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Abstract

Large generator sets may experience boundary lubrication between the bearing and the shaft during startup, shutdown, or
low-speed cranking. This can lead to localized wear or damage to the bearing and rotor surfaces, potentially causing safety
accidents in the unit. In this paper, the lubrication properties of the unevenly distributed six-watt tilting pad bearings in an
in-service unit are analyzed through theoretical calculations. The analysis focuses on parameters such as film thickness and
temperature rise under low-speed operating conditions. Subsequently, a full-size test rig is set up to examine the lubrication
properties of bearings made of two materials—Babbitt alloy and polytetrafluoroethylene (PTFE). The tiling pad tempera-
tures, film thicknesses, and vibration characteristics of the bearings are tested under actual operating conditions. The test
results show that: The designed bearing does not exhibit wear under low-speed conditions (40 r/min); the bearing made of
PTFE material has lower temperatures compared to those made of Babbitt alloy, with higher pivot film thickness than that
of the Babbitt alloy; the bearing pivot film thickness value using VG68 oil is larger than that of VG46; and the values of the
temperature of the tilting pad measurement point are larger than that of VG46. This research paper validates the feasibility
of the bearing design scheme for this unit and provides data support for the design and safe operation of similar units.

Keywords Tilting pad bearings - Low-speed cranking - Babbitt alloys - PTFE material

1 Introduction and reliability of the rotor bearing system. [1, 2] Tilting pad

journal bearings are widely used in rotating machinery rotor

With the advent of the Fourth Industrial Revolution, green
and intelligent have become one of the mainstream direc-
tions for the development of mechanical products. Green
energy in the field of power machinery, such as nuclear
energy, hydroelectric power, wind power, and other green
energy, has become a major trend in the development of
the unit with the increase in capacity and power genera-
tion efficiency and the subsequent increase in the size of the
rotor and bearings, which puts forward stringent require-
ments on the bearing performance as well as the stability
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systems for high parameter operating conditions due to their
inherent dynamic stability characteristics. In order to select
and design a tilting pad bearing that is compatible with a
given operating condition, it is necessary to obtain accurate
properties such as bearing temperature, oil film thickness,
stiffness, damping coefficient, etc. [3-5].

With the advancement of computer and testing technolo-
gies, issues related to tilting pad bearings in practical applica-
tions have been identified and addressed, and new models for
solutions have been established. The mathematical model for
the fluid lubrication of tilting pad bearings has evolved from
a simple two-dimensional thermo-hydrodynamic analysis
model to a complex three-dimensional thermo-hydrodynamic
analysis model, and further to a complex three-dimensional
and simplified thermo-elasto-hydrodynamic analysis model
[6, 7]. This has continuously improved both calculation accu-
racy and speed. The structural parameters of the bearing,
such as the pad wrap angle, length-to-diameter ratio, bearing
clearance, pivot location, and pivot flexibility, have a signifi-
cant impact on bearing performance and can be optimized to
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improve bearing performance [8, 9]. Additionally, rotor tilt
and misalignment also significantly affect the bearings [10,
11]. Under high-speed conditions, tilting pad bearings oper-
ate in a turbulent state, leading to increased frictional power
loss, lubrication oil flow, and bearing temperature, which
deteriorates bearing lubrication performance [12, 13]. Over
the years, extensive theoretical and experimental research
has provided important evaluation criteria for the design
and reliable application of tilting pad bearings, forming a
common knowledge base. As units develop toward higher
speeds and higher power densities, the performance optimi-
zation of tilting pad bearings has reached the material limits,
making the improvement of bearing pad materials one of
the main research directions in recent years [14, 15]. Xu JM
et al. [16] covered the surface of modified superconducting
tilting pads with a thin layer of impregnated graphite and
replaced the nickel coating of the magnet with a chromium
coating, resulting in improved safety for liquid rocket engines
through this anti-friction design method. Podrabinnik et al.
[17] experimentally studied the tribological behavior of an
Al-Sn—Pb-Si—-Cu-Mg—Zn aluminum alloy against steel and
conducted tests on journal-bearing friction pairs. Madej et al.
[18] investigated the influence of the chemical composition
of two tin-based bearing alloys (B89 and B83) on their tri-
bological performance, finding that the precipitation of the
SnSb phase in the B83 alloy is the main factor affecting the
wear resistance of bearing alloys. Mosleh et al. [19] devel-
oped an alloy with excellent tribological performance and
high mechanical properties for engine bearings and accu-
rately predicted the characteristics of the new alloy with low
error levels through experiments. On the other hand, CFD
simulation is an important method for studying complex
working conditions and structures. Wang et al. [20] proposed
a method to study the hydrodynamic performance of sliding
bearings by using CFD simulation of microflow in texture,
which provides a basic reference and theoretical basis for the
design and optimization of journal bearings; Guglielmo et al.
[21] designed a highly efficient flexible multi-body model of
bearings that can be computed by CFD and can be used in
different engineering fields. The application of new materi-
als has improved bearing performance, especially raising the
limits of stable operation at high temperatures.

Despite the continuous development of theoretical
research considering multiple factors, the existing theories
still struggle to support specialized working conditions and
bearing structures as the application conditions become
more extreme and the dimensions, structures, and materials
of bearings change accordingly. It is necessary to accurately
determine the performance of bearings through full-scale,
all-condition testing [22, 23].

Based on theoretical research considering the heat conduc-
tion and thermal deformation of the pad, this paper focuses
on a large in-service generator’s unequally distributed six-pad
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tilting pad bearing. A full-scale test rig is established to primar-
ily study the lubrication performance of bearings made from
two materials, Babbitt alloy and PTFE, under low-speed con-
ditions. The study includes evaluating parameters such as film
thickness, pad temperature, and vibration, to assess the safety
of the bearings during startup, shutdown, or low-speed turning.

2 Modeling and analysis of tilting pad
bearings with different materials

2.1 Modeling and calculation process of tilting pad
bearings with different pad surface materials

2.1.1 Generalized Reynolds equation

Assuming a lubricant incompressible fluid and not consider-
ing inertial and volumetric forces, the steady state Reynolds
equation containing the turbulence correction factor is: [24]
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p—011 film pressure/Pa h—oil film thickness/pm; y—
lubricant dynamic viscosity/Pa-s; U—tangential velocity of
journal surface; V—radial velocity of journal surface; R—
radius of inner arc of tilting pad; K,—tangential turbulence
coefficient (right-angle coordinate system); and K —axial
turbulence coefficient (right-angle coordinate system).

Fy=

2.1.2 Energy equation

When the journal at the bearing is in a stable state, the heat
generated by bearing friction and convection and conduction
to achieve thermal equilibrium, the formation of a stable
temperature field, the temperature field is determined by
the energy equation. Do not consider the influence of heat
radiation, and the working condition is constant motion; do
not take into account the change of temperature along the
axial direction; the energy equation under the right-angle
coordinate system is:

C u£+v£ —KOZ—T+ du 2+ ow 2 2
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In the formula,

p—lubricant density; c,—specific heat capacity of the
lubricant; u, w, and v—flow rate of the lubricant along the X,
z, and y directions, respectively; 7—temperature of the lubri-
cant; and k;—thermal conductivity of the lubricant.

2.1.3 Tilting pad heat conduction equation

When the shaft journal at the bearing is in a steady state, the
heat generated by bearing friction and dissipated through con-
vection and thermal conduction reach equilibrium, forming a
stable temperature field. This temperature field can be deter-
mined by the energy equation:

az_T + 15_T + laz_T = 0 3
or2  ror r?og? @)
In the formula,
pﬂ =MT,-T), K, E =AMT,-T)
or r=R+H, a(p o=@,

T, —ambient temperature, H,—tilting pad temperature, k,,
—tilting pad heat transfer coefficient, and A—tilting pad back-
ing heat dissipation coefficient.

The pad surface material of the PTFE tilting pad bearing
is composed of PTFE material filled into a copper wire mesh.
When calculating thermal resistance, these two layers are
equivalent to a material with the same thermal conductivity
coefficient:

. ha + hh ha hb
Thermal resistance = =—+ T 4
b

k

a

In the formula,

k,~ k;—the thermal conductivity of the two materials, &,
+ h;—the thickness of the two materials, and k,—the equiva-
lent thermal conductivity of the composite layer formed by
the two materials.

PTFE tilting pad bearing heat conduction can be considered
as a PTFE layer plus the steel base of the two layers of material
heat conduction and the two layers of material in the middle
of the heat transfer continuity. The heat conduction equation
of the PTFE tilting pad bearing is as follows:
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2.1.4 Thermo-elastic deformation equation of tilting pad

The thermo-elastic deformation of the tiling pad is the sum
of elastic and thermal deformation, and the thermo-elastic
deformation equation is as follows:

1 dA M q
——==+15—+——
Rdg? EI' 7GA " H, ©)

In the formula,
A —thermo-elastic deformation; A —tilting pad cross-
sectional area, A = LH,; and /—moment of inertia of tilt-

ing pad section, [ = L—H’E The bending moment from the
inlet end of the tilting pad to the pivot point is
M(p) = &"2”’” 7 q(&)Ede; g—force distribution on the
axial neutrlgl plane of the tilting pad, ¢ = Li;’ o /01 pdA; and
AT—temperature difference between tilting pad face and
back.

2.1.5 Film thickness equation

When the tilting pad exhibits thermo-elastic deformation,
the relationship between the journal and the tilting pad's
geometry allows the derivation of the bearing film thick-
ness equation. After correction, the film thickness equa-
tion for the tilting pad bearing under the thermo-elastic
hydrodynamic model is expressed as follows:

h; = c, —(c, — ¢;) cos(f; — @) + ecos(p — 0) + ré; sin(f; — @) + A
(N
In the formula,
C,—shaft radius clearance and 5,—tilting pad pendu-
lum angle.

2.1.6 Temperature-viscosity equation

The viscosity of lubricating oil is significantly affected by
temperature and is sensitive to changes in temperature. In
this paper, the following temperature—viscosity equation
is used for performance calculations considering the tem-
perature—viscosity relationship:

_ —bT | €
u=ae +T ¥

In the formula,

u—rviscosity of lubricating medium when the tempera-
ture is T, a, b, and c are coefficients to be determined, and
the values of a, b, and ¢ are different for different oils.
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2.1.7 Calculation process

Simultaneous Egs. (1-1) to (1-8) can be used to establish
a thermo-viscoelastic hydrodynamic lubrication analysis
model for the tilting pad bearing. This model considers
the heat conduction of the pad surface and pad block, as
well as the deformation under heavy loads, making the
calculation results more consistent with actual conditions.

The calculation process of the fluid dynamic lubrication
model for tilting pad sliding bearings is a multiple itera-
tion process of the basic equations. The flowchart of the
program calculation is shown in Fig. 1.

Input bearing structure and operating
parameters

¥

Preliminary determination of axis position and tile
swing angle

v

The pressure and temperature fields of tile | |«
Pressure field N
convergence

Y
emperature field
convergence

Y

Tile balance
I>N(Number of tiles)

Y

Calculate bearing
performance

Load meet the
requirements?
Y

‘ Output results ‘

Fig. 1 The calculation process of the fluid dynamic lubrication model
for tilting pad sliding bearings

Correction of
swing angle

Correct axis position

@ Springer

2.2 Effect of bearings on rotor vibration

An isotropic rotor excited by inertial forces associated with
mass imbalance is modeled as follows [25]:

M3 + D + Kx = mra*e/@+®) 9)
The rotor response is defined as:
x = Ad'(CUH"Po)

In the formula,

A and @0 are the amplitude and phase of the rotor
response, and the magnitude of the response will depend on
the rotational speed. The maximum amplitude occurs when
the operating speed equals the natural frequency of the rotor

at\/K/M:

A= F
K — Mw?)? + D2w?
\/( ) § (10)
tan—
= arctan————
%o K — Ma?

According to Egs. (1-10), the amplitude (A) is related to
the external force (F), bearing stiffness (K), damping (Ds),
rotor mass (M), and operating speed. For large, low-speed,
steady-operating rotor systems, where the external force (F)
and rotor mass (M) are constant and the operating speed is
below the critical speed, the rotor behaves rigidly. In this
scenario, the rotor and bearings are weakly coupled, and
the rotor system's vibration is sensitive to external structural
parameters, such as bearing clearance and installation. How-
ever, it is less affected by changes in speed and load.

2.3 Lubrication performance analysis of large
tilting pad bearings under low-speed operating
conditions

For large generator sets in service using tilting pad bear-
ings, a non-uniform arrangement is adopted: four pads at
the bottom and two pads at the top. Low-pressure oil inlets
are designed between adjacent pads, and high-pressure oil
inlets are designed in the middle of each of the two bottom
pads. The structure is shown in Fig. 2. There are two kinds
of tilting pad surface materials: Babbitt alloy (ZSnSb11-6)
and PTFE, and the specific structural parameters are shown
in Table 1.

According to the structural parameters of the bearings,
the lubrication performance of the bearings under low-
speed working conditions is calculated using the method in
Sect. 1.1. In order to correspond with the following experi-
mental contents, the pivot film thickness point and the tem-
perature measuring point (the angle from the measurement
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Fig.2 Schematic structure of tilting pad bearing

point to the oil inlet edge is at 75% of the wrap angle of
tilting pad) of the four tilting pads in the load-bearing area
under different loads and different rotational speeds are cal-
culated when PTFE and Babbitt alloy bearings are lubricated
by VG46/VG68, respectively. Since pad 1 and pad 4 are
symmetrical and pad 2 and pad 3 are symmetrical, ignoring
factors such as pivot friction, the theoretical values of the
pivot film thickness and the pad measurement point tem-
perature for pad 1 and pad 4, as well as for pad 2 and pad 3,
are equal, as shown in Figs. 3 and 4. The film thickness at
the pivot point decreases gradually with the increase in load,
and under the same load, the larger the rotational speed,
the greater the pivot point film thickness. The temperature
at the measuring point of the tiling pad increases gradu-
ally with the increase in load, and under the same load, the
higher the rotational speed, the higher the temperature of the
tiling pad; under the same working conditions (rotational
speed and load), the pivot film thickness of bearings adopt-
ing VG68 is 0.0067 mm thicker than that of VG46, and the

temperature of the measuring point of bearings adopting
VG68 is about 1.0067 mm higher than that of VG46. Under
the same working conditions (speed and load), the thickness
of the film at the pivot point of VG68 bearing is 0.0067 mm
thicker than that of VG46, and the measured temperature of
VG68 bearing is about 1.07 °C higher than that of VG46,
while the thickness of the film at the pivot point of PTFE
tiling pad-lined bearing is 0.0304-0.2045 mm thicker than
that of the Babbitt alloy tiling pad-lined bearing, and the
measured temperature of the pivot point of VG68 bearing is
34.02-38.88 °C (the temperature of the oil inlet is 32 °C),
which is 0.3—1.94 °C lower than that of Babbitt alloy tilting
pad bearing.

3 Test system and test program
3.1 Testrig

According to the actual unit, a full-size tilting pad bearing
test rig was designed as shown in Fig. 5 (Fig. 6 shows the
photograph of the test rig), which can simulate the operation
of this bearing under low-speed working conditions. The
test rig mainly consists of four parts: drive system, load-
ing system, lubrication system, and inspection system. The
drive motor is a frequency conversion motor with a power
of 75 kW and a speed range of 40—100 r/min. The loading
system adopts a hydraulic cylinder loading with a maxi-
mum load of 190 kN, and the lubricant grades are VG46
and VG68.

During the test, the inlet oil temperature is controlled near
32 °C; in order to ensure adequate lubrication of bearings
and journals, the high-pressure jacking oil is turned on when
the rotor is rotating, so that the rotor is in a floating state,
and the high-pressure jacking oil is canceled when the shaft
speed is increased to 40 r/min. Low speeds are set at 40 1/
min to 100 r/min, increasing by 20 r/min each time, with
each speed maintained for 0.5 h. During the stable operation
at each speed, loads of 40 kN, 60 kN, 80 kN, 100 kN, 120
kN, 140 kN, and 150 kN were applied to test the temperature

Table 1 Basic parameters of

o 1 Parameter item/unit 1# bearing 2# bearing

tilting pad bearings of two

materials Bearing diameter/mm 500 500
Bearing tilting pad length/mm 200 200
Number of tilting pads 6 6
Wrap angle of tilting pad/° 28 28
Angular coordinates of pivot point/® 15/45/135/225/315/345 15/45/135/225/315/345
Oil VG46/VG68 VG46/VG68
Shingle material ZSnSb11-6 PTFE
Load/kN See below for loads
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Fig.3 Lubrication performance of tilting pad bearings with Babbitt alloy tiling pad liners at low-speed operating conditions

at the measuring point of the tiling pads, the film thickness at
the pivot point, and the data of axial vibration, respectively.

3.2 Pivot film thickness and vibration test program

The pivot film thickness is directly measured by eddy cur-
rent displacement sensor; the sensor model is: BENTLY-
3300XL-8 mm, sensitivity is 7.874 V/mm, and linear range
is 0-2 mm. The sensor is fixedly mounted on the end face
of the base, with a total of four measurement points, two for
each bearing, arranged in the bottom of the bearing, and the
vertical direction of the symmetrical arrangement of 23°; the
direction of the sensor is along the center of the bearing, as
shown in Fig. 7. The pivot point film thickness is the sensor
test value minus the sensor test calibration value when the
rotor is stationary.

The vibration sensors are arranged on the bearing hous-
ing, and the sensors are distributed on the top and both sides
of the bearing housing along the axial direction, with a total

@ Springer

of four sensors, of which I# and I1# are the horizontal vibra-
tion sensors, and I11# and IV# are the vertical vibration sen-
sors, as shown in Fig. 8§ in detail.

3.3 Tiling pad temperature test program

The bearing pad temperature is measured directly using a
temperature sensor. The sensor type is a PT100 Smm plati-
num resistance temperature sensor, with a temperature range
of -100-400 °C and an accuracy of 0.1 °C. Temperature
measurement holes are set on the lower pad of the tilting
pad bearing, with the four temperature measurement points
positioned at an angle of 21° from the oil inlet edge (cover-
ing 75% of the pad arc). Based on the size of the sensor, the
diameter of the temperature measurement hole is determined
to be a 6mm blind hole, with the bottom of the hole approxi-
mately 7.5 mm from the bearing pad surface. The arrange-
ment and installation of the temperature measurement points
for the two bearings are shown in Fig. 9.
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Fig.4 Lubrication performance of tilting pads bearing with PTFE tiling pad lining at low-speed condition

Fig.5 Bearing test rig system

. . . : . . Bearing
structure schematic diagram Flexible coupling Bearing for loading Sensor Tesltmg bearings for loading
22
= ]
[ B ===
VAN —
Hydraulic cylinder Hydrautic cylinder
Traction motor Gearboxes loading Bearing seat loading

4 Test results and analysis

To study the lubrication characteristics and vibration char-
acteristics of different oils and bearing pad materials at
low speeds, the pivot film thickness and the temperature
at the measurement points of the four tilting pads in the
load zone and the vibration velocity in the horizontal and

vertical directions were tested and analyzed at an operating
speed of 40 rpm.

4.1 Pivot point film thickness test results
and analysis

The comparative data of the pivot film thickness between the
test results and theoretical values for bearings with different
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Fig.6 Bearing test rig photo-
graph

Gearboxes

Coupling :

Traction

motor

Fig.7 Schematic diagram of

[ LI

Hydraulic cylinder loading

{ ‘! Vibration sensor
B T l\

Bearing for Bearing seat

loading

|
‘s
]
|

)

Displacement sensor line Temperature sensor

(the other two lines are led outlet hole (4 lines are ==

out from the other side) let out from the other

the bearing displacement test
transducer position N

Displacement
Sensor 4

pad materials (probes 1 and 4) are shown in Fig. 10. As the
load increases, the measured values of the pivot film thick-
ness decrease. The pivot film thickness values for VG68 oil
are generally larger than those for VG46 oil, and the thick-
ness for plastic pads is larger than that for alloy pads. For
every 10kN increase in load, the film thickness decreases
by approximately 0.02 mm. Load range of 40—-150 kN: The
pivot film thickness of alloy pads lubricated with VG46 oil
decreased from 0.2067 to 0.1387 mm and with VG68 oil
from 0.2402 to 0.1552 mm. The deviations between the
pivot film thickness measured by probe 1 and probe 4 and
the theoretical values were 3.6% and 5.5%, respectively, for
VG46 oil lubrication and 7.8% and 0.4%, respectively, for

@ Springer

] Displacement

sensor

Displacément

Displacement Sensor 1

Sensor 3

Displacement
Sensor 2

VG68 oil lubrication. The pivot film thickness of plastic
pads lubricated with VG46 oil decreased from 0.2315 to
0.1516 mm and with VG68 oil from 0.2064 to 0.1584 mm.
The deviations between the pivot film thickness measured
by probe 1 and probe 4 and the theoretical values were 7.2%
and 0.6%, respectively, for VG46 oil lubrication and 8.0%
and 2.2%, respectively, for VG68 oil lubrication. These val-
ues are close to theoretical calculations, showing consistent
variation patterns.

The comparative data of the pivot film thickness between
the test results and theoretical values for bearings with dif-
ferent pad materials (probes 2 and 3) are shown in Fig. 11.
As the load increases, the measured values of the pivot film
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thickness decrease. The pivot film thickness values for VG68
oil are generally larger than those for VG46 oil, and the
thickness for plastic pads is larger than that for alloy pads.
For every 10kN increase in load, the film thickness decreases
by approximately 0.01 mm. Load range of 40-150 kN: The
pivot film thickness of alloy pads lubricated with VG46 oil
decreased from 0.0443 to 0.0283 mm and with VG68 oil
from 0.0502 to 0.0292 mm. The deviations between the
pivot film thickness measured by probe 1 and probe 4 and

the theoretical values were 0.3% and 9.8%, respectively, for
VG46 oil lubrication and 15.2% and 13.3%, respectively,
for VG68 oil lubrication. The pivot film thickness of plastic
pads lubricated with VG46 oil decreased from 0.0519 to
0.0319 mm and with VG68 oil from 0.0475 to 0.0216 mm.
The deviations between the pivot film thickness measured
by probe 1 and probe 4 and the theoretical values were 7.2%
and 0.6%, respectively, for VG46 oil lubrication and 8.2%
and 2.3%, respectively, for VG68 oil lubrication. These
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Fig. 11 Comparison of film thickness at bearing pivot point for different tiling pad surface materials

values are close to theoretical calculations, showing con-
sistent variation patterns.

4.2 Tiling pad temperature test results and analysis

The comparative data of the bearing pad measurement
point temperatures between the test results and theoreti-
cal values for bearings with different pad materials (points
1 and 4) are shown in Fig. 12. As the load increases, the
measured values of the bearing pad temperatures increase.
The temperature values for VG68 oil are generally higher
than those for VG46 oil, and the temperature for plastic
pads is lower than that for alloy pads. In the load range of
40-150 kN, the temperature at the measurement points on
alloy pads lubricated with VG46 oil increased from about

@ Springer

32 °C to about 33.5 °C, with small fluctuations in the
80-100 kN range. For VG68 oil, the temperature increased
from 32.5 to 34 °C. Both oil types showed variation pat-
terns close to theoretical calculations, with a difference
of about 2 °C. For plastic pads, the temperature at the
measurement points with VG68 oil increased from 33.2
to 35.2 °C. Probe 1 and probe 4 had average measurement
errors compared to the theoretical averages of 7.2% and
8.0%, respectively, for VG46 oil lubrication and 7.7% and
7.4%, respectively, for VG68 oil lubrication. With VG46
oil, the overall trend increased steadily with load, with a
sudden change observed at 80—100 kN for pad 4, followed
by a smoother trend beyond 100 kN. The test values were
close to theoretical calculations, showing consistent vari-
ation patterns.
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Fig. 12 Comparison of operating temperature of tiling pad with different surface materials (1 and 4)

The change patterns for both oil types are close to the
theoretical calculation values. The VG46 oil's temperature
is consistent with the theoretical value, while the VG68 oil's
temperature differs by about 2 °C, showing slight variations
in the 40-50kN range.

The comparative data of the bearing pad measurement
point temperatures between the test results and theoretical
values for bearings with different pad materials (points 2
and 3) are shown in Fig. 13. As the load increases, alloy
tiling pad measured point temperature value tends to stabi-
lize; PTFE tiling pad measured point temperature gradually
increased; PTFE tiling pad measured point temperature than
the alloy tiling pad as a whole was lower than the 0.5°C; load
40-150kN range: The temperature at the VG46 oil alloy til-
ing pad measurement point increases from approximately
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32.1 to 33.2°C, while the VG68 oil alloy tiling pad measure-
ment point temperature increases from 33.6 to about 34.2°C,
which is about 1°C higher than that of VG46. The test results
of the two kinds of oils are about 4.27°C lower than the
theoretical value. Probe 2 and probe 3 had average measure-
ment errors compared to the theoretical averages of 8.5%
and 8.2%, respectively, for VG46 oil lubrication and 8.7%
and 8.8%, respectively, for VG68 oil lubrication. For the
load range of 40-150 kN on PTFE blocks, the temperature
at the measurement points of the blocks increased from 33.5
to 35°C with VG46 oil lubrication and from 33.9 to 36.4°C
with VG68 oil lubrication. The deviations in the film thick-
ness at the pivot points for probe 1 and probe 4 from the the-
oretical values were 2.0% and 2.2%, respectively, with VG46
oil lubrication and 2.8% and 2.5%, respectively, with VG68
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Fig. 13 Comparison of operating temperature with different surface materials (2 and 3)
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oil lubrication. These deviations are close to the theoretical
calculations and follow the same trend. There was a sudden
change in the temperature at the measurement points of the
blocks with VG46 oil lubrication between 80—100 kN. The
experimental values are close to the theoretical calculation
results, and considering the assumptions related to installa-
tion and bearing boundary constraints, the error values are
within the acceptable range.

4.3 Vibration test results and analysis

Under different lubricating oil conditions, the vibration test
results of the Babbitt alloy pad bearings and PTFE tiling pad
bearings are shown in Figs. 14 and 15. Under the same lubri-
cating oil, the amplitude of horizontal and vertical vibration
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tends to be stable with the change of load, and the change
of load has little influence on the amplitude of horizontal
vibration of the rotor of the different bearings, and the value
of vibration of the VG68 oil is about 3 mm/s, which is much
larger than that of the VG46 oil, which is 1 mm/s. In the
initial stage of applying load (40-150kN), vertical vibration
experiences significant fluctuations, first increasing and then
decreasing near 100 kN, where it tends to stabilize. Due
to the large, short rotor of this test rig (journal diameter
D500 mm; length-to-diameter ratio less than 8), the rotor
system exhibits rigid rotor behavior (operating speed below
the critical speed). The rotor system's vibration is sensitive
to external structural parameters, such as bearing clearance.

Based on the test data, it was found that the pivot oil
film thickness, tiling pad temperature measurement point,
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Fig. 14 Comparison of horizontal and vertical vibration of alloy and PTFE with different lubricants (40 rpm)
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Fig. 15 Comparison of horizontal and vertical vibration of alloy and PTFE with different lubricants (100 rpm)
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and vibration values exhibited abrupt changes in the load
range of 80-100 kN. Fig. 15 shows the vibration speed at
100 rpm, and it can be seen that the same situation occurs
even at high speeds. By considering Fig. 4, which shows the
hydraulic loading method and the loading bearing position,
this phenomenon can be explained as follows: The center
heights of the two loading bearings are unequal, with the
left loading bearing being lower and the right loading bear-
ing being higher. As the load increases, the difference in
the original center heights is gradually adjusted by the load.
Around 100 kN, the rotor tends to level out. Therefore, dur-
ing the process from 40-100 kN, the center height error
decreases from an initial constant value, finally experiencing
an abrupt change around 100 kN, with the center height error
reducing to zero. This results in the pivot oil film thickness
first decreasing and then increasing before 100 kN, while the
tiling pad temperature measurement point and bearing box
vibration values first increase and then abruptly decrease.
This pattern is consistent with the test observations.

5 Conclusions

The lubrication performance of bearings, including film
thickness and temperature rise, is calculated for an unevenly
distributed tilting pad bearing of a large generating unit in
service, and a full-scale test rig is established. The pivot
film thickness, tiling pad temperature, and vibration data are
obtained through tests. The main conclusions are as follows:

1) The large tilting pad bearing designed cannot be dam-
aged under low-speed conditions (40 r/min). As the load
increases, the thickness of the oil film at the pivot point
decreases, the temperature of the tiling pad measure-
ment point increases, and the vibration value is basically
unchanged.

2) Asthe load increases, the measured pivot film thickness
values of the tilting pads decrease. The average pivot
film thickness when lubricated with VG68 oil is greater
than that with VG46 oil. The pivot film thickness of the
PTFE tilting pads is greater than that of the alloy pads.
These measured values are similar to theoretical calcula-
tions, and the patterns are consistent.

3) As the load increases, the temperature values at the
measurement points of the tilting pads increase. The
average temperature at the measurement points of the
PTFE tilting pads lubricated with VG68 oil is higher
than that lubricated with VG46 oil. The temperature at
the measurement points of the PTFE tilting pads is lower
than that of the alloy pads. These experimental results
are similar to theoretical calculations, and the variation
patterns are consistent.

4) In the same lubricating oil, the amplitudes of the hori-
zontal and vertical vibrations of the bearing housing
tend to stabilize with changes in load. The vibration
values when lubricated with VG68 oil are greater than
those with VG46 oil, and the vertical vibration values
are greater than the horizontal vibration values.

5) Combined with the experimental arrangement and
loading mode, a reasonable explanation is given for the
fluctuations in the film thickness of the pivot point, the
temperature of the tiling pad measurement point, and the
vibration.
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