system (the pitch vibration of fan mode). The No. 1 support relative stiffness is reduced
by 50%, and the first critical speed is reduced by 15%. When No. 1 support stiffness
becomes 1% initial support stiffness, the first critical speed of the rotor is significantly
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Fig. 18. Change of critical speed with reducing No. 1 support relative stiffness.

Table 2 Change of critical speed with No. 1 support relative stiffness

No. 1 support 1 0.75 0.5 0.3 0.1 0.01 0
relative stiffness

First critical 4900 4549 4145 3778 3363 3156 3132
speed

Percentage (%) 100 92.84 84.59 77.10 68.63 64.41 63.92

Second critical | 5964 5928 5905 5892 5882 5879 5878
speed

Percentage (%) 100 99.40 99.01 98.79 98.93 98.57 98.56

reduced by about 35.5%. When No. 1 support stiffness becomes 0, the support structure
loses its restraint capacity, and the first critical speed decreases by 36%, which is almost
the same as that of 1%.

Therefore, when the No. 1 support stiffness is two magnitudes smaller than the initial
support stiffness, the No. 1 support has basically lost its restraint capacity. By reducing
the No. 1 support stiffness, the critical speed of the rotor can be reduced, which will
change the dynamic characteristics of the rotor and reduce the supports’ reaction forces
of the rotor system.

6.3 Effect of Increasing Support Damping

According to the previous design idea (e.g. Fig. 17), after FBO occurs, increasing the
support damping can increase the energy consumption of damping, reduce the peak
value of the reaction force of the support, and reduce the vibration response of the rotor
system.

The reaction force of No. 1 support under different damping is obtained by changing
the No. 1 support damping, as shown in Fig. 19.
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Fig. 19. The reaction forces of supports under different No.1 support damping (a) 2 x support
damping (b) 4 x support damping (c) 8 x support damping (d) 10 x support damping.

The peak value of reaction forces of supports under different No.1 support damping
is arranged and drawn into Table 3.

It can be seen from Fig. 19 and Table 3 that the change of No. 1 support damping can
greatly change the reaction forces of rotor supports. When the No.1 support damping
becomes twice the initial support damping, the peak value of No.l support’s reaction
force of the rotor system decreases by 16200N, about 12%. When the No.1 support
damping is increased to 10 times the initial support damping, the peak value of No.1
support’s reaction force of the rotor system decreases by 82480N, 61.14%.

Through the above analysis, the dynamic characteristics of the rotor can be changed
through reducing support stiffness, so as to restrain the vibration response of the rotor;
The peak value of supports’ reaction force of the inertia asymmetric rotor with multiple
loads can be reduced by increasing the support damping, so as to reduce the vibration
response of the rotor and ensure the structural integrity of the engine.
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Table 3 The peak value of each support’s reaction force under different No.1 support damping

Support number No.1 support | No.2 support | No.3 support (the | No.3 support (the
1st order) 2nd order)

Initial No.1 support | 134900N 82450N 81940N 41960N

damping

2 x support 118700N 75520N 72250N 41020N

damping

Change rate (%) —12.01 —8.41 —11.83 —2.24

4 x support 92930N 59590N 49890N 39510N

damping

Change rate (%) —31.11 —27.73 —39.11 —5.84

8 x support 61150N 39150N 33010N 36800N

damping

Change rate (%) —54.67 —52.52 —59.71 —12.30

10 x support 52420N 33490N 28030N 35820N

damping

Change rate (%) —61.14 —59.38 —65.79 —14.63

7 Conclusion

In this paper, the following conclusions are obtained by analyzing the dynamic charac-
teristics of inertia symmetric rotor and inertia asymmetric rotor with multiple loads after
FBO occurs:

(1) The load characteristics of the blade are described in detail after FBO occurs, and
the rotor dynamic model of inertia symmetric rotor and inertia asymmetric rotor
with multiple load excitation is established.

(2) After the blade loss, the vibration response of aero-engine rotor system is the largest
when it decelerates passing the critical speed, which is also the most dangerous point;
With the action of multiple load excitation, the rotor system will appear backward
whirl frequency for the excitation of rub-impact.

(3) With the action of multiple load excitation, the vibration response of the inertia
asymmetric rotor is greater than that of the inertia symmetric rotor. and the peak
reaction forces of No.1, No. 2 and No. 3 supports increase by 39.79%, 28.81% and
37.85% respectively.

(4) Compared with the inertia symmetric rotor system, the inertia asymmetric rotor
system has more serious rub-impact between rotor and stator; The inertia symmetric
rotor mainly rubs in the form of contact non-separation full-cycle rubs, while the
inertia asymmetric rotor mainly rubs in the form of contact separation local rub with
multiple load excitation; The inertia asymmetric rotor system shows backward whirl
characteristics with the action of multiple loads.
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(5) A safetydesignidea of the support structure is proposed, and the vibration response of

the rotor is effectively reduced by reducing the No. 1 support stiffness and increasing
the No. 1 support damping.
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