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Abstract: As the efficiency of advanced aero engines improves, the operational speed of their rotors
increases. This heightened operational speed makes the rotor dynamics highly sensitive to changes in
the rotor’s mass asymmetry state, or unbalance state. During the use of a dual-spool turbofan engine,
when its supercritical high-pressure rotor (HPR) exceeds a certain operational speed, the rotor’s
vibration spikes and continues to increase with the operational speed until it drops sharply near the
maximum operational speed. Analysis of the bolt joints in the faulty rotor reveals various phenomena
such as joint interface damage, changes in bolt loosening torque distribution, and alterations in rotor
initial unbalance. This paper proposes that at high operational speeds, the bolt joint of the HPR
undergoes sudden angular deformation, resulting in the slanting of the principal axis of inertia of
the turbine disk. This slant leads to changes in the unbalanced state of the HPR. The additional
unbalance causes a sudden rotational inertia load excitation, triggering the rotor vibration failure.
Subsequently, a rotor dynamic model that incorporates the angular deformation of the joints is
established to simulate how this joint deformation influences the dynamic response of the rotor. The
simulation results align well with the observed failure phenomenon and validate the proposed failure
mechanism. Finally, troubleshooting measures are proposed and implemented in the faulty engine,
effectively mitigating the vibration fault.

Keywords: vibration spike; rotational inertia load; joint; aero engine; rotor dynamic

1. Introduction

As advanced aero engines develop toward high performance and structural efficiency,
their structural systems have become more complex. A rotor with a poor unbalance state
can exert excessive rotational inertia load during high-speed rotation, resulting in rotor
vibration failure.

Existing rotor dynamic models, such as the Jeffcott model [1] or the four-degree-of-
freedom (DOF) rotor model [2-5], often equate the rotor’s unbalance state to the center of
mass (CM) offsets on one or more rotor cross sections and simplify the rotational inertia
load to a lateral harmonic excitation force in these CM offset planes. According to this
assumption, research has been conducted on rotor dynamics [6-8]. In these rotor dynamic
models, when the operational speed of a CM-offset rotor exceeds its first and second critical
speeds, the rotational inertia force caused by the CM offset will decrease as the operational
speed increases owing to the inward turn of the CM. Therefore, when the operational
speed of a supercritical rotor is largely far away from its critical speed, the CM offset is
unlikely to cause an excessive dynamic response. However, for a thin disk (i.e., disks
with a ratio of polar moment of inertia I}, to diameter moment of inertia Iy greater than 1)
with a slanted principal axis of inertia (PAI), its rotational inertia load can increase with
operational speed under supercritical conditions [9,10] and cause rotor dynamic response
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to increase continuously, which has been found in several rotor vibration failures [11-13].
Therefore, considering the influence of disk slant in the dynamic response analysis of a
supercritical rotor is critical.

Several studies have also delved into the impact of the mechanical characteristics
of joints on rotor dynamics. Qin [14,15] and Luan [16] modeled the bending stiffness
of the rotor’s joints as a function of operational loads, examining its influence on rotor
dynamics. Zhuo [17] and Chen [18,19] discovered that bending moments can induce non-
axisymmetric changes in the contact stress distribution at the joint interface, leading to
reductions in joint bending stiffness and bending mode frequency. Beyond the stiffness
considerations, the deformation of these joints has also been a point of focus. Yu [20]
explored the bolt flange’s deformation under bending moments, suggesting that micro-
slips between interfaces can introduce damping nonlinearity in the rotor, potentially leading
to self-excited vibrations in the rotor system under supercritical conditions. Shi [21] and
Jaszak [22] studied the macro deformation of the flange-bolt joints in pipes under axial
force and bending moment, highlighting that increasing bending moments can induce
an abrupt angular deformation due to macro slips at the interface. In an experimental
investigation, Hong [23] subjected a bolt-jointed rotor to repeated bending, concluding
that such joint deformations can degrade the rotor’s dynamic response. Liu [24] also
pinpointed the detrimental effects of bolt joint deformations on rotor dynamic response,
which originate from interfacial cutting faults. Neither of the two investigations adequately
addressed the root causes of these abnormal experimental observations. To elucidate how
the deformations of rotor joints impact rotor dynamic response, Sun [25] and Chen [26]
developed rotor unbalance models considering joint deformation. They observed that joint
deformation can change the rotor’s unbalanced state, subsequently affecting its dynamic
response. Yet, they equated the influence of joint deformation on rotor unbalance with
an added CM offset, but this equation cannot explain the supercritical rotor’s dynamic
response. Therefore, understanding rotor joint deformation and its negative implications
for the thin disk’s PAI slant is essential to unveiling the mechanistic progression of how
joint deformation influences the rotor’s supercritical dynamic response.

In summary, this paper analyzes the failure of a turbofan engine. A rotor dynamic
model that accounts for abrupt angular deformation of the joint and its impact on the
disk’s PAI slant is established. The simulation of rotor dynamic response is carried out to
reveal the failure process. Finally, corresponding vibration troubleshooting measures are
proposed, and their effectiveness is verified in another engine test.

2. Phenomenon of Vibration Failure

Figure 1a shows a dual-spool low-bypass-ratio turbofan engine. To monitor the
engine’s vibration, accelerometers are arranged at the engine’s intermediate frame and rear
turbine frame (points A and B in the figure). The operational speed of the high-pressure
rotor (HPR) of the engine is relatively high, far exceeding the first/second critical speed.
However, owing to the high bending stiffness of the rotor, its operational speed is much
lower than the third critical speed. Therefore, at its maximum operational speed, the rotor
will not undergo modal vibration, and its dynamic response amplitude depends on rotor
unbalance.

The HPR consists of multiple components that are connected by bolt joints. The
deformation of the joints during operation can affect the rotor’s unbalance and dynamic
response, particularly for bolt joints located before the turbine, which operates in a high-
temperature environment with high linear velocity and significant axial force. As shown
in Figure 1b, the bolt joint before the turbine connects the rear flange of the drum shaft,
the labyrinth disk, and the front flange of the turbine disk. During operation, the different
geometries and operational loads of these components can cause them to experience
varying radial deformations. This can negatively impact the contact characteristics of the
joint interfaces, leading to interfacial slippage and joint deformation.
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During usage in real scenarios, the engine mounted on aircraft underwent severe
vibrations that exceeded the allowable limit. Following the failure, an analysis of the
vibration signals achieved by the accelerometer at Point A and a comprehensive inspection
of the faulty HPR were conducted.

Point A Bolt Joint Before Turbine

Low Pressure Rotor High Pressure R otor Point B

(a)

Centering Face ~ . .
Fronr Flange of
Turbine Disk

Rear Flange of = =
Drum-Shaft E ‘ < ij

Bolt

End Face , I Labyrinth Disk
(b)

Figure 1. Typical dual-spool low-bypass-ratio turbofan engine: (a) structure of the engine and the

position of vibration measurement; (b) bolt joint located before high-pressure turbine disk.

2.1. Signal Analysis of Engine Vibration

As shown in Figure 2a, the engine’s vibration amplitude changes with the operational
speed of its HPR and low-pressure rotor. When the HPR’s operational speed is increased
to 16,000 RPM (~75% of its maximum operational speed and significantly exceeding its
first and second critical speeds), the engine’s vibration suddenly increases (S.I.) with
minor changes in operational speed. As the operational speed continues to increase, the
vibration rapidly rises, which can be described as vibration following (V.F.). When the
HPR'’s operational speed reaches ~21,000 RPM (close to its maximum operational speed),
the vibration suddenly decreases (S.D.). At this point, the engine’s vibration reaches
80-90 mm/s, far exceeding the limit. It is important to emphasize that the operational
speed of the HPR was deliberately varied, oscillating at different rates. As depicted in the
figure, once the operational speed of the HPR remains at 16,000 RPM for several seconds, S.I.
occurs; once the speed escalates to 21,000 RPM, S.D. occurs. Consequently, the repeatability
of this unusual experimental phenomenon can be validated.

Taking time interval T in Figure 2a as an example, Figure 2b shows the frequency
composition of the engine vibration. The energy of the vibration is primarily attributed to
the rotation of the HPR (as indicated by N2 in the figure), with virtually no other frequency
components present. This suggests that the sudden increase in vibration is attributable to a
sudden change in the HPR’s unbalance.

However, the HPRs of aeroengines typically operate well below the critical speed
of bending modes. As a result, they are often characterized as rotors exhibiting rigid
behavior [27]. In engineering analyses, the 4-DOF rotor dynamic model, excited by CM
offset, is frequently employed to describe their dynamics. Based on this 4-DOF rotor
dynamic model, when the rotor’s operational speed surpasses both the first and second
critical speeds, the rotor’s dynamic response, which is generated by the excitation of CM
offset, will decrease with an increase in operational speed. This is due to the inward turn
of the rotor’s CM, regardless of the magnitude of this CM offset. This differs significantly
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from the observed experimental phenomenon, where the vibration of the rotor increased
rapidly with operational speed.
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Figure 2. Amplitude and frequency composition of the vibration in the fault engine achieved by the
accelerometer at Point A: (a) vibration amplitude with the change in the operational speed of the
rotors; (b) frequency composition of the engine vibration (in time interval T).

For time interval T, the 1x RPM vibration of the HPR at points A and B is extracted,
and Figure 3 shows the changes in the vibration phase of these two points over time.
According to this figure, the whirling phase of the HPR’s front and rear bearings changes
when there is a sudden change in engine vibration. This phenomenon also significantly
differs from the whirling phase change caused by the inward turn of the CM. When a
4-DOF rotor with a CM offset passes through its first and second critical speeds, the change
in the whirling phase of its front/rear bearing should be 0° or 180°. However, during this
engine vibration failure, throughout the S.I. and S.D., the changes in the whirling phase of
the front bearing are 170° and 210°, respectively, while those of the rear bearing are 120°
and 150°. Therefore, this phenomenon cannot be explained by the traditional 4-DOF rotor
dynamics model excited by the CM offset.
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Figure 3. Phase of the 1x RPM vibration of HPR at points A and B: wig—operational speed of the
HPR; ag—vibration amplitude of the engine; pa, pgp—vibration amplitude of point A and point B.

2.2. Interface Damage and Deformation of Rotor Joints

During the thorough inspection of the faulty engine, all components were found to be
within acceptable limits as specified by the maintenance manual, except for the unusual
deformation and the interfacial damage of the bolt joints in the HPR.

2.2.1. Loosening Torque Distribution of Bolt Joints

Owing to the irreversible slip of joint interfaces under operational loads, the pre-strain
of the bolts changes relative to their initial state. Consequently, a significant difference
can exist between the loosening torque and the tightening torque of the bolts [28]. The
interfacial-slip-induced deformation of joints can be evaluated by measuring the loosening
torque of the bolts and analyzing their distribution during rotor disassembly.

Figure 4 shows the distribution of loosening torque in the HPR joints. All loosening
torques show a significant increase (>200%), indicating that the joint interfaces experience
irreversible slip owing to the harsh operational load. However, a comparison of the
joints reveals that the loosening torques of the bolt joints before and after the turbine are
distributed in a “spindle shape”. This indicates that the two joints were subjected to a large
bending moment during operation and underwent angular deformation, resulting in a
systematic orientation of deformation in their bolts [22,28].

—— Tighting Torque
Loosening Torque

Figure 4. Loosening torque distribution of rotor joints.
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2.2.2. Interface Damage of Bolt Joint End Faces

As depicted in Figure 5, triangular marks are present on the turbine disk’s front-end
face, distributed outside the bolt hole. Microscopic inspection and surface topography
scanning reveal that these marks are protrusions of material from the substrate surface,
and they are referred to as “stains” in this paper. Physicochemical analysis of the stain
compositions (Table 1) indicates that they are identical to the composition of the substrate
materials, except for the presence of molybdenum. Considering the location of the stains,
the most likely source of the additional molybdenum is the bolt lubrication containing
MoS,. It can be inferred that during operation, the end faces of the bolt joint did not make
proper contact with each other, allowing some lubrication to leak into the gap between the
end faces and corrode the surface. Owing to the high temperatures, the corroded surface
experienced material growth, resulting in the formation of stains.

() (b)
Front End Face
of Labyrinth Disk

@ Rear End Face
of Labyrinth Disk

Front End Face
of Turbine Disk

Front Flange of

«__ Turbine Disk
Rear Flange B

/ ‘\
of Drum-shaft /=" "\ " Labyrinth Disk

@ .,

Stain
Thickness

60 T e e T

Height (um)

0% 20% 40% 60% 80% 100%

Position

Figure 5. Damage at the interface of the bolt joint located before the turbine: (a) Bolt joint located
before the high-pressure turbine; (b) microscopic examination of interface damage on the turbine
disk’s front-end face, using bolt 48# as an example; (c) 3D modeling of stains, the red and white circle
represnet the start point and the end point of the cross-section of the stains; (d) Stain profile at the
cross section shown in subfigure (c), allowing for determination of stain thickness.

Table 1. Composition of the Stains on Turbine Disk’s Front-End Face.

Element Mo Cr Co W Zr Al Nb
Bolt 18# 5.17 10.11 9.25 6.89 0.073 1.16 0.93
Bolt 22# 492 10.05 9.51 6.77 0.072 1.38 0.97
Bolt 40# 457 10.39 9.25 6.94 0.077 1.28 0.91
Bolt 48# 5.39 10.35 9.12 6.73 0.072 1.19 0.98
Substrate 4.02 10.77 9.58 6.99 0.076 1.23 0.88
Design Value 3.8-4.05 10.5-11.5 8.5-10.5 6.8-10.2 0.07-0.09 1.15-1.60 0.85-1.05

Considering that the size of the gap between the end faces determines the amount of
lubrication leakage, the poorer the contact between the end faces, the thicker and larger the
stains. The distribution of the stain thickness along the circumferential direction (Figure 6)
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indicates that the gap in the joint’s top half is larger than that in the lower half, and the joint
underwent angular deformation during operation. Furthermore, as the gap between the
end faces can cause the bolt to stretch and increase the preload of the bolt, the sectors with
larger bolt loosening torque are also located in the top half of this bolt joint, overlapping
with severely stained sectors (Figure 4). This further confirms that angular deformation
occurred in this joint during the operation.

L g © Stain Thickness

45 45 5 Asymptote Line

Figure 6. Thickness of the stains varies across different bolt sectors.

2.2.3. Indentations on Bolt Screws

In addition to damage on the end face, some indentations also occur on the surface of
the screws of the bolt joint before the turbine (Figure 7). These indentations result from the
extrusion of the bolt hole on the screw due to uncoordinated radial deformation between
the labyrinth disk and the turbine disk under centrifugal force and thermal deformation.
Analysis of the position of these indentations and their correlation with the bolt’s loosening
torque reveals a typical distribution pattern, which is illustrated in Figure 8. This figure
shows that the abnormally indentated screws are relatively concentrated, with most of
them found in sectors with relatively small loosening torque. This is related to the lower
frictional constraint in sectors with smaller loosening torque, which cannot effectively
restrain the relative displacement between the end faces, resulting in the squeezing of the
screw by the screw hole.

The phenomenon of joint deformation and interface damage resulting from the com-
bined action of centrifugal force, thermal deformation, and axial force reveals that the
contact between the components of the bolt joint before the turbine is not effective, leading
to irreversible interfacial slip. Consequently, changes in bolt loosening torque, end face
damage, and indentations on the screw surfaces occur. These changes are unevenly dis-
tributed across the circumference of the bolt joint. This suggests that the bolt joint before
the turbine is subjected to a large bending moment during operation and experiences
angular deformation.

Figure 7. Patterns of the indentations on the surface of bolt screws.
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Figure 8. Distribution of indented bolts: (a) experiment results, where the orange line represents the
fitted curve of the loosening torque of the bolts; (b) distribution of bolt loosening torque and indentations.

2.3. Change in Rotor Unbalance

Table 2 presents the changes in the HPR’s unbalanced state before and after engine
usage. It is important to emphasize that, when measuring its unbalance, the rotor lacks
blades and balancing mass. Consequently, the measured rotor unbalance stems exclusively
from the rotor’s asymmetrical deformation. The unbalanced state of the compressor module
undergoes relatively minor changes before and after the test. However, the unbalance state
of the turbine module experiences significant changes in its front balance plane (B.P.), with
the amplitude of unbalance increasing from 540 to 1190 g/mm and the phase of unbalance
shifting from 343° to 210°. Additionally, a substantial change in unbalance exists in the rear
B.P. of the HPR, with the phase of unbalance changing from 23° to 330°. These changes
align with the unbalanced changes in the turbine module.

Table 2. Rotor unbalance before and after engine experiment.

Before Engine Test (gmm) After Engine Test (gmm)
Module Static Static
Front B.P. Rear B.P. Unbalance Front B.P. Rear B.P. Unbalance
Cﬁfgﬁzor 3440/330°  2170/158°  1340/316°  3180/314°  2180/162°  1600/275°
1{/1[153132 540/£343° 1580£201° 1201£217° 1190£210° 1240/180° 2350/195°
HPR 560/60° 370£269° 300£23° 730/47° 1890/308° 1920/330°

Considering the circumferential nonuniform distribution of bolt loosening torque,
interface damage, screw indentation, and changes in HPR distribution, it can be concluded
that during HPR operation, the harsh environment leads to interfacial slip and angular
deformation of the bolt joint before the turbine. This, in turn, results in a change in the
unbalance of the turbine module by slanting the thin turbine disk. The slant of the turbine
disk generates significant rotational inertia moment excitation in the rotor’s supercritical
state, which likely contributes to the vibration failure of the HPR.

3. Dynamic Analysis of the Jointed High-Speed Rotor System

Analysis of the failure phenomena reveals that the angular deformation of the bolt
joint triggers the vibration failure of the HPR by altering the rotor’s unbalance. In this
section, a rotor dynamics model that considers the sudden angular deformation of the joints
is established. Through simulation of sudden changes in rotor dynamics, the mechanism
underlying the rotor vibration failure is revealed.
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3.1. Joint Interfacial Slip and Angular Deformation
3.1.1. Bolt Joint Deformation Model

Figure 9 shows the operational loads applied to the bolt joint before the turbine disk.
In its initial state, owing to the axial compression of the bolt and the interference fit of the
centering faces, the flange is subjected to axial compression force from the bolt Fp, contact
stress from the end face Pg(y), and contact stress from the centering face Pr(x).

5e,2 (51"2 / P2() Pri(X)
Sun 8 F's iy Centering Face
3 0T3 | slide
/ ¢ N _ Fa
Fa 7777777777 T i ™
-
-
g ™ Fp
._>- -
-
Pe(y) Pes(y)
Loaded State Initial State

Figure 9. Operational loads applied to the bolt joint before the turbine disk: purple areas represent
contacted area; blue areas represent the rear flange of the drum shaft; green areas represent the
labyrinth disk; yellow areas represent the front flange of the turbine disk; Fp represents axial com-
pression force applied to the flange from the bolt; Pg(y) represents contact stress from the end face;
Pr(x) represents contact stress from the centering face; Fp represents bolt preload; F,, d, represent
axial force applied to the bolt joint and corresponding axial slid; F; represents frictional force of the
centering face.

When an operational load is applied to the joint, under the action of axial force F,,
centrifugal force, and thermal load, the joint’s centering face undergoes axial relative
sliding. The direction of deformation J, and the direction of frictional force F; on the
flange’s centering face are shown in this figure. The axial deformation of the flange causes
axial deformation of the bolt, increasing residual preload inside the screw. Additionally,
under the action of external loads, interfacial contact stress distribution Pg(y) and Pr(x)
will also change. According to force balancing,

Fo+F. = F +keba + F, 1)

where ky is the axial stiffness of the flange, F/ is the reaction force applied to the end face,
F{ is the frictional force applied to the centering face, and can be expressed as

Fl= / Pe(y)dy, Ff = u / Pg(x)dx. )

From Equation (2), the axial slip of the centering face under operational force 6, can
be obtained. This slip depends on the axial force F,, the residual preload of the bolt Fj,, and
the contact stress distribution of the centering face P} (x).

As shown in Figure 10, when the joint is subjected to a bending moment load Mj,
its upper sectors experience tension while its lower sectors undergo compression. This
indicates that the operational load applied to the joint is non-axisymmetric. Consequently,
the interfacial slip and axial deformation of each sector can vary, resulting in the angular
deformation of the joint. Similarly, owing to variations in bolt preload and the contact status
of the centering faces, the interfacial constraint of the joint also exhibits a non-axisymmetric
characteristic, which can contribute to angular deformation of the bolt joint [29]. Ad-
ditionally, considering that interfacial slip often occurs abruptly when the applied load
surpasses a certain threshold, changes in the joint’s angular deformation can also exhibit a
sudden characteristic.
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Angular Deformation & Sever Slip

Slight Slip

6 o'clock

Figure 10. Angular deformation of the bolt joint before the turbine disk: blue areas represent drum
shaft; green areas represent labyrinth disk; yellow areas represent turbine disk; Fj, Mj represent
axial force and bending moment applied to the bolt joint before the turbine, « represents angular
deformation of the bolt joint.

3.1.2. Simulation on Bolt Joint Angular Deformation

A simulation model of the bolt joint before the turbine disk is established to simulate
the angular deformation of the joint (Figure 11). Both the FEM modeling, the boundary
condition setup, and the solving of this model are realized in the commercial FEM software
ANSYS 2021. Two sets of simulations are conducted to investigate the mechanism through
which the unevenness of the bolt preload and moment load affects the deformation of the
bolt joint. In Set A, let w, F,, and Fpre (i) satisfy the relationship as

W/ Wmax = Fa/Fa,max = ,B/ (3)

Fore(i) /Foromax = 1+ (|2 —2 — N|/N — 1. @

Equation (3) indicates that the rotor’s operational speed and the axial force applied to
the bolt joint will increase linearly. Equation (4) indicates that bolt preload varies linearly
with its circumferential position, where 7y is a factor that determines the difference between
the maximum and minimum preloads of the bolts, and < can be expressed as

- I8 pre,max — I3 pre,min

v =

©)

I3 pre,max

Figures 12 and 13 show the FEM simulation results of the joint’s angular deforma-
tion. In Figure 12, when the operational speed reaches 72%cwmax, the top half of the bolts,
characterized by lower preload, experience larger axial deformation, resulting in an abrupt
angular deformation of the joint (~10~* rad). In Figure 13, when Mj is low and no macro-
scopic slip occurs on the centering face, the angular deformation of the bolt joint is relatively
small. However, once Mj exceeds a certain threshold, the joint also undergoes sudden
angular deformation (~10~# rad) owing to the slip of the upper bolt sectors.
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Target 170/
Conta 174
Elements

Pre-Strained /|
Elements

(c)

Figure 11. Simulation model of the bolt joint before the turbine disk: (a) a finite element model (FEM)
of this bolt joint, which consists of Solid 185 elements, and the elements near the interface have been
refined; (b) the boundary condition of the simulation, where blue areas represent the rear flange of
the drum shaft; green areas represent the labyrinth disk; yellow areas represent the front flange of
the turbine disk; F, represents axial force applied at the front end face of the drum shaft (Face A),
Mj represents moment load applied at Face A, w represents the operational speed of the joint, J, (i)
represents axial deformation of Face A at the #i bolt caused by operational loads. Meanwhile, axial
displacement constraints are applied at the rear end face of the turbine disk (Face B); (c) contact
elements and bolt preload of the joint before the turbine, where Fyre (i) represents preload in bolt #i
obtained by screw elements’ pre-strain; the contact characteristics of the centering faces and end faces
are obtained by Target 170/Conta 174 elements located at these surfaces.



Symmetry 2023, 15, 1937

12 of 22

3.0

N~
n

20

Angular Deformation (10*rad)
n

0% 10%

Interface
Micro-slip

/

20% 30% 40%

v ﬂ
0.0

60% 70% 80%

50%

Sudden
Increase

Operational Speed (%)

(@)

—e— 0=0720,,

—o— 0=0800,,,

(b)

Lower
Pre-Load

Higher
Pre-Load

Figure 12. Non-axisymmetric axial deformation of sectors with increasing operational speed and its
influence on joint angular deformation: (a) angular deformation of the joint with rotor operational
speed; (b) axial deformation of sectors.
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Figure 13. Non-axisymmetric axial deformation of sectors under moment load and its influence
on joint angular deformation: (a) angular deformation of the joint with the applied moment, when

w = 0.95Wmax, Fa = 0.95F; max; (b) axial deformation of sectors.
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According to these simulation results, both the non-axisymmetric bolt preloads and
the bending moment can induce a sudden angular deformation of the bolt joint before the
turbine disk. This angular deformation of the joint can result in a change in the PAI slant
of the turbine disk, resulting in a significant rotational inertia moment excitation at high
operational speeds, thereby affecting the rotor’s dynamic response.

3.2. Rotor Dynamic Analysis Considering Joint Angular Deformation
3.2.1. Rotor Dynamic Model with Distributed Rotational Inertia Load Excitation

As shown in Figure 14a, when the HPR undergoes bending deformation while rotating,
the relative position relationship between its components changes, particularly in terms of
the angular relative position. Each component exhibits a different whirling state owing to
variations in materials and geometric configurations. Consequently, the influence of the
components on rotor dynamics, including rotational inertia load excitation and gyro-effect,
also varies. At this stage, considering the rotor as a whole is no longer appropriate, and it
becomes necessary to decompose the HPR into the five elements illustrated in the figure.

— O, e [

R
)
I

Initial CM offset & PAI slant

(b) (c)

Figure 14. Rotor dynamic model with distributed excitation arising from rotational inertia load:
(a) decomposition of the HPR into several elements; the high-pressure compressor with multi-disks
can be treated as a single thick disk; (b) The mass, stiffness, moment of inertia, and displacement of the
rotor, where m;—the mass of element i, Ip/i, Iq j/—the polar moment of inertia and diameter moment
of inertia of element i, ky ;/—bending stiffness of element i, z;, ;—lateral and angular displacement
of element i described by the complex vector, ky, ¢, k1, Cb ¢, Cb, ,—stiffness and damping ratio of front
and rear bearings, k; ;. 1—joint bending stiffness between element j and j + 1; (c) description of the

rotational inertia load applied to rotor system.

According to the mass and stiffness of the elements, they can be categorized into two
groups: elastic elements and mass elements. Elastic elements are characterized by relatively
small masses and large deformations. The front shaft element (P1), drum shaft element
(P3), and rear shaft element (P5) are elastic elements. Mass elements are characterized by
relatively large mass and moment of inertia, and their deformation can be neglected. The
compressor element (P2) and the turbine element (P4) are mass elements.

As illustrated in Figure 14b, m;, Lo Ia,i, kg ; represent the mass, moment of inertia, and
stiffness of the five elements. The lateral and angular displacements of each element’s
CM are represented by complex vectors Z; and 6;, respectively. The bending stiffness of
joints between two elements is represented by kj; 11, and front and rear support constraint
stiffness and damping effects are also considered.
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Although both the compressor and turbine elements are mass elements, the compressor
element has an inertia ratio I,» /13, < 1, which should be treated as a thick disk, while
the turbine element has an inertia ratio I, 4/144 > 1, which should be treated as a thin
disk. Therefore, the rotational inertia load generated by these two elements during rotation
exhibits distinct changes with operational speed [9]. As shown in Figure 14b, it is necessary
to separately consider the unbalance of both compressor and turbine elements and the
distributed excitation generated by these two elements. The unbalance of the compressor
element is described by the CM offset ¢; and the PAI slant T, while that of the turbine
element is described by ey, 7.

The motion differential equation of the rotor can be obtained via the Lagrange
method as

d oL JL
Ao, ow Qi, (6)
n n—1
L=Y T;— (Y Viit1+ Vot + Vir), (7)
i=1 i=1

where T; represents the kinetic energy of the ith element; V; ;1 represents the elastic energy
between the element i and i 4 1; V45, Vo represents the elastic energies of the front and rear
bearings, respectively; u; represents the lateral or angular displacement of the DOF 7; and
Q; represents the generalized force applied to the DOF i.
Substituting Equation (7) into Equation (6), the motion of the rotor system can be
expressed as
Mu + (C+ G(w))u+Ku=Q, ®)

where, M represents the mass matrix, G(w) represents the gyroscopic matrix, C represents
the damping model, K represents stiffness matrix, u represents the displacement of the
rotor system, and Q represents the rotational inertia load applied to the rotor system arising
from rotor unbalance. u and Q can be expressed as

o~ e~ T
u=(---,2-1,0i-1,2,0i,Ziy1,0i+1, ) )

Q:("'/ﬁZIMZ/O/O/ﬁZIIAA/Lh”')T (10)
Only excitation arising from the unbalance of mass elements is considered, which can

be expressed as

F2 = m{e} . wzei“’t
Mo = (I — Ipp) - o - we'!
F4 = m4§4 . wze""t

My = (Igq — Ips) (T4 + &) - w2t

(11)

Substituting Equation (11) to Equation (10), Q can be rewritten as Q = Qoei“’t.

Owing to the angular deformation of the joint before the turbine, the rotational inertia
moment of the turbine element considers the initial slant of the PAI and the angular
deformation 7 of the joint (if the additional slant caused by the joint is equal to its angular
deformation, as illustrated in Figure 14c).

According to Equation (8), the displacement u of the rotor can be solved to reveal its
dynamics. The detailed solution methodology can be found in Appendix A.

3.2.2. Sudden Angular Deformation of Joints in Rotor Dynamic Model

According to the analysis in Section 3.1, as the operational speed increases, the cen-
trifugal load, axial force, thermal deformation, and bending moment applied to the joint
gradually increase. When the speed reaches a certain threshold wy, the joint interfaces
undergo circumferentially uneven slip, causing sudden angular deformation &y = a9Z¢j.
This causes the turbine element to slant and generate additional rotational inertia moment
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]\7Ig acts on the joints and subjects them to bending moment ]\7I]. Finally, this bending
moment induces a reaction load at the rear bearing. According to force balance,

My = Mg +1s x F, (12)

where, I represents the position vector of the rear bearing relative to the CM of the
turbine element. As the rotor’s operational speed increases, the rotational inertia moment
generated by the slant of the turbine element’s PAI increases rapidly; consequently, the
angular deformation of the joint is restored, and the turbine disk tends to return to its
original position. Once the amplitude of the bending moment M; reaches the threshold
M, the angular deformation of the joint reduces (though there is still residual angular
deformation «;). This process is shown in Figure 15, and the angular deformation of the
joint can be expressed as

0 ,w < Wy
#(w, Mj(w)) = { @0Zpa 0= wi &k Wﬁ(w)\ < M, (13)
0 L Py , M](w)‘ > M;

Shaft i
(© Bending t—— ¢ ¢ (d)

Figure 15. Deformation of the joint before the turbine under different operational speeds: (a) w < wy;
(b) @ = wi; () @ = wi & [ My (w) | < My (@) | My (w)| = M.

By substituting Equation (13) into Equation (11), the influence of additional angular
deformation of the joint can be considered on rotor dynamics.

3.3. Rotor Dynamic Response to Increase in Operational Speed

Let e;my = Eg,m:), = 2500 g mmZ0°, T = %3 = 04£0°, wi = 75%wmax, My = 950 N - m,
xp = 5 x 10~* rad, ¢, = 75°, & = 0£0°. The rotor dynamic response to operational speed
is analyzed.

3.3.1. Amplitude and Phase of Rotor Bearing Load

Figure 16 illustrates the vibration amplitude and the phase of the rotor’s front and rear
bearings. According to Figure 16a, when the rotor’s operational speed is below the first and
second critical speeds, the dynamic response increases with speed until a local maximum
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value is reached at the critical speed position. The dynamic response at the second critical
speed is quite minimal. This can be attributed to the modal shape at the second critical
speed, characterized as a rotor-angular-pitch shape. Such a mode shape renders the
rotor’s dynamic response at the second critical speed highly sensitive to the rotor’s couple
unbalance. And due to the unbalance setup (e;my = é3m3 = 2500 g - mmZ0°), the couple
unbalance of the HPR is minimal. On all accounts, once the operational speed exceeds
the first and second critical speeds and the rotor’s CM turns inward, the dynamic loads
of the front and rear bearings gradually decrease with increasing operational speed. This
phenomenon aligns with the predictions of a 4-DOF rotor dynamic model.

3500 x 1 x ; —
wmm=  Front Bearing
wwssss  Rear Bearing
3000 .
2500 i
=
z
S’ T | e
- 2000 | 1stcritical 21 critical 4
2 speed speed
2 i ;
£ 1500 i |
< : l
1000 E 4
: SL
500 | ; F7 -
1 ‘t!/
: —
0 1 1 1 1
0 20 40 60 80 100
Rotor Operational Speed (%)
(a)
360 = R e
Joint Sudden : :
Deformation
300 Angular T 1
Deformation ’ y\
240 X [
~ 750
) 3
Y 180 : : —
I H ]
s ' -
~ H i
120 F .
60 .
===  Front Bearing
wwssss  Rear Bearing
0 : § 1 1 1
0 20 40 60 80 100

Rotor Operational Speed (%)
(b)

Figure 16. Vibration amplitude and phase of the front and rear bearing of the rotor: (a) vibration
amplitude; (b) vibration phase.
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However, when the joint suddenly undergoes angular deformation &y at w = w; and
causes slanting of the turbine element, a spike in the rotational inertia moment arising from
the turbine element results in a sudden increase in bearing load. Owing to the turbine
element being a thin disk, its rotational inertia moment increases rapidly with operational
speed, even in the supercritical state. Consequently, the bearing load amplitude exhibits
speed-following characteristics until the rotational inertia moment generated by the turbine

element becomes sufficiently large to satisfy the condition ‘]\7[]((4))’ = M;. At that point,

the angular deformation of the joint decreases, and the turbine element is immediately
“straightened”, causing the bearing load to also decrease suddenly. As the speed continues
to increase, the dynamic loads of the front and rear bearings hardly change. This bearing
load phenomenon is consistent with the rotor vibration failure mentioned in Section 2.1.

As shown in Figure 16b, in the low-speed region (except near-critical speed), the
vibration phases of both the front and rear bearings are in the plane where the rotor’s
CM is located (0/180° plane). This dynamic behavior also aligns with a 4-DOF rotor
dynamic model. However, when the joint undergoes sudden angular deformation, the
vibration phases of the front and rear bearings simultaneously experience a sudden change
of ~75°. As the operational speed increases, the vibration phases of the front and rear
bearings gradually change and tend to align with this 75° plane. The reasons for this
phenomenon are as follows: Before the joint’s angular deformation, the rotor deformation
is primarily influenced by the rotational inertia force generated by the rotor’s CM offset
(static imbalance). Consequently, the displacements of both the front and rear bearings lie
in the same plane where the rotor’s CM offset is located. However, once the joint’s angular
deformation leads to additional slanting of the turbine element, the rotor deformation
is dominated by the rotational inertia moment generated by the slanting of the turbine
element’s PAI Consequently, the vibration phases of both the front and rear bearings
abruptly shift toward the plane where the turbine disk is slanted (¢, = 75°). This moment
gradually increases with operational speed, causing the vibration phases of the rotor’s front
and rear bearings to approach the plane ¢, = 75°. This phenomenon is also consistent
with that of the faulty engine.

3.3.2. Bending Moment Applied to Rotor Joints

Figure 17 illustrates the changes in the bending moment applied to each joint as the
rotor’s operational speed increases. The following can be observed from the figure:

(a) Prior to the sudden angular deformation of the joint, the bending moment applied to
the joints follows a pattern: it gradually increases with operational speed, reaches a
maximum at the position of the first critical speed, and then decreases. This pattern is
a result of the bending moment primarily originating from the rotational inertia force
generated by the rotor’s CM offset.

(b) After the joint before the turbine element undergoes sudden angular deformation, it
generates a large rotational inertia moment at high speeds owing to the additional
slant of the PAI of the turbine element. This results in a significant increase in the
bending moment applied to the rotor joint. Among the four joints, the joint before
the turbine disk experiences the highest bending moment because it is closest to the
turbine element.

(c) As the operational speed continues to increase, the bending moment applied to the
joints also increases because the rotational inertia moment generated by the slanted
thin disk continues to rise with operational speed. Once the bending moment is
applied to the joint before the turbine element reaches a certain threshold M;, the joint
interfaces experience a slip, leading to a sudden reduction in joint angular deformation
and the disappearance of the slant in the turbine element. Consequently, the rotational
inertia moment from the turbine element also decreases significantly, resulting in a
sudden decrease in the bending moment load applied to the rotor joints.
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Figure 17. Bending moment applied to rotor joints in response to rotor operational speed.

4. Failure Mechanism and Troubleshooting Measures
4.1. Failure Process of Rotor Vibration Failure

According to the observed failure phenomena and simulations of the dynamic re-

sponse of the jointed high-speed rotor system, the rotor vibration process can be described
as illustrated in Figure 18:

)

@

®G)

When the operational speed of the HPR has just passed the first and second critical
speeds, the bearing load is small and changes minimally with the operational speed
owing to the inward turn of the rotor’s CM.

Once the operational speed exceeds a certain threshold, the non-axisymmetric bolt
preload of the joint before the turbine disk causes a sudden angular deformation
of this joint. This results in a slanting of the turbine’s PAI and an increase in the
additional rotational inertia moment that grows rapidly with the rotor’s operational
speed. Consequently, the bearing load and the bending moment applied to the joint
before the turbine increase.

As the speed continues to increase, the rotational inertia moment generated by the
turbine disks keeps growing until the bending moment is applied to the joint before
the turbine surpasses a certain threshold. This triggers non-axisymmetric slip at the
joint interfaces and leads to the redistribution of unbalance in the HPR. The PAI of
the turbine disk momentarily coincides with the rotor’s rotation axis again, causing a
drop in the rear bearing load.

Therefore, the rotor vibration failure mainly originates from two aspects: (a) improper

control of the slant of the turbine disk, resulting in the generation of a rotational inertia
moment at high speeds, which causes bending deformation of the rotor and affects the
axial distribution of the rotational inertia moment excitation load. (b) Poor contact between
the rotor joints leads to interfacial slip when the joints experience the bending moment.
This causes the turbine disk, which is a thin disk, to suddenly slant, thereby amplifying
the impact of rotor bending deformation on the distribution of rotational inertia moment
excitation and rotor dynamic response.
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Figure 18. Process of the S.I. and S.D. of rotor vibration: (a) Rotor CM turns inward, and vibration

caused by rotor CM offset decreases with operational speed. (b) The bolt joint before the turbine

undergoes sudden angular deformation. (c) The rotational inertia moment arising from the slant

of the turbine’s PAI increases with operational speed. (d) The rotational inertia moment reaches a

threshold, and the turbine disk returns to its original angular position.

4.2. Troubleshooting Measures toward Rotor Vibration Failure

Considering the identified failure process, the troubleshooting measures shown in
Table 3 are implemented to control the rotational inertia moment and suppress joint defor-
mation. Engine tests confirm the effectiveness of these measures in eliminating vibration
failure. This provides evidence for the accuracy of the above-described failure mechanism
and the successful implementation of the troubleshooting measures.

Table 3. Troubleshooting measures toward rotor vibration failure.

Type Measures How It Works

Control initial static unbalance of
turbine disk and labyrinth disk, and ~ Control initial mass asymmetry of
control initial static unbalance and the components of the
initial couple unbalance of the turbine module.
turbine module.
After the engine is assembled,
measure and control the runout of Prevent initial turbine disk slant
the turbine disk rim relative to the caused by engine assembly.
rotor’s rotation axis.

Rotational inertia
moment control

Ensure end faces are tightly
attached and their contact states are
uniform circumferentially during
joint assembly.

While tightening the bolts before
the turbine, apply axial compressive
force to assembled components.

Evenly select eight bolt sectors of
Joint deformation  the bolt joint before the turbine disk,
control and select screws with relatively
large diameters to make the screw
and the bolt hole nearly contact.

Constrain relative displacement
between flanges through screw to
prevent angular deformation of
the joint.

Measure and control the uniformit Optimize circumferential evenness
Y of the constraint of the bolts before

of bolts” preload. the turbine disk.

5. Conclusions

This paper investigates the vibration failure of the HPR in a dual-spool low-bypass-
ratio turbofan engine. The failure phenomenon is analyzed, and a dynamic model of the
jointed high-speed rotor system is established to simulate the dynamic response of the HPR
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and reveal the mechanism behind the rotor vibration failure. Troubleshooting measures are
proposed, and their effectiveness is demonstrated through engine tests. The conclusions of
the research are as follows:

(1) As the HPR operates at high operational speeds, it undergoes bending deformation,
inducing angular displacement between the turbine and compressor elements. At
low operational speeds, the dynamics are predominantly influenced by the rotor’s
CM offset. Conversely, at higher speeds, the slant of the turbine disk’s PAI and the
associated rotational inertia moment become dominant excitation factors. This causes
the rotor dynamic responses to increase with the operational speed in the supercritical
domain.

(2) The non-axisymmetric contact at the bolt joint before the turbine induces an asym-
metrical slip within the joint interfaces. This leads to angular deformation in the joint,
resulting in a slant in the turbine disk’s PAI This condition then triggers a sudden
increase in the rotor dynamic response. As the speed increases, the rotational inertia
moment also amplifies. Once this moment reaches a critical threshold that induces
an opposite angular deformation in the joint, the turbine reverts to its initial angular
position, causing a sudden decrease in the rotor dynamic response. Notably, these
joint deformations are consistent with interface damages identified in faulty engines.

(3) Troubleshooting measures are proposed to control the rotational inertia moment
induced by the turbine disk’s PAI slant and the deformation of the bolt joint before
the turbine disk. These measures effectively prevent the recurrence of rotor vibration
failure, validating the accuracy of the mechanism analysis and the efficacy of the
troubleshooting measures.

(4) To prevent similar aero-engine vibration issues fundamentally from the design phase,
a robust structural design should be emphasized to mitigate joint deformations from
operational loads, including axial force, bending moment, and operational speed.
Following this, simulations and tests should evaluate the design’s effectiveness.
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Appendix A. Solution Methodology to Rotor Dynamics

Based on Equation (8), the damping matrix of the rotor system is obtained by the
Rayleigh damping model, which means

C =M+ 1K, (A1)

where, factor y and v can be obtained by

M + V(27Tf1) — éfn

2021f) 2 (A2)
v(2rtfy) ’
@)+ =g,

where, f1, f» represents the first and second critical speed of the rotor system, ¢, represents
the damping ratio of the rotor system. According to Reference [30], &, is set to be 0.05 in
this paper.
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Assuming the displacement vector u has the form of u = upe'!, then Equation (8) can
be rewritten as

(—wZM +iw(C+G(w)) + K) ~up = Qq, (A3)
Finally, the displacement of the rotor system at operational speed w can be obtained by
ug = (—sz +iw(C+G(w)) + K) ' -Qp (A4)
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