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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-β 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. 
Keywords: maneuvering overload, dual-rotor system, main shaft bearing, reaction force. 

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-β 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. 

https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2023.23682&domain=pdf&date_stamp=2023-11-25
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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 𝑜′𝜉𝜂𝜁 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  

 
Fig. 2. Dual-rotor system structural schematic 

The translational kinetic energy 𝑇ௗ௧, rotational kinetic energy 𝑇ௗ௥, elastic potential energy 𝑉 
and dissipative energy 𝐷 of disk are substituted into Lagrange equation. Let: 𝐿 = 𝑇௧ + 𝑇௥ − 𝑉. 
The disk bending-torsion coupling dynamic differential equation under maneuvering overload is 
obtained: 𝑑𝑑𝑡 ቊ𝜕ሺ𝐿ሻ𝜕𝑞ௗ௝ቋ − 𝜕ሺ𝐿ሻ𝜕𝑞ௗ௝ + 𝜕ሺ𝐷ሻ𝜕𝑞ௗ௝ = 𝑄ௗ௝, (1)ሺ𝑀ௗ + 𝑀ௗ௨ሻ𝑞ሷௗ + ሺ𝐶ௗ + 𝛺𝐺ௗ + 𝐶ௗ௨ + 𝐶ௗ௕ሻ𝑞ሶௗ + ሺ𝐾ௗ + 𝐾ௗ௨ + 𝐾ௗ௕ሻ𝑞ௗ = 𝐹ௗ௨ + 𝐹ௗ௕ + 𝐺ௗ , (2)

where, 𝐾ௗ௕, 𝐶ௗ௕, 𝐹ௗ௕ are the additional stiffness, damping and excitation generated by disk 
element under maneuvering overload condition. 𝑀ௗ௨, 𝐶ௗ௨, 𝐾ௗ௨ 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: 

z
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ሺ𝑀 + 𝑀௨ሻ𝑞ሷ + ሺ𝐶 + Ω𝐺 + 𝐶௨ + 𝐶௕ሻ𝑞ሶ + ሺ𝐾 + 𝐾௨ + 𝐾௕ሻ𝑞 = 𝐹௕ + 𝐺, (3)

where, 𝐾௕, 𝐶௕, 𝐹௕ are the additional stiffness matrix, damping matrix and excitation vector 
generated by dual-rotor system under maneuvering overload, 𝐾௕ = 𝐾ௗ௕ + 𝐾௦௕, 𝐶௕ = 𝐶ௗ௕ + 𝐶௦௕, 𝐹௕ = 𝐹ௗ௕ + 𝐹௦௕. 𝑀௨, 𝐾௨, 𝐶௨ are the coupling inertia, stiffness and damping matrix introduced by 
bending-torsion coupling characteristics. 

Where, 𝐾௦௕, 𝐶௦௕, 𝐹௦௕ are the additional stiffness, damping and excitation generated by beam 
element under maneuvering overload condition. The expressions of 𝐾ௗ௕, 𝐶ௗ௕, 𝐹ௗ௕ are as follows: 

𝑀ௗ௨ = ⎣⎢⎢
⎢⎡ 0000−𝑚𝑑𝑒sin(Ω𝑡 + 𝜑)

0000𝑚𝑑𝑒cos(Ω𝑡 + 𝜑)
00000

00000
−𝑚𝑑𝑒sin(Ω𝑡 + 𝜑)𝑚𝑑𝑒cos(Ω𝑡 + 𝜑)00𝑚𝑑𝑒ଶ ⎦⎥⎥

⎥⎤, 
𝐾ௗ௨ = ⎣⎢⎢

⎢⎡00000
00000

00000
00000
𝑚𝑑𝑒Ωଶsin(Ω𝑡 + 𝜑)𝑚𝑑𝑒Ωଶcos(Ω𝑡 + 𝜑)000 ⎦⎥⎥

⎥⎤, 
𝐶ௗ௨ = −2𝛺 ⎣⎢⎢

⎢⎡00000
00000

00000
00000

𝑚𝑑𝑒cos(Ω𝑡 + 𝜑)𝑚𝑑𝑒sin(Ω𝑡 + 𝜑)000 ⎦⎥⎥
⎥⎤ ,    𝐶𝑑𝑏 = ൦ 0 −2𝑚𝑑𝜔𝐵,𝑍 0 02𝑚𝑑𝜔𝐵,𝑍 0 0 000 00 0 00 0൪,  

𝐹ௗ௕ = ⎣⎢⎢⎢
⎡−𝑚ௗ(𝑋ሷ஻ − 𝜔஻,௓𝑌ሶ஻ + 𝜔஻,௒𝑍ሶ஻) −𝑚ௗ𝑧(𝜔஻,௑𝜔஻,௓ + 𝜔ሶ ஻,௒)−𝑚ௗ(𝑌ሷ஻ + 𝜔஻,௓𝑋ሶ஻ − 𝜔஻,௑𝑍ሶ஻) −𝑚ௗ𝑧(𝜔஻,௒𝜔஻,௓ − 𝜔ሶ ஻,௑)−𝐼௣Ω𝜔஻,௒−𝐼ௗ𝜔ሶ ஻,௑𝐼௣Ω𝜔஻,௑−𝐼ௗ𝜔ሶ ஻,௒ ⎦⎥⎥⎥

⎤, 
𝐾ௗ௕ = ⎣⎢⎢

⎡ −𝑚ௗ(𝜔஻,௒ଶ + 𝜔஻,௓ଶ ) 𝑚ௗ(𝜔஻,௑𝜔஻,௒ − 𝜔ሶ ஻,௓) 0 0𝑚ௗ(𝜔஻,௑𝜔஻,௒ + 𝜔ሶ ஻,௓) −𝑚ௗ(𝜔஻,௑ଶ + 𝜔஻,௓ଶ ) 0 000 00 0 00 0⎦⎥⎥
⎤, 

where, 𝑚ௗ, 𝑒 are mass and eccentricity of disk element, 𝑋ሶ஻, 𝑋ሷ஻ are speed and acceleration of 
aircraft along 𝑋 axis, 𝜔஻,௑, 𝜔ሶ ஻,௑ 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 𝑘ଵ௫, 𝑘ଵ௬ and 𝑐ଵ௫, 𝑐ଵ௬, and the components in 𝑥 and 𝑦 direction and resultant force of bearing 1 reaction 
force are as follows: 𝐹ଵ௫ = 𝑘ଵ௫(𝑥௠ − 𝑥௡) + 𝑐ଵ௫(𝑥ሶ௠−𝑥ሶ௡),     𝐹ଵ௬ = 𝑘ଵ௬(𝑦௠ − 𝑦௡) + 𝑐ଵ௬(𝑦ሶ௠−𝑦ሶ௡), 𝐹ଵ = ට𝐹ଵ௫ଶ + 𝐹ଵ௬ଶ . (4)
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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 𝜔 are 5, 10, 15, 20, 25, 30. 

Table 1. Parameters of maneuvering flight 
Condition 
number 

Maneuvering 
action 

Maneuvering 
overload (g) 

𝑍ሶ஻ 
(m/s) 

𝜔஻,௒ 
(rad/s) 

𝑌ሶ஻ 
(m/s) 

𝜔஻,௓ 
(rad/s) 

𝜔஻,௑ 
(rad/s) 

1 Level 0 15 0 0 0 0 
2 Hover 𝜔 𝜔 0.1∙𝜔 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-β 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 𝜔 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. 

 
a) Hover 

 
b) Level 

Fig. 4. The transient response of reaction force of y direction to bearing 1 
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a) Bearing 1 

 
b) Bearing 3 

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 𝜔 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 𝜔 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. 

 
a) Bearing 1 

 
b) Bearing 3 

 
c) Bearing 4 

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 𝜔 is 15, the effects of maneuvering flight on 
the frequency characteristics of the bearings reaction force are studied. 

 
a) Bearing 1 

 
b) Bearing 3 

Fig. 7. Three-dimensional spectral diagram of reaction force during hovering 

 
a) Bearing 1 

 
b) Bearing 3 

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, 𝜔ଵ and 𝜔ଶ 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 𝜔ଵ. 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 2𝜔ଵ and 2𝜔ଶ of the fundamental frequency, but also 𝜔ଶ − 𝜔ଵ and 𝜔ଶ + 𝜔ଵ 
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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