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1. Introduction

Tilting-pad bearings, due to their high stability,
are widely utilized in various occasions [1-4]. Compared to
fixed-pad sliding bearings, the dynamic characteristics of
tilting-pad bearings are not only related to the dynamic
properties of the oil film but also influenced by the pad
tilting motion. In essence, the dynamic behavior of tilting-
pad bearings is a comprehensive reflection of both the dy-
namic coefficient of the oil film and the tilting motion of
the pads [5]. Precise determination of the tilting-pad bear-
ings dynamic characteristic coefficients holds significant
importance for elucidating their dynamic behaviors and
devising strategies to mitigate vibrations and noise. Fur-
thermore, this constitutes a vital step towards achieving
effective vibration fault diagnosis [6].

Lund [7] proposed the use of eight dynamic coef-
ficients to characterize the dynamic behavior of tilting-pad
bearings, a method that shares similarities with the eight
coefficients used to describe the dynamic characteristics of
fixed-pad bearings. These eight dynamic coefficients are
easy to understand and convenient for engineering applica-
tions, and they are still widely adopted in the industry to-
day [8,9]. However, as energy equipment continues to
evolve towards higher rotational speeds and larger capaci-
ties, the instability issues of tilting-pad bearings have be-
come increasingly prominent, drawing attention to the
study of their stability. Stability analysis of rotor systems,
traditionally conducted with eight dynamic coefficients,
frequently results in an oversimplified portrayal of absolute
stability, a finding that often fails to reflect real-world sce-
narios [10, 11]. From the perspectives of degrees of free-
dom and dynamics, Rouch [12] and Ettles [13] proposed
an analytical method that considers the complete set of
dynamic coefficients, incorporating pad motion, to de-
scribe the dynamic behavior of both the journal and the
pads. In the case where the rotor is axially aligned with the
pads, the complete set of dynamic coefficients comprises
5n+4 stiffness coefficients and 5n+4 damping coefficients
(where n represents the number of pads in the tilting-pad
bearing). Using this approach to analyze the stability of the
bearing-rotor system comprehensively considers instability
factors such as pad inertia, pivot friction, and elastic de-
formation of the pivot point, leading to more accurate sta-
bility analysis results. Works [14, 15] provide the complete

set of dynamic coefficients for tilting-pad bearings, partic-
ularly the definitions of cross-coupling terms, and presents
these dynamic coefficients in matrix form, known as the
complete dynamic coefficient matrix.

Based on the definition of the complete set of dy-
namic coefficients, the pad perturbation method, as pro-
posed in [16], can conveniently calculate the complete dy-
namic coefficient matrix for tilting-pad bearings. Wang
Liping [17] introduced a mathematical analytical model for
computing the complete dynamic coefficients of tilting-pad
bearings based on the perturbation characteristics of the
pads. In [18], the tile perturbation method for calculating
the complete dynamic characteristic coefficient of tilting
pad bearing is proposed, and the numerical solution is giv-
en. Zhang Zhenshan [19] used the complete set of dynamic
coefficients to investigate the influence of whirl on the
dynamic characteristics, arguing that its effect should not
be overlooked. L.E. Barrett et al. [20] examined the eigen-
value dependency of the reduced dynamic coefficients.
Other researchers continue to expand the range of factors
considered in the calculation of dynamic characteristics of
tilting pad bearings and other methods, for example, some
researchers have studied the influence of temperature, de-
formation, pre-load and fulcrum friction on the dynamic
characteristics of tilting pad bearings [21, 22]. Yan
Zhiyong [21, 23] calculated the complete dynamic coeffi-
cients of tilting-pad bearings and applied them to the criti-
cal speed calculations of the bearing-rotor system. He also
studied the complete dynamic coefficients of tilting-pad
bearings considering the elasticity of the pivot points.

To encapsulate, a plethora of research, spanning
from national to international realms, has delved into the
comprehensive dynamic coefficients of tilting-pad bear-
ings, encompassing a myriad of facets. However, due to
the large number of coefficients involved, existing meth-
ods are complex and inefficient, which is not conducive to
engineering applications.

This paper proposes a calculation method for the
complete dynamic coefficients of tilting-pad bearings
based on the equivalent motion of the pads. By equivalent-
ly treating the pad tilting as journal displacement, the rela-
tionship between various parameters of the dynamic coef-
ficients (including stiffness and damping coefficients) is
established, thereby simplifying the calculation of the
complete dynamic coefficients. This method is applied to
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calculate the dynamic coefficients of each pad in a 6-pad
tilting-pad bearing for a steam turbine. The static equilibri-
um position of the bearing under a given load condition is
iteratively calculated using the eccentricity method, and
the variation patterns of the coefficients are identified, ver-
ifying the practicality of the proposed method.

2. Complete Dynamic Characteristic of Tilting Pad
Bearing

The tilting-pad bearing typically consists of 3 to 6
or even more arcuate pads that can tilt freely on pivot
points, as illustrated in Fig. 1. Due to the ability of its pads
to swing freely in response to changes in rotational speed,
load, and bearing temperature, multiple oil wedges are
formed around the journal. Furthermore, the pressure of
each oil film always directs towards the center (a). There-
fore, the tilting-pad bearing exhibits high stability.

Fig. 1 Structural schematic diagram of tilting pad bearing:
a — profile of tilting pad bearing, b — arrangement of
pads and hydrodynamic pressure profiles

In large-scale machinery, the pivot points of the
tilting pads are often designed in a spherical form. It can be
assumed that the journal and the pads maintain parallelism
in the axial direction, with the pads swinging around the
pivot points. Due to the increased freedom of movement in
the pads' tilting, the complete dynamic characteristic coef-
ficients of the tilting-pad bearing require a larger number
of coefficients to represent the bearing's properties. Addi-
tionally, the number of required coefficients varies depend-
ing on the number of bearing pads.

As shown in Fig. 2, the components Fy and Fy; of
the oil film force of tilting tile in the x and y directions, as
well as the moment M; around the fulcrum, can be ex-
pressed as functions of the journal position (x, y), speed

Shaft journal

@

Bearing shell

Fig. 2 Qil film force and torque of tile

(x, y) and the swing angle and speed (¢;, ;) of the tile, as
shown in Eq. (1)
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The coefficients related to the oil film force can be calcu-
lated using Eq. (3)
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3. Computation Method of Complete Dynamic
Characteristic Coefficients

Through the definition of the complete dynamic
characteristic coefficient, it can be seen that 18n dynamic
characteristic coefficients ki, Kuyi, Kyxi, Kyyis Kepiy Kovis Kygi,
Koyis Kopiy Cxxiy Cxyis Cyxis Cyyis Cxpis Coxis Cygis Coyis Copi NEEd t0 be
calculated first to calculate the complete dynamic charac-
teristic coefficient of bearings. Due to the excessive num-
ber of coefficients, if the calculation is carried out directly,
the workload is large and the calculation is complicated,
which is not conducive to engineering application.

In order to solve the above problems, this paper
introduces the geometric relationship between tile swing
and journal disturbance to simplify the above equations,
and reduces the 18n coefficients required to be calculated
to 8n, such as Kui, Kxyi, Kyxi, Kyyi, Cxxis Cxyi, Cyxiy Cyyi, WhiCh
greatly reduces the calculation workload and improves the
calculation efficiency and stability. These 8n coefficients
can be obtained by treating the tile as fixed and applying
displacement or velocity perturbations to the journal.



A coordinate system for calculating the perfor-
mance of the tilting-pad bearing, as depicted in Fig. 3, is
established. When the pad tilts from its static equilibrium
position by an angle i to a new position, the center of the
pad arc moves from Oy to O',. From the perspective of the
coordinate system x'opy' fixed at O, and swinging along
with the pad, the journal moves in the opposite direction to
a new position O'. Using a similar approach, the angular
velocity of the tilt can be equivalently represented as the
displacement velocity of the journal. Based on this trans-
formation concept, the tilting of the pad is equivalent to the
movement of the journal, and the transformation relation-
ship is as follows:

X =rp cos(z— ),
y; =—rg sin(z-4),
% =rgp cos(z— ),
yi =—rg,sin(z—f,).

(4)

In Eq. (4), ¢i is the tile swing angle; r is the radius
of the tile surface arc; g is the circumferential position
angle of tile fulcrum.

Broken
tiles

(N

Fig. 3 Coordinate system for calculation of tile perfor-
mance

The components of the oil film force of a single
tilting tile in the x and y directions are F and Fy;, respec-
tively. The derivatives of the oil film forces Fy, and Fy;
with respect to the swing angle of the tile ¢; and the deriva-
tives of the oil film forces with respect to the journal dis-
placement x; and y; are:
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From Eqg. (5), it follows that
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The solution of the moment M; of the tile around
the fulcrum can be converted into the solution of the oil
film force Fy and Fyi, and then M; is obtained by using
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these two oil film force data. The transformation relation
between M, Fy and Fy; is:

M; =F,-rsing —F,-rcosp. )

The derivatives of M;, with respect to x;, yiand ¢,

Fx and Fyi, with respect to the displacement of the journal

xi and y;, also have a certain relationship, which can be

obtained by substitutions and other methods in the deriva-

tion of multivariate functions. The specific relationship and
its derivation are as follows:
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The derivatives in Eq. (6) and Eq. (8) are taken at
the equilibrium position of the tile and the journal, then the
relationship between the stiffness coefficients of the oil
film can be obtained:

Kepi = 1 €os(z — B, )Kys — 1 sin(z — )k,
K,y =1 COS(7 — )k, —rsin(z — f)K,,;,
K, = Kirsin B —k,rcos j,,
K,yi = Kyirsin B —K,;rcos g,
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—k,ir?sin(z - B)sin g —
—k, 1 cos(z — f3,) cos B, +

9)
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It can be seen from Eq. (9) that the 5n stiffness
coefficients can be represented by another 4n coefficients.

Similarly, the damping coefficient has a similar
relationship with the stiffness, as shown in Eq. (10).
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Based on the aforementioned relationships, the
eight coefficients for a single pad can be calculated using
the same method as for fixed-pad bearings. Subsequently,
the complete dynamic characteristic coefficients can be
derived using the above equations, without the need for
additional calculations involving angular perturbations to
obtain the relevant coefficients. This approach is similar to
the method used for solving dynamic characteristic coeffi-
cients in fixed-pad bearings, significantly reducing the
number of calculations required for the Reynolds equation,
effectively improving computational efficiency, and facili-
tating understanding and application by engineering per-
sonnel.

4. Simulation Example

In this paper, a six-pad tilting-pad bearing used in
a steam turbine set is taken as the application object, as
shown in Fig. 4. This research object exhibits geometric
symmetry, and its specific parameters are listed in Table 1.

In general, the static equilibrium position of the
bearing is unknown, while the static load is given. There-
fore, to calculate the stiffness and damping coefficients of
the bearing under a given load condition, it is necessary to
first determine the static equilibrium position correspond-
ing to that condition. In this paper, the eccentricity ratio
method is adopted to determine the static equilibrium posi-
tion of the bearing.

Firstly, a mathematical model of the tilting-pad
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bearing is constructed, which includes the Reynolds equa-
tion and the oil film thickness equation. It is assumed that

1w f

2W

Fig. 4 Bearing structure diagram

the lubricant flow is laminar, and the temperature of the
lubricant during stable bearing operation is 70°C. Subse-
quently, with a given eccentricity ratio of 0.50, the relevant
mathematical equations are solved simultaneously using
the finite difference method to determine the static equilib-
rium position of the bearing and calculate the correspond-
ing oil film force and moment.

Table 2 shows the calculation iterative process of
determining the static balance position of the bearing at
any given initial position (eccentricity is 0.50) under the
action of the determined rated load of 240 kN. As can be

Table 1
Bearing parameter
Diameter| Breadth, | Clearance Feed Number | Tilting Fulcrum Rated speed, | Load rating,
Parameter . o . " L Lube
D, mm mm ratio temperature, °C | of tiles | angle, coefficient rpm kN
Value 400 300 1.3%o 40 6 56 0.5 VG46 3000 240
Table 2
Iterative process of balance position of six-watt tilting pad bearing
Iterations Eccentricity ratio Angle of displacement, ° Load, kN Flow, L/min Mln_lmum oil film
thickness, um
0 0.50 1.481 177.33 1190.74 29.67
1 0.5261 1.133 199.09 1209.15 28.08
2 0.5432 0.983 215.18 1212.22 27.01
3 0.5535 0.75 226.14 1214.08 26.39
4 0.5593 0.77 232.20 1215.17 26.03
5 0.5625 0.751 236.10 1215.68 25.82
6 0.5642 0.707 237.77 1216.07 25.74
7 0.5651 0.741 238.87 1216.29 25.66
8 0.5656 0.781 239.48 1216.33 25.64
9 0.5658 0.774 240.01 1215.93 25.64

seen from the table, after more than 9 iterations, it con-
verges to the rated load. At this time, the eccentricity is
0.5658, the deviation Angle is 0.774°, the minimum oil
film thickness is 25.64 um, and the error between the final
iteration load and the rated load is 0.01. It can be seen that
this method has fast convergence, and higher calculation
accuracy can be achieved by selecting the appropriate ini-

tial position after few iterative steps.

After locating the static equilibrium position of
the bearing, the complete dynamic characteristic coeffi-
cients of the bearing are calculated using the method pro-
posed in this paper, and their variation patterns are ana-
lyzed. The outcomes of our calculations are delineated in
Fig. 5 through 12.
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Fig. 5 shows the variation of bearing stiffness
with rotational speed. It can be observed that the primary
stiffness in the vertical direction (ky,) of the tilting-pad
bearing decreases as the rotational speed increases, while
the primary stiffness in the horizontal direction (k) in-
creases slightly with increasing rotational speed. Fig. 6
illustrates the change in bearing damping with rotational
speed. It can be seen that the damping of the tilting-pad
bearing decreases as the rotational speed increases, and the
cross-damping coefficients c,, and ¢y are equal. The pat-
terns of these eight dynamic characteristic coefficients in
Figs. 5 and 6 are similar to those of the eight coefficients
for fixed-pad bearings.

Fig. 7 and Fig. 8 show the variation diagrams of
kyi and k,,; with load respectively, from which the sym-
metry of bearings can be seen. The 1, 2 and 6 watts of the
6 watt tilting tile bearing are upper watts, and because the
bearing load is very small, k.,; and k,,; are almost 0, so
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Fig. 5 Stiffness changes with speed
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Fig. 6 Damping changes with speed

their swing has little effect on the oil film force in the x
direction and y direction of the bearing. Tile 3 and tile 5
are symmetrically distributed, and their oscillations have
roughly similar effects on the oil film force in the x direc-
tion and y direction of the bearing. Considering the influ-
ence of the position of the tile, ky3~—Kups> Kypa™=Kyps.

Fig. 9 shows the variation diagram of k,,; with
load. k,,: represents the influence of small amplitude swing
of the tile near the equilibrium position on the oil film
torque of the tile, in unit N-m/rad. Because the 1 watt, 2
watt and 6 watts of the 6 watt tilting tile bearing do not
bear load, the oil film force and moment on the tile surface
are almost 0, so the swing of the tile has little effect on the
moment on the tile. Tile 3 and tile 5 are distributed sym-

metrically, and the oil film force on the tile is roughly the
same, SO Kyy3™>Kpys.

Fig. 10 and Fig. 11 represent the influence of
small movements of the journal in the x and y directions
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centered on the balance position on the tile torque. Due to
the symmetry of the 6-watt tilting tile bearing, the curve in
Fig. 10 is symmetrical distribution, and the figure is
Kpx3 = -Kpxs, Kpr2=-Kowe. Tile 1 is not load-bearing, k,1= 0,
and the influence of the small movement of the journal on
the moment on tile 1 is 0. At the same time, ky,:= 0. Com-
pared with other tiles, the small movement in the y direc-
tion of the journal has the greatest influence on the torque
of the 4-tile.
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The variation law of damping coefficient with
speed is roughly consistent with that of stiffness, which
can reflect the damping condition of specific tiles, as
shown in Fig. 12. The law is not to be repeated.

It can be seen from the above analysis that the
bearing stiffness coefficient and damping coefficient ob-
tained by solving the complete dynamic characteristic co-
efficient of tilting tile bearings based on tile motion



equivalence are almost 0 on non-bearing tiles, and they are
roughly the same on symmetrical bearing tiles, and their
variation rules are consistent with bearing structure and
stress conditions. Compared with the tile disturbance
method, this method is convenient and fast, and the results
can accurately describe the motion state of each tile.

5. Conclusions

1. Based on the motion equivalence of tile, a
method for solving the complete dynamic characteristic
coefficient of tilting tile bearing is proposed. Compared
with the tile disturbance method, this method can effective-
ly reduce the solving times of Reynolds equation and im-
prove the computational efficiency and stability. From the
point of view of application, this method is easy to calcu-
late, simple, easy to accept and understand, so it has more
advantages.

2. The calculation example of the complete dy-
namic characteristic coefficient based on the motion equiv-
alence of tiles shows that the relationship between the rele-
vant dynamic coefficients of different tiles is consistent
with the bearing structure and stress conditions: the law of
8 dynamic characteristic coefficients (K, Ky, Kxy, Kyx, Cxxs
Cyy, Cxy, Cyx) IS Similar to the law of 8 coefficients of the
dynamic characteristic of fixed tile bearings; Bearing or
tile disturbance has little effect on oil film force or oil film
moment, and its dynamic characteristic coefficient is close
to 0. The bearing or tile disturbance has a great influence
on the oil film force or oil film moment related to the bear-
ing tile, which is also obviously reflected in the dynamic
characteristic coefficient. The calculation results verify the
practicability of the method.
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CALCULATION METHOD OF COMPLETE DYNAMIC
CHARACTERISTICS COEFFICIENTS FOR TILTING
PAD BEARINGS

Summary

As energy equipment advances towards higher
speeds and greater capacities, the issue of instability in
tilting pad bearings has correspondingly grown more pro-
nounced. The method of eight-coefficients dynamic char-
acteristics of the tilting pad bearing exposes many short-
comings. This paper introduces the geometric interplay
between the tilting pad bearing and journal movement,
advancing a novel method for calculating the comprehen-
sive characteristic coefficients of the bearing, grounded in
the concept of tile motion equivalence. According to the
geometric relationship between tilting pad bearing and
journal movement, the coordinate system of the tilting pad
bearing pad performance is established. The motion of the
pad is equivalent to the movement of the journal to solve
the complete characteristic coefficient, and the relationship
between the complete kinetic coefficients is deduced. In
contrast to the tile perturbation approach, our method alle-
viates the complexities associated with determining the
complete characteristic coefficients, streamlines the com-
putational workflow, boasts high efficiency and reliability,
and is more readily embraced and comprehended by engi-
neering professionals. It provides the support for the calcu-
lation of the tilting pad bearing-rotor system stability.

Keywords: tilting pad bearing, complete Kkinetic coeffi-
cient, motion equivalent, dynamic characteristics coeffi-
cients.

Received July 20, 2024
Accepted December 16, 2024

This article is an Open Access article distributed under the terms and conditions of the Creative Commons
Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

