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Abstract. In order to study the effects of maneuvering overload on the main shaft bearing
(abbreviation: bearing) reaction force in an aero-engine, a bending-torsion coupling dynamic
model of the dual rotor system under maneuvering overload was established. Combined with the
output parameters of the system model, the bearing reaction force analysis model was established.
The maneuvering overload parameters are input into system model. Newmark-f and
Newton-raphson methods are used to obtain the bearing reaction force response, and the change
laws of bearing reaction force under the different maneuvering overloads are analyzed. The results
show that gravity will make the transient response of bearing reaction force offset, and
maneuvering overload will make the offset shift. Maneuvering overload will cause bearing to
produce a circumferential asymmetric reaction force. For bearing 1, the additional gyroscopic
torque in maneuvering overload has a significant effect on the dynamic eccentricity, resulting in
a larger offset of reaction force of y direction. For bearings 3 and 4, reaction force of x direction
has a larger offset. Under the influence of bent-torsional coupling, the combined frequencies of
base frequencies of rotational speed appear in the reaction force spectrum diagram.
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1. Introduction

The time-varying loads of the main shaft bearing are significant reference for its design, and
can also be used as the input parameters for its fatigue life test. The time-varying loads of bearings
in aero-engine are divided into axial load and radial reaction force. The axial load depends on the
aerodynamic load of engine compressor blades, while the radial reaction force is related to
unbalanced excitation and additional excitation caused by maneuvering overload [1] Generally,
the unbalanced excitation affects vibration characteristics of the rotor system [2-3], and furtherly,
it affects the dynamic characteristics of the bearings reaction force. The maneuvering overload
will results in dynamic eccentricity of the dual-rotor [4-7] and the impacts on the bearings reaction
force are more significant. In some cases, an engine rotor system will have bending-torsion
coupling vibration, which will change the frequency characteristics of the bearings reaction force.
Therefore, the research on the characteristics of the bearings reaction force under maneuvering
overload is of great significance to the fatigue life prediction of the bearings of the engine.

In this article, the dynamic model of dual-rotor system under maneuvering overload is first
established, the transient response of the rotor system is obtained by Newmark-f and
Newton-raphson numerical integration method, furtherly, the transient response is input into the
bearing reaction force analysis model to obtain the time-varying reaction force of the bearings for
analysis and research.
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2. Model of engine dual-rotor system

In order to establish dual-rotor system model of engine under maneuvering overload,
coordinate systems should be established to describe maneuvering flight of aircraft and the
rotating motion of an rotor. As shown in Fig. 1, ground coordinate system OXYZ, carrier
coordinate system oxyz and rotor coordinate system 0'én{ are established.

The mass eccentricity of disks cause bending-torsion coupling vibration, thus, the disk
bending-torsion coupling dynamic model under maneuvering overload is established. By
simplifying the structure of an engine, and the structure diagram of dual-rotor system is obtained,
as shown in Fig. 2. Where oxyz is the carrier coordinate system in Fig. 1. The outer rings of the
bearings 1, 2, 3, 5 are all connected with the squirrel cage elastic support and SFD in series, and
the bearing 4 is connected with the high and low pressure rotor to couple two rotors.

Fig. 1. Coordinate position relation
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Fig. 2. Dual-rotor system structural schematic

The translational kinetic energy T;, rotational kinetic energy T, elastic potential energy V
and dissipative energy D of disk are substituted into Lagrange equation. Let: L =T; + T, — V.
The disk bending-torsion coupling dynamic differential equation under maneuvering overload is
obtained:

d (a(L) a(L) a(D)
_{ }_ + = de! (1)
dt (0qq; 0qq; 09qq;

(Mg + Mg )Gq + (Cq + 02Gq + Cayy + Cap)da + (Kg + Kay, + Kap)qq = Fau + Fap + Ga, (2)

where, K;p, Cqp, Fyp are the additional stiffness, damping and excitation generated by disk
element under maneuvering overload condition. My,,, Cy4,,, Ky, are the bending-torsion coupling
matrix of disk element.

The model of beam element under maneuvering overload is established. Based on the
relationship between element nodes, beam elements and disk elements are assembled. The
dynamic differential equation of dual-rotor system considering bending-torsion coupling
characteristics under mathematical model is obtained:
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M+M)Gg+(C+o6G+C,+C)g+(K+K, +K,)g=F, +G, 3)

where, K, Cp, F}, are the additional stiffness matrix, damping matrix and excitation vector
generated by dual-rotor system under maneuvering overload, K, = Ky, + K3, C,, = Cyqp, + Csp,
Fy, = Fy, + Fg,. My, K,,, C,, are the coupling inertia, stiffness and damping matrix introduced by
bending-torsion coupling characteristics.

Where, K, Cgp, Fgp are the additional stiffness, damping and excitation generated by beam
element under maneuvering overload condition. The expressions of Ky;,, Cyp, Fyp are as follows:

0 0 0 0 —mgesin(Qt+ @)
[ 0 0 0 0 mgecos(Qt+ @) ]
Mgy, = 0 0 0 0 0 ,
0 0 0 0 0
—myesin(Qt + ¢) myecos(Qt+¢@) 0 0 mye?
[00 0 0 myeQ?sin(Qt+¢)]
[0 0 0 0 myeQ2cos(Qt+ )|
Kimu=l00 0 0 0 A
lo 00 0 0 J
00 0 0 0
0 0 0 0 mgecos(Qt+¢) 0 —2muwgy 0 0
0 0 0 0 myesin(Qt+ @) P 0o 0 o0
Cou=-20210 0 0 0 0 , Cgy =772 ,
00 0 0 0 0 0 00
00 0 0 0 0 0 00
[—mg(Xp — wp zYp + WpyZp) — Myz(WpxWpz + Wpy)
—my(Yp + wp zXp — WpxZp) — MaZ(WpyWwpz — Wpx)
Fap = . ’
_IpQwB,Y_Ide,X J
| [DQwB,X_Id(bB,Y
[ —mg(wgy + wEz) my(wpxwpy —dpz) 0 0
K, = |Ma(@pxwpy + @5 7) —mg(wix +wgz) 0 0 i
0 0 0 0
0 0 0 0

where, m,, e are mass and eccentricity of disk element, Xg, X5 are speed and acceleration of
aircraft along X axis, wp x, Wp x are angular rate and angular acceleration of aircraft around X
axis.

3. Calculation method of the bearings reaction force

The bearing reaction force analysis model matching the transient response is established.
Therefore, this section mainly introduces the bearing reaction force analysis method. The bearings
are equivalent to spring-damping system. It can be seen form Fig. 3 that bearing 1 connects node
m and node n, and its stiffness and damping coefficient of x and y direction are respectively k;,
ki, and c1y, ¢y, and the components in x and y direction and resultant force of bearing 1 reaction
force are as follows:

Fio = kix (o — X3) + i (R —%5), Fly = kly(Ym — V)t Cly(j’m_)IIn):
— 2 2 (4)
F, = |F + Fly'
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Fig. 3. Spring-damping system

4. Calculation parameters

As shown in Table 1, 9 typical conditions are studied. The dual rotor speed ratio is 1.3. Where
w are 5, 10, 15, 20, 25, 30.

Table 1. Parameters of maneuvering flight

Condition Maneuvering Maneuvering Zg Wy Yy wWp 7 wpx
number action overload (g) (m/s) | (rad/s) | (m/s) | (rad/s) | (rad/s)
1 Level 0 15 0 0 0 0
2 Hover w W 0.1'w 0 0 0
3 Pitch 15 0 0 15 0 -1.5
4 Roll 15 0 0 -15 1.5 0

5. Calculation results and analysis of bearings reaction force

The dynamic differential equations of the rotor system are solved by Newmark-f and
Newton-raphson numerical integration methods. The transient response is input into bearing
reaction force analysis model to obtain the time-varying reaction force of the bearing, and effects
of maneuvering flight, actions and overloads on the bearing reaction force are analyzed.

5.1. Effects of maneuvering flight on the transient response of bearings reaction force

Taking conditions 1 and 2 as examples, where w is 15, the bearings do not bear gravity in x
direction when aircraft maintains level flight or hovers, so the transient response in y direction of
the bearings reaction force are studied.

Fig. 4 shows the transient response of reaction force of y direction to the bearing 1 with aircraft
keeping level flight and hovering when the low pressure rotor is at speed 280 rad/s. Observing
Fig. 4(b), due to the existence of gravity, when aircraft is maintaining level flight, bearings
reaction force of y direction have a certain deviation. When the aircraft hovers, bearing is
subjected to gravity in y direction. Subjected to gyroscopic torque in y direction, the rotor shaft
will be whirled and there is dynamic eccentricity, so that the transient response of bearings reaction
force are different from that of the level flight.
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Fig. 4. The transient response of reaction force of y direction to bearing 1
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Fig. 5. The steady response of reaction force to bearings
5.2. Effects of maneuvering action on the steady response of bearings reaction force

Taking conditions 1, 2, 3 and 4 as examples, where w is 15. The effects of maneuvering action
on the steady response of the bearings are analyzed by solving the steady response of the bearings
reaction force. Considering that bearing 1 and bearing 3 support the low and high pressure rotor
respectively, the bearings 1 and 3 are selected as research objects.

Fig. 5 shows the steady response of the bearing 1 and 3, in which 280 rad/s and 370 rad/s
correspond to the first-order critical speed of the high and low pressure rotor respectively. As
shown in figure, when aircraft rolls, the bearings reaction force are the largest at speed 280 rad/s,
while the bearings reaction force are the smallest at speed 370 rad/s. At the other speed, bearings
supporting the low pressure rotor have smaller reaction force, while bearings supporting the high
pressure rotor have larger reaction force during rolling. Although the rotor system is subject only
to additional gyroscope torque during rolling, the rolling time is always very short, which makes
rolling angular velocity larger, so impacts of rolling action on maintain level flight reaction force
cannot be ignored. The Changes of impacts of hovering and pitching actions on reaction force of
bearings supporting the low pressure rotor is not much, but for bearings supporting the high
pressure rotor, bearings reaction force are larger than that of the pitching action.

5.3. Effects of overload on bearings reaction force

Taking conditions 2 as examples, where w is 5, 10, 15, 20, 25, 30, when the low pressure rotor
is at speed 280 rad/s, the variation laws of the bearings reaction force amplitude caused by
dynamic eccentricity with maneuvering load are analyzed.

Fig. 6 shows variation curve of amplitude of reaction force with maneuvering overload when
aircraft hovers. When the aircraft hovers, the rotor system is subjected to additional centrifugal
force of x direction, and additional gyroscope torque acts in y direction. Therefore, As shown in
Fig. 6, the additional gyroscope torque has a more obvious influence on the rotor shaft dynamic
eccentricity at the bearing 1, and for the bearings 3 and 4, the additional centrifugal force has a
greater impacts on the offset of reaction force.
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Fig. 6. Variation curve of amplitude of reaction force with maneuvering overload
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5.4. Effects of maneuvering flight on frequency characteristics of bearings reaction force

Taking conditions 1 and 2 as examples, where w is 15, the effects of maneuvering flight on
the frequency characteristics of the bearings reaction force are studied.

2 2
h 3 = 3
Ratio of frequency 4 = Ratio of frequency 4 i

a) Bearing 1 b) Bearing 3
Fig. 7. Three-dimensional spectral diagram of reaction force during hovering

Reaction force amplitude/(kN)

2 3 2 3
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Fig. 8. Three-dimensional spectral diagram of reaction force during level

Fig. 7 and Fig. 8 are three-dimensional spectral graphs of the bearings reaction force during
hovering and level flight respectively, where, w; and w, are base frequency of the low and high
pressure rotor speed respectively, and the horizontal coordinate in the figure is the ratio of
characteristic frequency to w;. As shown in figure, when aircraft is keeping level flight, the
bearings reaction force have a zero frequency, mainly due to gravity, and the impacts of gravity
on the bearing 5 are more significant. When aircraft hovers, rotor system is not only affected by
gravity, additional excitation will also cause dynamic eccentricity, and with the increase of the
low pressure rotor speed, the dynamic eccentricity will be greater, because the gyroscopic torque
is related to speed. In the spectrum diagram of reaction force, there are not only frequency
doubling components 2w, and 2w, of the fundamental frequency, but also w, — w, and w, + w;
caused by high, low pressure rotor coupling and bending-torsion coupling.

6. Conclusions

In this paper, the change law of the bearing reaction force under maneuvering overload is
analyzed. It is found that the transient response of the bearing reaction force is offset due to the
gravity and the dynamic eccentricity of the rotor system. The steady state response of the reaction
force varies with the bearing position and maneuvering action. For bearing 1, the additional
gyroscopic torque in maneuvering overload has a significant effect on dynamic eccentricity,
resulting in a larger offset of reaction force of y direction. For bearings 3 and 4, the additional
centrifugal force makes support reaction of x direction have a larger offset. With the increase of
maneuvering overload, the bearing reaction force caused by dynamic eccentricity increases. Due
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to the coupling of high and low pressure rotor and bending-torsion coupling, the frequencies
doubling and combination of base frequencies of rotational speed appear in the reaction force
spectrum diagram.
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