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Abstract. The variations of the supporting condition, which change the stiffness of tilting pad thrust bearing, may alter the
dynamic behavior of the rotor system. The effects of supporting condition of thrust pad on the lateral vibration of a hydroelectric
generating set are investigated in this paper. The action ofa thrust bearing is described as moments acting on the thrustcollar,
and the tilting stiffness coefficients of thrust bearing arecalculated. A model based on typical beam finite element method is
established to calculate the dynamic response, and the effects of supporting conditions such as elastic oil tank support, different
heights of the thrust pads with rigid support are discussed.The results reveal that the influence of thrust bearing is small when
the elastic oil tanks work normally. When the supporting conditions turn to be rigid due to the oil leakage, the differences of
thrust pad heights have evident influence on the load distribution of the thrust pads; while the effects on the tilting stiffness of the
thrust bearing and the amplitude of the lateral shaft vibration is small when the maximum load on thrust pads is smaller than the
allowable value.
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1. Introduction

In many industrial applications, rotating machinery such as hydroelectric generating set supported by journal
bearings are also equipped with a thrust bearing in order to prevent the axial movement and balance the axial force.
The dynamic behavior of the shaft strongly depends on these bearings whose influences are often introduced in
rotordynamics with dynamic coefficients.

There has been much research focusing on the influences of journal bearings on the dynamic behavior of the rotor
system. However, the effects on the lateral shaft vibrationof hydrodynamic thrust bearing have not been investigated
so extensively as those of journal bearings. The dynamic coefficients of hydrodynamic thrust bearing and the effects
on axial vibration were presented by Someya and Fukuda [1], Storteig and White [2], and Zhu et al. [3], and the
identification of a hydrodynamic thrust bearing is discussed in reference [4,5]. Mittwollen et al. [6] studied the
effects of hydrodynamic thrust bearing on the lateral vibration of a rotor system. They defined a series of dynamic
coefficients to describe the dynamic action of a hydrodynamic thrust bearing, and the effects of a thrust bearing on
the lateral vibration of a single-mass rotor system were investigated theoretically and experimentally. Yu et al. [7–9]
provided extensive and systemic research into the behaviorof a rotor-bearing system equipped with a hydrodynamic
thrust bearing. Berger et al. [10] presented the coupling between axial vibration and bending vibration of a flexible
shaft due to the thrust bearing.
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Previous research on thrust bearing was focused on the dynamic coefficients of the oil film of fixed pad. However,
thrust bearings with tilting pad are commonly used when the axial load is large. Though the dynamic behavior of
oil film is similar to that of fixed pad, the supporting conditions cannot be treated as rigid, especially when the thrust
pad is supported by elastic oil tank with considerable deformation in the operation of the hydroelectric generating
set. Therefore, the stiffness of supporting condition affects the tilting stiffness of the thrust bearing and the dynamic
behavior of the lateral shaft vibration. When faults occur,such as oil leakage in the elastic oil tank, the supporting
condition will be changed, and both the tilting stiffness ofthe thrust bearing and the distribution of loads on the thrust
pads will be changed. Moreover, the aim of the most previous research was to investigate the relationship between
the effect of thrust bearing and the continuous variation ofparameters, where those parameters may be beyond some
restraints. For instance, the film thickness of thrust pad might be smaller than the allowable minimum, or the load
on thrust pad may exceed the allowable value, which are impermissible in the practical process of machines.

In this paper, the tilting stiffness coefficients of the thrust bearing are calculated under different supporting
conditions of the thrust pads, especially when oil leakage occurs at the elastic oil tank. The amplitude of the lateral
shaft vibration and the load distribution of the thrust padsare also investigated theoretically based on the tilting
stiffness.

Hydroelectric generating set is a complex system, the vibration of which could be caused by many excitations,
while only mechanical and electromagnetic ones are considered in this paper. More excitations will make the result
closer to the real condition. The vibration is influenced obviously by the boundary conditions and system parameters,
such as stiffness and damping of bearings, including guide bearing and thrust bearing, which have obvious nonlinear
characteristics, while only main boundary conditions withlinear model are introduced and the damping of thrust
bearing is ignored in this paper for the sack of convenience.Therefore, more accurate results will be obtained when
more boundary conditions with nonlinear model are adopted.In addition, the influence of the thrust bearing on the
lateral shaft vibration can be affected by many factors, such as axial load, stiffness of the shaft, static load on the
guide bearings, position and arrangement of the thrust bearing et al. [9], while all the parameters mentioned in this
paper are selected according to a real set in Fujian provincein China. Therefore, the results obtained are reasonable
for the certain parameters, while the method proposed in this paper is general for the analysis of the influence of the
thrust bearing on the lateral vibration of hydroelectric generating set.

2. Configuration of hydroelectric generating set and elastic oil tank

2.1. Hydroelectric generating set

The shaft system of hydroelectric generating set, as shown in Fig. 1, mainly consists of the following components:
upper guide bearing (UGB), generator rotor, thrust bearing, flange, water guide bearing (WGB) and turbine runner.
The UGB and WGB provide the constraint in lateral direction,and the thrust bearing bears the axial load including
gravity of the shaft system and water thrust acting on the turbine runner. For the safe operation of the hydroelectric
generating set, both the amplitude of the lateral shaft vibration and the load on the thrust pad should not exceed the
allowable values.

2.2. Elastic oil tank

The design of a thrust pad supported by elastic oil tank is shown in Fig. 2. The main support parts in the elastic
oil tank are top cover, corrugated tube and pillar support, and the oil in different oil tanks is connected via the oil
way in the chassis. When the elastic oil tank works normally,the width of clearance between the top cover and pillar
support is always kept in 2–3 mm, and the most loads are supported by the oil pressure. After a longtime operation,
oil leakage may occur which increases the axial deformationof the corrugated tube, and the supporting condition
will approach rigid when the top cover touches the pillar support finally. In this condition, the distance from the
upper surface of the thrust pad to the upper surface of the chassis is defined as Thrust Pad Height (Fig. 2).
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Fig. 1. Schematic diagram of the shaft system of hydroelectric generating set.
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Fig. 2. Schematic diagram of support components of thrust pad.
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Fig. 3. Configuration of thrust pad distribution.

3. Formulations

3.1. Thrust bearing model

A change of the tilting angle of thrust collar changes the axial displacement of thrust pads and therefore alters the
moment acting on the thrust collar due to the stiffness and damping. Extensive investigations have been focused on
the static and dynamic coefficients of thrust bearing and relative calculation could be found in many literatures, and
only the essential modifications and derivation are presented in this section.

The thrust bearing is assumed to work in the isothermal condition. The pressure distribution of oil film between
the thrust collar and thrust pad is calculated from theReynolds Equationby using finite difference method. The oil
film forceFoil is calculated by integrating the pressurep on the surface of thrust pads.

Foil =

∫∫

s

pds (1)

And the vertical stiffness of the oil film is calculated by

Koil =
dFoil

dhp
(2)

wherehp represents the film thickness at the fulcrum.
Among the supporting parts, the deformation of the elastic oil tank cannot be ignored, and its axial stiffness is

represented asKtank which could be obtained by numerical simulation usingANSYS. Because the oil film and the
oil tank bear the load in series, when the chassis is assumed as horizontal and the elastic deformations of the other
supporting components are ignored, the equivalent axial stiffness of a single pad can be obtained as

Kv =
Koil × Ktank

Koil + Ktank
(3)

For the lateral shaft vibration, the influence of the thrust bearing on the shaft is in the form of moment. The oil
has no effect on the moment when the gravity is ignored because the oil in all tanks is connected. Therefore,Ktank

can be calculated with the case that there is no oil in the tank. However, if the investigation is focused on the axial
behavior of the shaft, the influence of oil pressure should betaken into account. In the following analysis, when the
top cover touches the pillar support,Ktank is set to be infinite since the contact stiffness is far largerthan the oil film
stiffness.

The distribution of the thrust pads is shown in Fig. 3. For theith thrust pad, when the thrust collar has a small
tilting angleθ in the direction of OA, the amplitude of the reaction and the arm of force can be represented as
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KviRθ |sin (βi − γ)|

R |sin (βi − γ)|

whereKvi is the equivalent axial stiffness ofith oil tank,i the number of tank (Fig. 3), andR the radius of the circle
where the oil tanks are fixed. The total reaction moment in thedirection of OA acting on the thrust collar can be
represented as

R2θ
n

∑

i=1

Kvi sin2 (βi − γ) (4)

wheren is the total number of thrust pads. And the total reaction moment in vertical direction of OA is zero. Thus,
the tilting stiffness of thrust bearing in the direction of OA can be written as

R2

n
∑

i=1

Kvi sin2 (βi − γ) (5)

When the elastic oil tanks work normally, the loads on all thepads are identical because of the connecting oil.
Therefore, all the thrust pads have the same equivalent axial stiffness

Kvi = Kv, i = 1, 2, 3 · · ·n

Thus, the tilting stiffness of the thrust bearing can be represented as

KvR
2

n
∑

i=1

sin2 (βi − γ)

Therefore, the tilting stiffness in the coordinate system shown in Fig. 3 can be written as

Kxx = KvR
2

n
∑

i=1

sin2 (βi), Kyy = KvR
2

n
∑

i=1

sin2

(

βi −
π

2

)

(6)

There is no coupling in two directions, and it is easy to find that the two stiffness coefficients are equal.
When the contact between the top cover and the pillar supportoccurs, the load on each of them could be considered

as equal if all the thrust pads have the same height, and the stiffness coefficients have the same form as in Eq. (6).
Nevertheless, due to the error in manufacturing and installation, the height differences between the thrust pads are
unavoidable. Then, the tilting inx andy directions may be coupled.

When the tilting angle isθy, as shown in Eq. (4), the reaction moment acting on the thrustcollar in y direction
can be represented as

Myy = R2θy

n
∑

i=1

Kvi sin2 (βi − π/2)

For ith tank, the reaction moment inx direction can be presented as

Mxyi =















−KviRθy |sin (βi)|R |cos (βi)| , 0 6 βi 6 π/2
KviRθy |sin (βi)|R |cos (βi)| , π/2 < βi 6 π
−KviRθy |sin (βi)|R |cos (βi)| , π < βi 6 3π/2
KviRθy |sin (βi)|R |cos (βi)| , 3π/2 6 βi 6 2π

(7)

According to the sign of function value ofβi, Eq. (7) could be simplified as

Mxyi = −KviR
2θy sin (βi) cos (βi)

In this way, the total reaction moment inx direction acting on the thrust collar can be arranged as

Mxy =

n
∑

i=1

Mxyi = −R2θy

n
∑

i=1

Kvi sin (βi) cos (βi)
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Using the same method, when the tilting angle isθx the reaction moment of the thrust bearing inx andy directions
are

Mxx = R2θx

n
∑

i=1

Kvi sin2 (βi), Myx = R2θx

n
∑

i=1

Kvi sin (βi) cos (βi)

The reaction moment exerted on the thrust collar caused by the tilting angle can be represented as
{

Mx

My

}

=

{

Mxx + Mxy

Myx + Myy

}

=

[

Kxx Kxy

Kyx Kyy

]{

θx

θy

}

(8)

where

Kxx = R2

n
∑

i=1

Kvi sin2 (βi), Kxy = −R2

n
∑

i=1

Kvi sin (βi) cos (βi)

(9)

Kyx = R2

n
∑

i=1

Kvi sin (βi) cos (βi) , Kyy = R2

n
∑

i=1

Kvi sin2 (βi − π/2)

are components of the tilting stiffness.

3.2. Static working point

The dynamic coefficients of the bearings, which must be quantified before dynamic analysis, depend on the
static working point of the rotor system. Generally, the static working point could be obtained via the solution of
equations including equilibrium equations and deformation-compatibility equations. However, the introduction of
thrust bearing makes the problem more complex, especially when the load characteristics are nonlinear. Therefore,
the static working point is obtained by numerical simulation based onANSYS.

3.3. Shaft model

3.3.1. Lateral dynamic behavior
In order to predict the effects of the supporting condition of thrust pad on the lateral shaft vibration of hydroelectric

generating set, the rotor system is modeled with typical beam finite elements including gyroscopic effects [11,12],
as shown in Fig. 4. The governing equations are given as follows

[M ]
{

Ü
}

+ (Ω [J ] + [C])
{

U̇
}

+ [K] {U} = {F} (10)

where{U}∈ R4N consists of the generalized displacements including the displacements and deflection angles,N
is the total number of the nodes, [M ], [J ], [C] and [K] are the mass, gyroscopic, damping and stiffness matrixes,
respectively. The tilting stiffness caused by the thrust bearing is included in [K]. For the guide bearing, the damping
is determined in such a way that the vibration amplitudes obtained by numerical simulation are equal to those
obtained by test, and the damping of thrust bearing is ignored. {F}∈ R4N represents the excitation acting on the
shaft. The system responses are calculated by the fourth orderRunge-Kuttamethod.

3.3.2. Excitation
{F}∈ R4N consists of the mass unbalance{Fme}, the force caused by misalignment{Fma} and unbalance

magnetic pull{Fum}.

{F} = {Fme} + {Fma} + {Fum} (11)

According to the result in [13], the unbalance magnetic pullacting on the generator rotor is represented as
[

Fumx

Fumy

]

=
RgLπF 2

j

4µ0r
(2Λ0Λ1 + Λ1Λ2 + Λ2Λ3)

[

x
y

]

(12)
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Fig. 4. Schematic diagram of the rotor system.

Λnu =

{ µ0

δ0

1√
1−ε2

nu = 0

2µ0

δ0

1√
1−ε2

[

1−
√

1−ε2

ε

]nu

nu > 0

whereµ0 andδ0 represent air permeance and mean air-gap length, respectively. r = (x2 + y2)1/2, ε = r/δ0, Rg and
L are the radius and height of the generator rotor, andFj represents amplitude of the fundamental magnetomotive
force (MMF) of the excitation current of the generator rotor.

3.4. Load on thrust pad

For hydrodynamic thrust pad, the film thickness decrease with the increment of load. Therefore, when the load
on the thrust pad exceeds its limit load, the normal oil film cannot exist between the thrust collar and the thrust pad,
and serious faults such as burning tile may occur. As a result, keeping the load on the thrust pad smaller than the
limit load is of great importance for the safe and stable operation of the rotor system.

In this paper, the load on thrust pad is divided into two partswhich are static load and dynamic load. The static
loadFsi and equivalent axial stiffnessKvi of each pad could be obtained in the calculation of static working point,
and the dynamic loadFdi can be calculated from the static characteristic quantity of the single pad as

Fdi = KviR (θy cos (βi) − θx sin (βi)) (13)

when the damping of the thrust bearing is ignored. Thus, the load on theith thrust pad can be obtained as

Fi = Fsi + Fdi



324 X.H. Si et al. / Lateral vibration of hydroelectric generating set with different supporting condition of thrust pad

4. Results and discussion

4.1. Parameters

The corresponding parameters of the rotor system are selected according to a real hydroelectric generating set in
Fujian province in China: internal radius and external radius of the shaft above the generatorru = 0.175 m,Ru =
0.330 m, internal radius and external radius of the shaft under the generatorrd = 0.275 m,Rd = 0.450 m, the length
of first shaft segment which is located between the Node 1 and Node 2L1 = 0.867 m, the lengths of the other shaft
segmentsL2 = 2.124m,L3 = 4.282 m,L4 = 1.95 m,L5 = 1.095 m, the mass and moment of inertia of generator
rotor and turbine runnermg = 2.03× 105 kg, Ipg = 1.3× 106 kgm2, Idg = 6.5× 105 kgm2, mt = 4.0× 104 kg,
Ipt = 2.5× 104 kgm2, Idt = 1.25× 104 kgm2, material densityρ = 7850 kg/m3, material modulusE = 2.06×
1011 Pa, operational frequencyf = 2.273 Hz.

The stiffness of the UGB and WGB areKugb = 8.82× 108 N/m andKwgb = 1.05× 109 N/m, respectively, and
the corresponding damping areCugb = 9× 106 N/m andCwgb = 1 × 107 N/m which are determined based on the
test data of the hydroelectric generating set. The parameters of the thrust bearing are: external radius and internal
radius arer1 = 1.15 m andr2 = 0.725 m, respectively, angular extent of the padθ0 = 20◦, angular position of the
fulcrumθp = 11.45◦, radius of the circle where the fulcrum is locatedR = 0.9475 m, the dynamic viscosity of oil
µ = 0.057 Ns/m2.

The parameters of the excitation are: eccentric moment of generator rotor, turbine runner and misalignment
meg = 250 kgm,met = 50 kgm,mδf = 10 kgm, MMF of excitation current of the generator rotorFj = 4200A.

The limit load of a single pad is set as 6.71× 105N in accordance with the design criteria.

4.2. Tilting stiffness of thrust bearing

When the elastic oil tanks work normally, the tilting stiffness of thrust bearing is

Kxx = Kyy = 7.22 × 108Nm

However, when the top cover touches the pillar support, the load distribution is variable with the variation of the thrust
pad heights. Correspondingly, the axial equivalent stiffness of the thrust pad is also changed due to the nonlinear
load characteristics of the oil film. In this case, when all the thrust pads have the same height the tilting stiffness of
thrust bearing is

Kxx = Kyy = 3.02 × 1010Nm

Therefore, the tilting stiffness of the thrust bearing increases greatly when the top cover touches the pillar support.
Due to the different operational conditions, the variations of tilting stiffness along with the differences of thrust

pad height are calculated, as shown in Figs 5 and 6, where ‘1, 6higher’ in the legend represents that the 1st and the
6th thrust pads have the same height which is larger than those of other pads.

The results show that the differences of the thrust pad heights have little influence on stiffness coefficientsKxx

andKyy. On the contrary, the stiffness coefficientKxy varies obviously with the increasing of differences of the
thrust pad heights. And all the stiffness coefficients have nearly linear relationship with height difference though the
curves are not as smooth as they are supposed to be. The fluctuation is caused by the rounding error and calculation
error arising in the data processing and the numerical simulation usingANSYS.

Additionally, comparing the curves of ‘1, 4 high’ and ‘1, 6 high’ in Figs 5 and 6, it is easy to find that the
distribution of the thrust pad heights has a considerable effect on the stiffness coefficients when the height difference
is constant.

It must be pointed out that, the height differences of the thrust pads are selected in a small range here in order to
keep the load on thrust pad smaller than the limit load, and the linear relationship may result from the small height
difference.
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4.3. Amplitude of lateral vibration

In order to analyze the influence of the variation of the tilting stiffness of the thrust bearing on the lateral vibration
of the hydroelectric generating set, Eq. (10) with different distributions of thrust pad heights is solved, and the results
are shown in Fig. 7, where ‘without’ represents that the influence of the thrust bearing is ignored in the calculation,
‘normal’ represents that the oil tank works normally, and the case when the oil leakage has happened and all the
pads have the same heights is represented by ‘abnormal’. From Fig. 7, the following conclusions can be obtained:
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Table 1
Effect of thrust bearing on lateral shaft vibration

Node number 1 2 3 4 5 6

A1 (mm) 0.0191 0.0629 0.1961 0.1177 0.0302 0.0208
A2 (mm) 0.0168 0.0640 0.1937 0.1137 0.0290 0.0199
Relative change rate −11.8% 1.70% −1.25% −3.38% −3.66% −4.20%
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Fig. 7. Amplitudes of lateral shaft vibration with different cases.

– The vibration amplitude of Node 1 and Nodes 3–6 decrease while the amplitude of Node 2 increases after the
occurrence of contact between the top cover and the pillar support;

– When the top cover touches the pillar support, the vibrationamplitude is small compared with that in the case
when the elastic oil tanks work normally;

– The amplitudes are almost the same when the thrust pad heights have different distributions;
– The influence of the thrust bearing on the amplitude of the lateral shaft vibration is small when the elastic oil

tanks work normally, as shown in Table 1, where ‘A1’ and ‘A2’ represent the amplitude of the lateral shaft
vibration when the influence of thrust bearing is ignored andconcluded, respectively, and ‘Relative change rate’
is calculated by (A2-A1)/A1× 100%.

For the first point, the effect is caused by restraining the tilting movement of the shaft by the thrust bearing. As
shown in Fig. 8, the deflection angle in y directionθy is negative. When the top cover touches the pillar support,
the tilting stiffness of the thrust bearing increases greatly, and the effect could be equivalent to that an additional
clockwise moment acts on Node 3. Thus, the amplitude of Node 2increases while the amplitudes of others are
determined by the amplitude changing of Node 2 and the shaft deflection due to the equivalent additional moment.
Generally, the amplitude changing of Node 2 is small becauseof the large stiffness of the guide bearing. Therefore,
the variation of the lateral amplitudes of Nodes shown in Fig. 7 is explicable, and the relative change rate displayed
in Table 1 could be understood in the same way.

For the second point, the reason is that the action of the thrust bearing is related to the deflection angle where
the thrust bearing acts. The larger the deflection angle, thestronger the action. For the rotor system shown in
Fig. 4, the deflection angel in Node 3, as shown in Fig. 9, is very small compared with those of other Nodes due
to the big moment of inertia and the position in the shaft. Therefore, the effect of the thrust bearing on the lateral
vibration of shaft is small. Figure 10 gives the variations of the lateral vibration amplitudes versus the position of
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Fig. 9. Deflection angles of shaft when elastic oil tanks worknormally.

the thrust bearing, where ‘normal-2’ represents that elastic oil tank work normally and the thrust bearing is located
at Node 2. The results show that for the rotor system shown in Fig. 4, the increasing of tilting stiffness of the thrust
bearing makes the amplitudes of Node 3–6 decrease by 5.78%, 15.5%, 16.9% and 18.1%, respectively; however, the
corresponding reduce rates are 35.1%, 33.9%, 18.9% and 85.0% respectively when the thrust bearing is located at
Node 2.

For the operational conditions shown in Fig. 5, the differences of thrust pad heights have little effect on stiffness
coefficientsKxx andKyy. Furthermore, the stiffness coefficientKxy is small and the effect is not obvious. Thus,
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Fig. 10. The influence of the position of the thrust bearing onthe lateral vibration.

for the different cases when the top cover touches pillar support, the amplitudes of the lateral shaft vibration are
almost the same.

For the last point, the small tilting stiffness due to the connecting oil is another reason besides the small deflection
angle at the position where the thrust bearing acts.

4.4. Load on thrust pad

Due to the relative motion of the thrust collar and the differences of thrust pad heights, the load on each thrust pad
is investigated, and the maximum load of all pads during the steady state operation of the hydroelectric generating
set is shown in Figs 11–13.

Figure 11 shows the case when the height of one pad is larger than those of others. Without loss of generality, the
1st thrust pad is set to be the one with larger height, and it iseasy to obtain the conclusion that the maximum load
increases with the increasing of the differences of thrust pad heights. Based on the linear hypothesis, the allowable
height difference can be calculated according to the limit load of a single pad and the result is 31µm. When two
pads have larger height than those of others, the distribution of the two pads is considered. Figure 12 shows that the
allowable high difference decreases with the increasing ofdispersion of the two pads which have larger height, and
the corresponding allowable high difference are 26µm, 29µm, 34µm, 41µm, 50µm. Figure 13 displays the same
rule as that shown in Fig. 12, and the smallest allowable highdifference is 26µm which occurs when 1st, 2nd and
6th pads have larger height.

The similar analysis could be performed with other different distributions of the thrust pad heights. The results
indicate that the worst case for the hydroelectric generating set displayed in Fig. 4 happens when 1st and 6th have
larger height than those of other pads, therefore it is reasonable to draw the conclusion that if the height difference
of the thrust pads is less than 26µm, the load on the thrust pad will not exceed the limit load of asingle pad.

5. Conclusions

The tilting stiffness of thrust bearing, vibration amplitude and the load on thrust pad are analyzed to study the
lateral vibration of a hydroelectric generating set under various supporting condition of the thrust pad. The results
can be summarized as follows:
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1. The thrust bearing supported by elastic oil tanks has small influence on the lateral shaft vibration when the
elastic oil tanks work normally due to the small tilting stiffness.

2. The tilting stiffness of the thrust bearing increases greatly when the top cover touches pillar support.
3. The stiffness coefficients of thrust bearing have linear relationship with the differences of thrust pad height in

a certain range while their effect onKxy is more obvious than that onKxx andKyy. And the distribution of
the thrust pad heights has considerable effect on the stiffness coefficients.
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Fig. 13. Maximum load of all pads when three pads have larger heights.

4. The effects of the supporting condition of the thrust padson the amplitude of the lateral shaft vibration is not
obvious because the thrust bearing is placed in the positionwhere its action is not strong and the stiffness
coefficients do not vary greatly.

5. The difference of thrust pad heights is of great importance for the load on the thrust pad, and the height
difference of any two thrust pads should not exceed 26µm in order to guarantee the safe and stable operation
of the hydroelectric generating set.

Since the influence of the thrust bearing on the lateral shaftvibration can be affected by many factors, such as
axial load, stiffness of the shaft, static load on the journal bearings, position and arrangement of the thrust bearing
et al, more analyses are required to draw the more general conclusions. Besides, the dynamic response is calculated
based on the linear hypothesis and only the main supporting conditions are considered in this paper. Therefore, more
accurate result will be obtained when more precise models are introduced.
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