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)e ring-speed ratio is a comprehensive dynamic index of floating ring bearing structure and operating parameters, which directly
affects the dynamic behavior of the turbocharger rotor system.)e cross stiffness of ring-speed ratio and floating ring bearing and
the work of oil film force are analyzed.)e influence of dynamic ring-speed ratio change on the vibration response of floating ring
bearing was studied. )e finite element model of the rotor-floating ring bearing system is constructed; its model parameters are
verified through the measured critical rotor speed. Newmark integral method is used to analyze the nonlinear transient response.
)e results show that when the ring-speed ratio is between 0.18 and 0.24, the rotor is in a good operating state; when it increases
from 0.24 to 0.36, the rotor vibration is dominated by frequency division, and the system will be less stable.)e square of the ring-
speed ratio is inversely proportional to the rotational speed of the journal where the subfrequency vibration occurs. It helps to
know the nonlinear vibration by judging the journal speed when the rotor vibration occurs in subfrequency. )e conclusion
provides a reference for the mechanical dynamics design and intelligent management and maintenance of this kind of
turbine rotors.

1. Introduction

Ring-speed ratio is the ratio of floating ring speed to rotor
journal speed, which determines the stability and reliability
of the rotor bearing system to a large extent, and its variation
range is generally between 0.10 and 0.35 [1].)erefore, it has
become a key problem to be solved in high-speed rotor
dynamics design to master the influence law of ring speed
ratio on the vibration of the high-speed light-loaded tur-
bocharger rotor system. Zhu et al. [2] established the dy-
namic model of the rotor-bearing system and analyzed the
influence of rotor velocity, disk eccentricity, and stator
stiffness on the response of rotor-bearing system. Li et al. [3]
established a dynamic model of the rotor-bearing system
considering nonuniform interface stiffness and studied the
influence of bending stiffness on the stable operation of the
rotor. San and Guo [4, 5] believed that the temperature and
viscosity effect of floating ring bearings can reduce the ring-
speed ratio and affect the stability of bearings. Li Jiaqi et al.

[6, 7] studied the influence of structural parameters on the
ring speed ratio by considering the heat transfer factors
among the rotating shaft, floating ring, and bearing housing.
Shiyuan et al. [8] analyzed the influence of floating ring
materials on the ring speed ratio and discussed the appli-
cable scope of traditional analytic formula for ring speed
ratio. Mokhtar [9] optimized the stability of floating ring
bearings based on the short bearing theory and gave the
optimization interval of relevant parameters. Koutsovasilis
et al. [10] studied the vibration problem caused by floating
ring bearings. Deligant et al. [11] predicted the performance
of supercharger bearing through CFD software. Lee and
Hong [12] studied the influence of inlet oil temperature and
oil pressure on the speed of floating ring. Schweizer [13, 14]
pointed out that the annular speed ratio was an important
factor leading to the nonlinear vibration and instability of
the turbocharger rotor.Wang et al. [15] studied the influence
of the ultimate tolerance clearance of floating ring bearings
on the vibration of turbocharger rotor system. Guangfu et al.
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[16] analyzed the dynamic behavior of the rotor-bearing
systemwith internal damping composite materials under the
action of temperature field, and the results showed that the
increase of temperature field would generate tangential force
for the damping of the rotor system, thus affecting the
stability of the rotor system. Liu et al. [17] studied the in-
fluence of inlet oil temperature of the turbocharger rotor
system on vibration response characteristics of the rotor
subsystem. Peixoto et al. [18] studied the influence of
temperature on vibration characteristics of the turbocharger
rotor system. Dyk et al. [19] proposed and analyzed several
linearization methods of forces acting on floating ring
bearings and proved the nonlinear vibration of the rotor
system in combination with campbell diagram. Yongfeng
et al. [20] used the polynomial chaos expansion method to
describe the uncertainty of hollow shaft cracked rotor sys-
tem. )e dynamic response of hollow shaft with uncertain
crack was solved by combining harmonic balance and
polynomial chaos expansion. Li et al. [21] studied the
nonlinear vibration and stability of the rotor-blade system by
multiple scales method. )e above studies discussed the
influence of floating ring bearing structure and operation
parameters on the ring-speed ratio. Most of the researchers
only consider the influence of fixed ring speed ratio on the
nonlinear vibration of rotor and the stability of rotor
system, the speed range, and the speed fluctuation of the
turbocharger rotor and rarely consider the influence of the
dynamic change of the ring-speed ratio on the stability of
the turbocharger rotor system. )erefore, this paper sys-
tematically studies the influence of dynamically changing
ring-speed ratio on the stability and nonlinear vibration
characteristics of the high-speed light-load turbocharger
rotor system.

In this paper, based on Reynolds equation and fluid
lubrication theory, the dynamic characteristic coefficients of
the inner and outer oil film of floating ring bearings are
solved, and a dynamic finite element model of floating ring
bearings is established. )e relationship between the ring-
speed ratio and the cross stiffness of floating ring bearings
and that between the ring speed ratio and the oil film forces
are studied. )e finite element model of the floating ring
bearing-rotor system dynamics is built simultaneously. )e
rationality of the finite element model parameters is verified
by critical speed test.)e vibration waterfall diagram and the
amplitude of each order is analyzed, and the internal cor-
relation between the dynamic change of ring-speed ratio and
the vibration response of the rotor system is explored.
According to the functional relationship between the ring-
speed ratio and the journal speed when the subfrequency

vibration occurs, the corresponding relationship between
the subfrequency speed point and the ring-speed ratio is
revealed, which provides a reference for the analysis and
judgment of the rotor system stability.

2. Theoretical Analysis ofDynamics of Floating-
Ring Bearing Rotor System

)e floating ring bearing is different from the traditional
sliding bearing in that the oil film is divided into inner and
outer layers through the floating ring between the rotating
journal and the fixed bearing seat, which reduces the relative
speed between the journal and the bearing bush, reduces the
friction power consumption, and improves the stability of
the rotor system. Its structure is shown in Figure 1.

According to Reynolds equation, the dynamic pressure
distribution equations of inner and outer oil film of floating
ring bearing are obtained [22]:
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In the above equations, i and o represent the inner oil
and outer oil film, respectively;H is the oil film thickness; P is
the oil film dynamic pressure; μ is the oil film viscosity; Ro
and Rj are the outer diameter and journal radius of the
floating ring, respectively; ωj and ωr are the journal speed
and floating ring speed, respectively.

Since the floating ring rotates with the journal at a
certain speed, the ring-speed ratio c is the ratio of the
floating ring speed ωr to the journal speed ωj:

ring speed ratio �
ωr

ωj

. (2)

)e dynamic pressure of the inner oil film in the floating
ring bearing is related to ωj +ωr, the relative displacement of
the floating ring and the journal x � xj − xr, y � yj − yr and
the relative velocity _x � _xj − _xr, _y � _yj − _yr. Similarly, the
dynamic pressure of the outer oil film of the floating ring
bearing is related to the rotational speed of the floating ring
ωr, the displacement of the floating ring xr, yr, and the
velocity of the floating ring _xr, _yr; then, the dynamic
pressure of the inner and outer oil film of the floating ring
bearing is expressed as [23]
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With the bearing capacity of the floating ring bearing
being considered, the expression of the inner and outer oil
film forces of the floating ring bearing in actual operation is
obtained as follows:
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where σi and σo are the Sommerfeld coefficients of the inner
and outer oil film, Npad is number of pads, θ is the included
angle between the initial angle and the termination angle of

the oil film, and Li and Lo are the inner and outer axial
lengths of the floating ring, respectively.

Since the stiffness of the turbocharger rotor system is
mainly determined by the oil film stiffness of the floating
ring bearing, the inner and outer oil film stiffness coefficient
can be obtained as follows combined with the inner and
outer oil film dynamic pressure in equations (3) and (4):
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)rough combining equations (3), (4), and (7), it is
known that the ring-speed ratio would change the cross
stiffness difference (kxy − kyx) of the floating ring bearing.
)e difference of the cross stiffness coefficient determines
the positive and negative work of the oil film force of the
floating ring bearing, which plays a major role in the stability
of the rotating subsystem [24]. In the one-circle vortex, if the
oil film force does positive work, the oil film force can input
energy to the rotor system, which may cause instability.
Conversely, the rotor system is stable. )e work of inner and
outer oil film forces of floating ring bearings Wi and Wo is

Wi � πaibi sin φ kixy − kiyx  − π ωj − cωj  cixxa
2
i + ciyyb

2
i  − π ωj − cωj aibi cos φ cixy + ciyx , (8)

Wo � πaobo sin φ koxy − koyx  − πcωj coxxa
2
o + coyyb

2
o  − πcωjaobo cos φ coxy + coyx . (9)

In this equation, πabsinφ represents the area of the
vortex trajectory of the inner and outer oil film, c is the
damping coefficient, and φ is the rotation angle, a is the
major axis of the ellipse, and b is the minor axis of the
ellipse.

According to the above analysis, it can be concluded that
the ring-speed ratio mainly changes the inner and outer oil
film pressure of the floating ring bearing and the cross
stiffness of the rotor system, which affects the response of the
turbocharger floating ring bearing and rotor system under
nonlinear vibration.

3. FEMModeling and Its Experimental Analysis

3.1. FRB Dynamic Characteristics Based on c. )e load of
bearing at the turbine end of turbocharger rotor is greater
than that at the impeller end, and bearing instability gen-
erally occurs at the turbine end first. )erefore, the floating
ring bearing at the turbine end is mainly analyzed. Its

structural parameters are shown in Table 1, in which the
length unit is mm and the mass unit is g.

According to the structural parameters in Table 1, a
dynamic finite element model of floating ring bearings is
established, as shown in Figure 2.

)e stability of the floating ring bearing will be changed
due to the dynamic change of the ring-speed ratio during the
operation, and the difference between the inner and outer oil
film stiffness of the floating ring bearing is the main reason
that causes the instability of the bearing. )rough the
analysis of the finite element model of floating ring bearing,
the variation of the cross stiffness difference of floating ring
bearing with the speed in the range of ring-speed ratio from
0.18 to 0.36 is obtained, as shown in Figure 3.

)e difference of cross stiffness and equivalent cross
stiffness of the inner and outer oil film increases together
with the rotating speed and the ring-speed ratio. By com-
paring (a) and (b) in Figure 3, it is found that the difference
of the inner oil film cross rigidity (kixy − kiyx) is much larger
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Figure 1: Float ring bearing structure plane.
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than that of the outer oil film cross rigidity (koxy − koyx), and
that of the equivalent cross rigidity (kxy − kyx) in Figure (c) is
slightly larger than that of the outer oil film cross stiffness
due to the high rotational speed of the floating ring con-
taining mass and the rotating shaft. )e cross stiffness of the
rotor system is generally determined by the cross stiffness of
the floating ring bearing, while the cross stiffness of the
floating ring bearing is determined by the relatively small
cross stiffness of the outer oil film, which is similar to the
series sliding bearing. According to the analysis of formula
(8) and (9) from the perspective of work, the elastic force
corresponding to the main stiffness coefficient of the inner
and outer oil film is the conservative force, and the work is
zero in a circle of vortex. )e elastic force corresponding to
the cross stiffness kxy and kyx is nonconservative force, which
determines the positive and negative work of the inner and
outer oil film force. If kxy − kyx> 0, it can input energy to the
rotor system, which can cause the instability of the rotor
system and vice versa. As can be seen from Figure 3, the cross
stiffness difference of floating ring bearing is always over
zero, and the difference increases as the ring-speed ratio
does. It is indicated that the lager the ring-speed ratio is, the
worse the stability of floating ring bearing will be, and the
smaller the threshold value of instability speed will be.

3.2. Rotor Dynamics Modeling. According to the structure
model of the rotor system in Figure 2, finite element idea is
applied to divide the rotor system into several units along the
axis of the rotor system, each of them being connected with
nodes. )erefore, the finite element model of the turbo-
charger rotor-floating ring bearing system is constructed,
which is shown as Figure 4.)e finite element model has two

wheels, 22 nodes among which node 9 and 12 are support
centers of the floating bearing; node 19 is a lock nut, and
node 21 and 22 are floating rings.

3.3. ExperimentandVerification. To verify the correctness of
the finite element model of the turbocharger rotor-floating
ring bearing system, the speed increase test bench of the
turbocharger is built up as shown in Figure 5. Pressure
vortex impeller shell is punched; the photoelectric sensor
and the two eddy current sensors are placed in the volute,
and the eddy current sensor is vertically placed on the
pressure of the impeller, being installed and fixed 0.3mm
away from the lock nut, which is as shown in Figure 6.

)e Bode diagram at the locking nut is obtained through
finite element model simulation calculation and turbo-
charger speed increase experiment, and the critical speed of
the rotor system is compared and verified, as shown in
Figures 7 and 8.

As seen from Figures 7 and 8, the journal speed of the
amplitude peak of the rotor system in the simulation is about
58 krpm, and the phase difference changes about 120°. )e
journal speed of the amplitude peak measured in the ex-
periment is about 57 krpm, and the phase difference changes
about 180°, indicating that the first-order critical speed of the
turbocharger rotor is about 57 krpm. )e simulation results
are in good agreement with the experiments, which verifies
the rationality of the selection of the parameters of the rotor-
floating ring bearing system finite element model.

4. Harmonic Response Analysis of the
Turbocharger Rotor System

4.1. Rotor System Response Analysis under Different Ring-
Speed Ratios. )e nonlinear vibration law of the turbo-
charger rotor system under different ring-speed ratios is
studied. )e unbalance of 0.30 g.mm is applied at the node 4
of the finite element model (turbine leading edge) as the
initial excitation of the system.)e rotor system speed range
is 10∼200 krpm. Under this working condition, the rotor
system with the ring-speed ratio of 0.18, 0.24, 0.30, and 0.36
is operated. )rough the analysis of each element, the re-
lationship between node force and node displacement is
established. )rough the analysis of the Newmark integral
method, the three-dimensional vibration waterfall diagram
at the end node 19 of the impeller under different ring-speed
ratios is obtained, as shown in Figure 9.

4.2. Discussion and Analysis.

(1) Comparison of frequency domain values under the
dynamic change of ring-speed ratio: before the ring-
speed ratio reaches 0.18, the rotor system all exhibits
the same frequency vibration, and no subfrequency
vibration occurs. When the ring-speed ratio in-
creases from 0.24 to 0.36, the rotor system has
subfrequency vibration in the high-speed range, and
the journal speed of frequency division vibration is
about 48% earlier, and the subfrequency value of

Table 1: Structural parameters of floating ring bearing.

Shaft diameter 6.000
Bearing diameter 9.600
)e quality of floating ring 2.160
Length of the inner ring 3.600
Length of the outer ring 6.150
Floating ring inside diameter 6.016
Floating ring outside diameter 9.540

w

Ω1

Ω2

Figure 2: Dynamic model of floating ring bearing.
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subfrequency vibration is about half of the ring-
speed ratio. For example, when the ring-speed ratio
is 0.24, 0.30, and 0.36, subfrequency vibration fre-
quency is about 0.12x, 0.15x, and 0.18x of the power
frequency.

(2) )e influence of the dynamic change of the ring-
speed ratio on the amplitude: according the non-
linear transient response analysis, the variation
under the same frequency amplitudes and the sub-
frequency amplitudes of the rotor system with dif-
ferent ring-speed ratios are shown in Figure 10.
When the ring-speed ratio is 0.18, the same fre-
quency amplitude of the rotor system is basically the
same, and its amplitude increases first and then
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Figure 3: )e relationship between the difference of cross stiffness of bearing at different ring speed ratios. (a) Cross stiffness difference
kixy − kiyx of inner oil film. (b) Cross stiffness difference koxy − koyx of outer oil film. (c) Equivalent cross stiffness difference kxy − kyx.
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Figure 4: FEM of the rotor-floating ring bearing system.
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decreases with the speed. Moreover, when the
journal speed with the maximum amplitude of the
same frequency is about 60 krpm, it is basically
consistent with the above critical speed of 57 krpm.
)e correctness of the finite element model is further
verified from the perspective of nonlinear analysis.
As it can be seen from Figure 10(b), the subfrequency
amplitude increases sharply when the ring-speed
ratio increases from 0.30 to 0.36. When the ring-
speed ratio is between 0.30 and 0.36, the sub-
frequency amplitude is much larger than the same
frequency amplitude, which plays a leading role in
the vibration of the rotating subsystem.

(3) Judgment of rotor stability by dynamic change of
ring-speed ratio: for nonlinear high-speed rotor
systems, in general, if the subfrequency vibration
amplitude exceeds 6 μm and is greater than 1/3 of the
overall amplitsude, attention should be paid from the
perspective of instability [25]. According to Figures 9
and 10, when the ring-speed ratio is 0.18, the rotor
system only has the same frequency vibration caused
by unbalance, and no subfrequency vibration occurs,
and the rotor system is stable. When the ring-speed
ratio is between 0.30 and 0.36, the maximum sub-
frequency vibration of the rotor system is about 11
times of that of the same frequency vibration and

tends to be unstable. According to the working
characteristics of the floating ring bearing, increasing
the floating ring can improve the lubricating oil flow,
which is beneficial to cool the bearing, enhance the
static lubrication characteristics, reduce the relative
speed between the journal and the bearing seat,
reduce the friction power consumption of the
bearing, make the inner and outer oil film of the
floating ring bearing more easily in the state of
dynamic lubrication, and improve the bearing ca-
pacity of the floating ring bearing. Analyzing the
vibration response amplitude of the rotor system
under each ring-speed ratio, the system stability is
better when the ring-speed ratio is between 0.18 and
0.30.

(4) )e functional relationship between the ring-speed
ratio and the current journal speed of frequency
division: the instability threshold of the rotor system
is closely related to the journal speed when sub-
frequency vibration occurs, so the relationship be-
tween the ring-speed ratio and the journal speed is
analyzed when subfrequency vibration occurs is
analyzed. From the data analysis in Table 2, it can be
seen that there is a functional relationship between
the square of the ring-speed ratio c and the journal
speed N when subfrequency vibration occurs,
N× c2 �T, where T is a constant value. According to
the analysis, the fixed value T of this type of rotor is

Figure 5: Turbocharger speed test bench.
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Figure 6: Installation diagram of pressure impeller end sensor.
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Figure 9: Vibration waterfall diagram of the rotor system with different ring-speed ratios. (a) Ring speed ratio: 0.18. (b) Ring speed ratio:
0.24. (c) Ring speed ratio: 0.30. (d) Ring speed ratio: 0.36.
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Figure 10: Vibration amplitudes of the rotor system with different ring speed ratios. (a) 1x amplitude of vibration at the same frequency.
(b) Main frequency division vibration amplitude.

Table 2: Data of different ring-speed ratios and journal speed.

Frequency division of the journal speed, N (rpm) Ring speed ratio, c Definite value, T (rpm)
160000–130000 0.250–0.275 10000–9831
109000–94000 0.300–0.325 9810–9928
82000 0.350 10045
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about 10000 rpm. When the basic structure and
operating parameters of the rotor system are set, the
ring-speed ratio c and the constant value T can be
roughly determined.)en, the ring-speed ratio c and
the constant value T can be used to predict the
journal speed N when the subfrequency vibration
occurs. It is helpful to assist in judging the stability of
the rotor system, so as to understand the nonlinear
vibration of the turbocharger rotor system.

5. Conclusions

(1) It aims at the nonlinear vibration of the high-speed
turbocharger rotor system caused by annular speed
ratio. Based on the analysis of the influence of ring-
speed ratio on the stability of floating ring bearing, a
rotor-floating ring bearing dynamics finite element
model is established. )e correctness of the finite
element model is verified by the measured critical
speed. By analyzing the stability of the rotor sub-
system based on the rotor system finite element
simulation and turbocharger critical speed experi-
ment, it is found that the dynamic change of ring-
speed ratio is obviously different in the stability and
vibration amplitude of the rotor subsystem.

(2) )e influence law of the dynamic change of annular
speed ratio on the nonlinear vibration of the high-
speed turbocharger rotor system is summarized.
When the ring-speed ratio increases from 0.30 to 0.36,
the rotor is dominated by frequency division, and the
journal speed of subfrequency vibration is about 48%
earlier, which affects the stability of the rotor system.
When the ring-speed ratio is between 0.18 and 0.30,
the rotor is in a good operating state. It is concluded
that the square of the ring speed ratio is inversely
proportional to the journal speed when the sub-
frequency vibration occurs. )e rotor stability can be
judged by the journal speed when the subfrequency
vibration occurs.)e smaller the ring-speed ratio is in
a certain range, the better the stability of the rotor
bearing and the better the performance of the system
will be.

(3) Due to the large range of speed change of the tur-
bocharger rotor and to the fact that the floating ring
is in a closed cavity, it is unable to directly measure
the speed of the floating ring through the experi-
ment. )erefore, many are to be further studied in
the future including the influence laws of model
validation and ring-speed ratio on the nonlinear
vibration response of the turbocharger rotor system,
so as to further control ring-speed ratio dynamic
change trend of ring-speed ratio and improve the
influence law on the nonlinear vibration of the rotor
system of the high-speed turbocharger.
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