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EXECUTIVE SUMMARY

A self-equalizing tilting pad thrust bearing (TPTB) adjusts its pads to account for thrust
collar misalignment. Work in 2019 integrates a model for the pads’ leveling mechanism
into the earlier thermo-elasto-hydrodynamic (TEHD) analysis tool to deliver static and
dynamic load performance predictions for self-equaling TPTBs. The analysis offers an
option to implement the leveling plates geometry model from a commercial solid model-
ing software. The model performs analysis using the exact geometry of the leveling plates
and eliminates geometric simplification. The analysis, however, only accounts for the cir-
cumferential tilting of the leveling plates (around the radial axis), and assumes the contact
between the leveling plates extends over their entire radial length, i.e., a line contact.

A static load analysis further determines the forces acting at the contact points of the
leveling plates as well as the moments acting on them as a function of the applied load
on the bearing pads. Since thrust collar misalignment rearranges the load among the pads
to generate a moment on the lower leveling plates, the analysis finds tilt angles for the
leveling plates to balance of moments on them. A simple Coulomb friction model further
estimates the sliding friction forces acting at the contact points of the leveling plates and
the rolling friction at the leveling plates pivot to be integrated into the solution. Friction
forces limit the performance of the pad leveling mechanism to keep a degree of uneven
loading among the pads. In addition, a Hertz contact analysis model uses the predicted
forces to deliver a peak pressure for the contact area on the leveling plates.

Further, this report presents predictions from XL_ThrustBearing® for an example self-
equalizing TPTB operating with a 0.01°thrust collar static misalignment. The bearing has
six pads with 126 mm in OD, operates at 4krpm (maximum surface speed = 26 m/s)
and a specific load/pad ranging from 0.5 to 3.5 MPa. Compared to a regular TPTB, a

self-equalizing TPTB operates with up to 50% larger minimum film thickness. The peak



mechanical deformation of a regular TPTB is roughly twice that in the self-equaling TPTB.
Variations of the pads peak temperature are insignificant (max of 8.6 °C) even for the

regular TPTB.
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NOMENCLATURE

Axial location of thrust collar center point [m].
Axial location of pivot [m].

Material elastic modulus [Pa].

Fluid film thickness [m].

Axial location of upper plates [m].

Shaft rotational speed [rpm], N = Qmu/30.
Pressure [Pa].

R, R, Inner radius and outer radius of a pad [m].
(Rp,0p) Radial and circumferential location of pivot [m],[rad.].

Pad thickness [m].

Pad tilt angles [rad.].

Circumferential location of leading edge and trailing edge, respectively [rad.].
Thrust collar misalignment angles around X and Y axes [rad.].

s s Rolling friction coefficient, sliding friction coefficient [-].

Poisson ratio [-].
Shaft angular speed [rad/s].

Vectors and Matrix

-

d Distance from a force acting point to a selected point [m].

F"  Normal force [N].

F/  Friction force [N].

Ky Moment/tilt stiffness matrix [N.m/rad.].

M  Moment acting on leveling plates [N.m].

n Surface normal vector [-].

v Direction vector for the total force at a contact point [-].
Subscripts

i Inner radius.

[ Leading edge.

Ip Lower plates.

o  Outer radius.

p  Pivot.

P Pad.

t  Trailing edge.

up Upper plates.

Coordinate Systems

(x,y,z) Global Cartesian coordinate system, originate at the center of bearing housing surface.

(r,0,

z)  Global cylindrical coordinate system, originate at the center of bearing housing surface.
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(y,&,m) Padlocal Cartesian coordinate system, originate at pivot tip and constrained to move with it.

Abbreviations

FEM  Finite Element Method.

ID Inner diameter.

OD Outer diameter.

TEHD Thermo-elasto-hydrodynamic, includes pressure and thermally induced deformations.
LP Lower leveling plates.

TPTB Tilting Pad Thrust Bearing.

UP Upper leveling plates.
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1. INTRODUCTION

A self-equalizing tilting pad thrust bearing (TPTB) is an improved bearing design that,
in case of thrust collar misalignment, automatically adjusts the pads’ position to evenly dis-
tribute the load among the pads [1]. Figure 1 shows (a) a photograph of a self-equalizing
bearing and (b) a partial schematic view of a pad leveling mechanism. A typical pad lev-
eling system includes a series of levers called leveling plates. Bearing pads are supported
on the upper plates which themselves are carried on the shoulders of two lower plates, free
to move axially or to tilt (see Figure 1). The lower plates placed on the bearing housing
are only free to tilt. An uneven load distribution across the pads due to collar misalign-
ment, elastic deformations of the bearing elements, or manufacturing tolerances, induces a
moment on the lower plates thus tilting them. Hence, the upper plates supporting the over-
loaded pads move down by pushing the other (underloaded) pads up until the moments on
the lower plates are balanced.

Compared to conventional TPTBs, self-equalizing TPTBs are less expensive to install
as they reduce aligning constraints and also offer a higher load capacity [2]. Due to such
advantages, self-equalizing bearings have became the preferred choice in many heavy-
duty applications. In particular, the American Petroleum Institute (API) requires the use
of self-equalizing thrust bearings in turbines (gas and steam) and centrifugal pumps, as
stated in Ref.[2].

|

Axial
Direction

7/ Lower Plate 'g

(b)

Figure 1: (a): A photography of a self-equalizing TPTB (Reproduced from Ref.[3] with a
permission from the publisher). A partial schematic view of a pad leveling system.

Refs. [1, 4] report uneven load distribution in thrust bearings despite the implementa-
tion of pad leveling systems. The friction forces acting at the contact points of the leveling
plates reduce their aligning ability. Nonetheless, almost all predictive models assume iden-

tical load on each bearing pad and thus only conduct a single pad analysis[4—6].



The present report integrates a model for the pads’ leveling mechanism into an earlier
thermo-elasto-hydrodynamic (TEHD) analysis tool [7, 8] to deliver static and dynamic
load performance predictions for self-equalizing thrust bearings. Section 2 scrutinizes the
literature on self-equalizing fluid film thrust bearings. Section 3 describes the analysis
of the pad leveling system including the static force analysis, friction model, and Hertz
contact analysis. Section 4 benchmarks contact analysis from the present model versus
those delivered by a commercial finite element software, i.e. ANSYS®. Section 5 uses
the configuration of an example self-equalizing TPTB to demonstrate load performance

predictions produced by the XL_ThrustBearing® [7, 8] software tool.

2. REVIEW OF PAST WORK

In 1987, Heshmat and Pinkus [9] theoretically study the effects of thrust collar static
misalignment on the load performance of thrust bearings. The test bearings are both flat-
land and taper-land fixed geometry bearings with 6, 8, and 12 number of pads. A mis-
aligned flat-land TB could undergo lubricant cavitation over half of its geometry. As a
consequence, the minimum film thickness decreases but the oil temperature rise increases
to lower the bearing drag power loss. There is an increase, however, in the peak pressure
and side leakage as the thrust collar misalignment increases. A taper-land thrust bearing
does not experience lubricant cavitation due to color misalignment; though both the peak
pressure and peak temperature rise increase substantially.

In 2001, Glavatskih and Fillon [10] extend an earlier thermo-hydrodynamic (THD)
model [11] to account for both pressure and temperature induced elastic deformations
of pads in a self-equalizing TPTB. The authors compare predictions obtained with and
without accounting for pad elastic deformations against test data for a six-pad bearing with
228 mm in OD operating under a specific load' up to 2.0 MPa, and at rotor speeds up to 3
krpm (maximum surface speed” of QR,=36 m/s). Predictions obtained accounting for pad
elastic deformations better match the test results, up to 15% closer than THD predictions.
The authors also report an uneven load distribution across the bearing pads despite the use
of a pad leveling system [1].

In 2014, Wodtke et al. [4] compare measured fluid film thickness, fluid film pressure,

'Unit load or specific load = Fpuq/Apaa, wWhere F,qq [N] is the axial load on a pad and Apqq [m?] is its
area.

2The maximum surface speed of a thrust bearing = QR,, with Q as the rotor speed [rad/s] and R,, as the outer
radius [m].



and pad temperature for a large size 5.2 m OD sixteen-pad self-equalizing TPTB against
predictions obtained from two distinct predictive tools. The laminar flow bearing operates
at a rotor speed of 92 rpm (Q2R,=24.5 m/s) and under an applied load of 27.7 MN, i.e.
specific load = 2.6 MPa per pad. The first predictive tool is a 3D TEHD analysis developed
by Souchet [12] which imposes a thermal boundary condition at the pad free surfaces using
an empirical heat transfer coefficient. Using Souchet analysis, the entire fluid surrounding
a pad is represented by a uniform temperature. The second tool is a fluid-structure interface
(FSI) TEHD analysis developed by Pajkaczkowski [13] that couples a finite element model
(FEM) of the bearing elements with a CFD model of the fluid (in the film and around the
pads). Both predictive tools conduct a single pad analysis, i.e. equal loads on all pads.

Predictions from Souchet analysis [12] closely match the measured film thickness
while predictions from fluid-structure interaction (FSI) analysis [13] show a substantial
discrepancy. Predicted film pressure from the FSI analysis, however, better matches the
test results, up to 10% closer than that delivered by Souchet’s analysis. Nonetheless, pad
subsurface temperature predictions from both analysis tools differ substantially from the
measurements. In particular, predictions delivered by Souchet’s analysis show up to a 70%
difference with measured pad temperature. Despite the use of an equalizing mechanism,
the authors report an uneven load distribution among the bearing pads.

In 2017, Bavassono et al. [14] improve the load capacity of a self-equalizing TPTB
used in a high power-density gas turbine application. A preliminary investigation reveals
uneven loads across the bearing pads despite the use of an equalizing system. The mea-
sured mean pressure on some pads are roughly twice that on other pads. The authors
develop a simple analytical model for the maximum aligning capability of the equalizing
system as a function of the number of pads in the bearing and the physical limit on the
leveling plates’ tilting. The analytical model predicts that reducing the number of pads
from 10 to 8 improves the pad leveling system performance. Accordingly, Bavassono et
al. implement the following changes to improve bearing load performance. Both the ra-
dial and arc lengths of the pads are increased to reduce the number of the pads and also
to maximize the bearing surface area. The babbitt layer is replaced by an Aluminum-Tin
(Al-Sn) based material to achieve a higher pressure and temperature durability. The pad
backing portion is made of Copper-Chromium (Cu-Cr) material, instead of the original
steel material, to improve heat conduction through pads. The authors state that the new
design load capacity is 1.45 times that of the original bearing.

The scant literature reveals that thrust collar misalignment significantly affects the load



performance of thrust bearings. Incidentally, measurements on self-equalizing TPTBs

have reported uneven load distribution across the bearing pads [1, 4, 14].

3. ANALYSIS

A self-equalizing TPTB includes a series of leveling plates. The lower plates (LP)
carry the upper plates (UP) and upper plates support the bearing pads and which tilt and
relocate to evenly distribute the load across the pads. Figure 2 depicts the geometry of a
self-equalizing TPTB and definition of variables. The bearing pads pivot atop the upper
plates; hence the pad fluid film thickness A g alters as the upper plates relocate along
the axial direction (4,). The upper plates are themselves carried on the shoulders of the
lower plates.

At any point on a pad surface, the film thickness is a function of the thrust collar axial
location (e.(;)), thrust collar misalignment angles (¢, ¢), the upper plate axial location &,
the pivot axial location (ep(;)), and the pad tilt angles (a(), B(;))- On pad i'" with a pivot
located at (R%, 9}), the film thickness is,

Hgn =lec= @+t =Kl eensmd=@neoss o L
+(a' r)sin(0p — 6) + (B’ r)cos(6p — 0) — (B' Rp)

where 7p is the pad thickness and (¢, #?) are the circumferential location of the pad leading

edge and trailing edge, respectively.

Since the upper plates are carried by the lower plates (LP), their location (A,) varies
as the lower plates tilt with angles (6;,). To model the pad leveling system, one should
derive a model for the upper plates location as a function of the lower plates tilt angles.
Pad leveling systems are available in several designs, each with distinct leveling plates
geometries. Thus, deriving a single analytical model for all designs is impractical. To build
an analysis tool applicable for a variety of designs, the analysis here develops a numerical
scheme that implements the leveling plates geometry (both the upper plate and lower plate)
from any commercial solid modeling software and performs an iterative approach to find
the upper plates axial location based on the lower plates tilt angles. Appendix A describes
the numerical flow algorithm. The solution also determines a location for the contact
points between the leveling plates. Note the analysis only considers circumferential tilting

(01, see Figure 2) for the leveling plates.
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Figure 2: Schematic view of a self-equalizing tilting pad thrust bearing. The tilting of leveling
plates affects the pad fluid film thickness.

To demonstrate the numerical scheme, Figure 3 (a) shows predictions from the analysis
for an example pad leveling system. The leveling plates have 50 mm in mean circumfer-
ential length. With both the lower plates held at a flat position (zero tilting), the upper



plate also positions flat with a nominal axial location of 4, = 15.601 mm. As the lower
plates tilt, say to Gllp = 8% and 912]) = 4°, the upper plate relocates to /,=16.196 mm. Note
the leveling plates tilt angles are exaggerated here for demonstration purposes. In practice,
the tilt angles of the leveling plates are very small, < 1°. Figure 3 (b) shows predictions
for the upper plate axial displacement from a nominal position as a function of the lower
plates tilt angles up to 1° around a flat position. Accordingly, the pad moves downward
Ahy, =-0.334 mm (away from the collar to open the fluid film) with 011p = —1°and 912,; =1°
and lifts A/, = 0.348 mm (to close the film thickness) when §;, = 1° and 67 = —1°.

Nominal position, Flat (zero tilting)

T T
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(b) Relative Displacement of Upper Plate

Figure 3: (a) Position of an upper plate with flat lower plates (with no tilting) and for tilted
lower plates. (b) Predicted axial displacement of an upper plate relative to nominal height
vs. lower plates tilt angles.



Static Force Analysis of a Pad Leveling System

Figure 4 shows a schematic view of an upper plate (UP) making contact with two
lower plates (LP). An equivalent hydrodynamic load an , (normal) and a friction force
o f . .
Fpl.v (tangential) acts where the pad pivot seats at the top surface of the upper plate. A
pin attached to the upper plates that slides inside a groove in the bearing housing (or the

other way around) prevents the upper plates from displacing along the y-axis (horizontal

direction). Thus, force Fpin acts on the upper plates at the pin location.

z
Global PR
Coordinate Yoo T ,
I
System X S ___ fp& Pad(i) ’:

Figure 4: Schematic view of lower and upper leveling plates with the forces acting on them.

For an upper plate to be at an equilibrium state, the forces and moments acting on it
should balance. Assuming the weight of the leveling plates is negligible, the equations for

force and moment balance in an upper plate are

Zf?:f7+F{+ﬁﬁ+13‘f+]?‘;in+l31’§ad+i’£iv:0 (2a)
ZMP"” =d, x [17’;‘+I7‘lf] +d, x [f?f +i‘f] +ﬁpad>< [and +i‘£iv] =0 (2b)

where vector d = (d”, d*) is the distance from the pin to a force acting point. F" is the
normal force at a contact point and F/ is the respective tangential (friction) force.

As stated in Ref.[15], a friction force at a bearing pad pivot is either a sliding friction
for a ball and socket type, or a rolling friction for a rocker back type. The friction forces
at the contact points between leveling plates are sliding friction as the leveling plates are

assumed to remain fixed along the y-axis. The friction forces at the contact point of the



lower plates pivot and the bearing housing might be either sliding or rolling based on the
type of pivot in the lower plates. For both sliding and rolling type motions, the friction
force (|[F/]) is modeled using a friction coefficient (u). The rolling and sliding friction

forces are,

Rolling friction |F/| < p,|F"| (3a)
Sliding friction |F/| < pg|F"| (3b)

where u, is a rolling friction coefficient with a typical value ranging from 0.01 to 0.1
[16] and p; 1s a sliding friction coefficient ranging from 0.01 to 0.4. Both the sliding and
rolling friction coefficients are functions of the materials elastic modulus and hardness,
the lubricant properties, and surface condition [17]. Particular to a pad leveling system,
surface condition varies over the time as the leveling plates wear.

The numerical scheme described in Appendix A delivers a location for the contact
points between the leveling plates as well as the contact surface normal (i) and tangential
(f) vectors. Hence, at a contact point, the total force (equals the sum of normal and friction

forces) is,

1%

F=F'+F = |F"f+ ylF'[{ = |F”|(ﬁ+ uf) = |F" |41 +ﬂ2{
A%

y
lz} =|FV 4
!
where |F| and V represent the magnitude and direction vector for the resultant force, re-

spectively. Eqns. (2) and (4) are solved to calculate a magnitude for the contact forces

acting on the left side (| F;|) and right side (|F;|) of the upper plate,

Y.,z 71,y (Y y
Fl = vlzmd(dr Vf N dfvr) - vf(dpadv;ad - d;advpad) F 5
|Fi| = 2 dvE — dvY) = viI(dPvE — dvY |P“d| (5a)
Vl( rVr rvr) Vr( 1V Vi
Ve dy Vo —d* vy )_ Ve (dyvz _ dzvy
[ N pad " pad pad " pad pad\"l "1 171
|Fr| = |Fpad| (Sb)

(Y4, 24,y Z( 4Y4,2 Z4,Y
vi(divi —divi) = vi(djv) —d}v;

where F),4 is the hydrodynamic force acting on a pad top surface.
Figure 5 shows a schematic view of a lower plate carrying two upper plates on its
shoulders. The friction forces at the contact points of the leveling plates are of sliding type

whereas the friction force at the pivot is of rolling type. Hence, the moment acting on the



lower plate is,
1‘71in = al X 17“1 + a, X F, + :ipiv X f‘piv -0 6)

where, d is a distance from the lower plate mass center to the respective contact point.
Note the forces i‘, and f‘; represent an equivalent force at the contact points, each equal to

the sum of the normal force and friction forces

ni

Figure 5: Schematic view of forces acting on lower and upper plates.

Once the moments acting on the lower plates are derived, the next step is to perform
a Newton-Raphson technique to obtain the lower plates tilt angles (6;,) that satisfy the

balance of moments on them. Expanding the moment expression using the linear terms in

the Taylor series about a point (910, AU HIZP ad) gives,
o o NPad . .
M, - M, + Z Ko, (6) — 67) (7)
pv prv i l l()
(0),....0) Pad) (610,...,6gpa") =1
where K@)ij 1s a moment/tilt stiffness coefficient, i.e,
oM.
piv
K =
Oy 00’ 1. oNPad ®)
1 1)....0) e

Note the number of both lower plates and upper plates in a self-equalizing TPTB equals
to the number of pads (Np,q). Then, the lower plates tilt angles at each iteration of the

Newton-Raphson technique are,
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A first degree forward finite difference method evaluates the derivatives in Eqn. (9) as,

M — M
i piv . . piv .
oM' . @ .00 +A6 ... " Pad) @) .0 .0\ Pad)
pwv Ip Ip Ip Ip Ip Ip lp (11)
il A6’
Ip Ip

Hertz Contact Analysis for the Leveling Plates

The analysis in the prior section, see Eqn.(5), calculates a magnitude for the forces
acting on the contact points of the leveling plates. This section describes a Hertz contact
analysis model using the contact forces to predict a peak pressure over the contact area.
The contact between the leveling plates is modeled as a cylinder-on-cylinder solid contact
(line). Note the wear rate at the contact area of the leveling plates is directly proportional
to the contact pressure. Hence, a proper leveling plates design should minimize the peak
pressure at the contact points.

The analysis adopts well-known formulas stated by Shigley [18]. Let E and v be the
elastic modulus and the Poison ratio for the leveling plates material, respectively, the peak

pressure over the leveling plates contact area as [18],

2F
Prax = m (12)

where

10



b= | —E — = | —E£ __VF (13)

with b as half of the half-width of the contact area, L as the length of the contact, and F is
the contact force. R and R, are the surface radii curvature at the line of contact as Figure

6 shows.

F

Figure 6: Schematic view of contact between two cylinders.
Note the fluid film thickness equation implemented in the analysis does not yet account

for the leveling plates deformations. In addition, the leveling plates structural stiffness is

not included in the calculation of the bearing force coefficients.
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4. VALIDATION OF CONTACT ANALYSIS

To evaluate the present contact analysis, this report models an example pad leveling
system in a commercial finite element software tool, i.e ANSYS® structural analysis, to
perform contact analysis and to benchmark the results versus predictions delivered by the
XL_ThrustBearing® tool. The pad leveling system includes lower plates (LP) and upper
plates (UP) assembled on the bearing housing. Figure 1 shows the leveling plates modeled

in the commercial software in both an exploded mode and an assembled mode.

Groove

Bearing

N Restrictive Pin
housing

(a) Exploded View Mode (b) Assembled View Mode

Figure 7: A pad leveling system modeled in a commercial finite element software to perform
contact analysis.

The pad leveling system modeled here is a part of a test self-equalizing tilting pad
thrust bearing with 126.8 mm in OD and 63.4 mm in ID. The bearing operating condition
determines the load applied on each pad and which is transfered to the upper plates through
the pad pivots. Figure 8 shows leveling plates meshed by the commercial software with
boundary conditions imposed on them to perform the contact analysis. The equivalent
hydrodynamic load is applied on the mean radial length of the upper plate top surface
exactly where the pad pivot seats. The groove on the upper plate outer radius is set to zero
displacement along the radial and circumferential directions to simulate the restrictive pin
in the actual design. A frictional contact between the leveling plates implements a friction

coefficient of u = 0.2, based on the measured contact frictions reported® in [19].

3Ref. [19] states that for temperature < 200°C, the measured sliding friction coefficients for several sample
materials including steel-on-steel and cooper-on-cooper are roughly same, us = 0.2.
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Figure 8: Boundary conditions applied on leveling plates and the arrangement of contact
surfaces to perform analysis in a commercial software.

Figure 9 through 11 portray contact analysis from the commercial software for the
example equalizing system under an applied load on the upper plates ranging from 664
N to 4650 N. The range of applied load relates to the thrust bearing operating under a
light load of 0.5 MPa to a heavy load of 3.5 MPa specific load per pad. The outputs of the
analysis are a contact status map and the pressure profile over the contact area. In Figure 9,
operating under a light load of 664 N load per pad, the peak pressure at the contact points
of the leveling plates ranges to from 314 MPa to 372 MPa over the contact line except
for near the edges where stress concentration occurs and the peak pressure rises up to 490
MPa. The status of the contact region shows the upper plate slides over the surface of the
lower plate. In Figure 11 with the load increasing to 4650 N, the peak pressure ranges
from 745 MPa to 890 MPa over the center of the contact line and to 1780 MPa at the edges
of the line contact.

Figure 12 compares the peak contact pressures delivered by the commercial FE anal-
ysis software against those produced by the Hertz contact analysis implemented in the
XL_ThrustBearing® tool versus pad specific load ranging from 0.5 MPa to 3.5 MPa. The
friction coefficient for the FE analysis is u = 0.2. The predicted Hertz contact analysis
falls within the predicted range delivered by the commercial software. Note the results in

Figure 12 do not include the stress concentration at both ends of the contact line.
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Figure 9: Contact analysis on leveling plates under 664 N load equivalent to a light load of
0.5 MPa specific pressure per pad. Friction coefficient u=0.2.

. No Contact
. Sliding Contact

- Sticking Contact

a) Status of Contact Area

1250 MPa
1000

oo 3500 7000 ) Inner Radius

1750 5250

b) Pressure Field Over Contact Area

Figure 10: Contact analysis on leveling plates under 2630 N load equivalent to a medium
load of 2.0 MPa specific pressure per pad. Friction coefficient 4=0.2.
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Figure 11: Contact analysis on leveling plates under 4560 N load equivalent to a heavy load
of 3.5 MPa specific pressure per pad. Friction coefficient 4=0.2.
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Figure 12: Comparison of contact peak pressure on leveling plates vs pad specific load

predicted by a commercial software finite element analysis and by a Hertz contact analysis.
Friction coefficient u=0.2.
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5. FURTHER PREDICTIONS FOR AN EXAMPLE SELF-
EQUALIZING TILTING PAD THRUST BEARING

This section describes thermo-elasto-hydrodynamic (TEHD) predictions from the cur-
rent model for an example self-equalizing tilting pad thrust bearing* (TPTB). Table 1

highlights the geometry, lubricant properties, and operating conditions for the test bearing.

Table 1: Geometry and operating conditions for an example self-equaling TPTB used for

demonstrating predictions delivered by the present model.

Bearing properties

Number of pads, Np 6 -

Inner diameter 634 mm

Outer diameter 126.8 mm

Pad arc length 50 °

Pivot circum. offset 50 %

Pivot radial offset 50 %

Pad thickness 145 mm
Babbitt thickness* 2 mm

Pad area, Ap 13.14 cm?
Operating condition

Specific load 1-3  MPa
Shaft rotational speed 4 krpm
Supply pressure® 0 Dbar

Fluid properties ISO VG32
Viscosity-temperature coefficient, ay.,, 0.0247 1/°C
Viscosity, us, (at 46°C) 22 cPoise
Density, p 821 kg/m?
Specific heat capacity, cp 2.17  Kl/(kg: °C)
Thermal conductivity, , « 0.13  W/(m- °C)
Pad material properties Steel  Babbitt

Thermal conductivity, kp 51 55 W/(m-°C)
Elasticity modulus, £ 210 52 GPa
Thermal expansion, a7 12 24 107%/°C
Poisson ratio, v 0.3 03 -

Analysis Assumptions

Finite Element reference temperature* 20 °C
Thermal mixing coefficient.” A,,;x 0.4-0.6

Heat Transfer coefficient on back of pad* n 100 W/(m?-°C)

*Assumed or calculated based on the available data
The test bearing has 6 pads with 126.8 mm in OD and 50°in arc length and operates at
4.0 krpm (R, =26.8 m/s) and under specific load ranging from 1 MPa to 3 MPa, i.e from
a lightly loaded to an heavily loaded condition. Figure 13 depicts an schematic view of the

pads and leveling plates arrangement with respect to a global coordinate system (X,Y, Z).

4A commercial design manufactured by Hunan Sund Industrial and Technological Co. in PRC and donated
to Turbomachinery Laboratory.
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See prior sections for geometry and specifications of the pad leveling system. Mineral oil

ISO VG32 is used for lubrication at a supply temperature of 46°C.

Pivot
(R5, 65)

Feed
Groove

0 n/3 2m/3 n 4m/3 sm/3 2n
1 i

g S o e

o 0.05 0.35

Z(m)

Figure 13: Schematic view of an example self-equaling TPTB

Figures 14 through 16 portray characteristic load performance predictions for the test
bearing operating under a ¢= 0.01° thrust collar static misalignment around the X-axis.
The bearing operates at 4 krpm and under 1 MPa specific load. Note the maximum dis-
placements of the thrust collar due to the misalignment is R,p= 11.25 um and which
equals to 75% of the nominal minimum film thickness if the bearing operates under the
same load and without any collar misalignment. A positive thrust collar misalignment
around the X-axis opens the fluid film thickness on pads (1) to (3) and closes the film on
pads (@) to (6).

Predictions follow for three cases: (a) without including the pad leveling system model
to simulate the performance of a regular TPTB, (b) with the pad leveling system model
included but disregarding the friction forces, i.e. an ideal performance, and (c) with the
pad leveling system model included and accounting for the friction forces at the contact
points, i.e. a realistic performance. The sliding friction coefficient and rolling friction
coefficient used for case (c) are u;=0.2 and w,=0.01, respectively, based on measurements
in Refs. [17, 19].



Figure 14 depicts the fluid film thickness field and pressure field predicted for the test
TPTB under the three analysis cases. The regular TPTB shows significant variations of
fluid film thickness and pressure across the pads. The fluid film on pad (2) has a minimum
thickness of A,,;, = 25.3um, roughly two and half times of that on pad @ (hypin = 9.8
um). Variations of pressure field magnitude across the pads are, however, more substantial,
such that, the peak pressure over pad (5) (Ppear = 11.3 MPa) is eight times of that over
pad @ (Ppear = 1.4 MPa). In Figure 14 (b), due to the use of an ideal pad leveling
system (disregarding friction forces), the fluid film thickness and pressure fields are nearly
identical among the pads with a minimum film thickness of #,,;, = 15 um and a peak
pressure of Pp.,r = 4.7 MPa. In Figure 14 (c), as the analysis accounts for friction forces,
differences still remain in the film thickness and pressure fields across the pads. The
remaining differences are, however, significantly reduced compared to those in the regular
TPTB. The peak pressure of pads ranges from 3.6 MPa to 5.8 MPa and the minimum film
thickness varies between 17.1 um and 13.5 um.

Figure 15 demonstrates the predicted temperature distribution in the fluid film domain
on the left side and in the bearing pads on the right side. The differences of both fluid film
peak temperature and pad peak temperature are not significant even for the regular TPTB.
The peak temperature of the regular bearing varies only 8.6 °C, from a minimum of 70.3
°C in pad (2) to a maximum of 78.9 °C in pad (5). Differences in the peak pad temperature
vanish in case (b) for the ideal self-equalizing bearing. In case (c), the self-equalizing
bearing with friction included shows a maximum differences of 5 °C in the pads peak
temperature.

Figure 16 shows three graphs depicting pad elastic deformations for an operation un-
der load/pad of 2.0 MPa per pad. The left graphs show mechanical (pressure) deforma-
tions, the middle graphs show thermal (temperature variations) deformations, and the right
graphs depict deformations due to the combined action of both pressure and temperature.
Observe the mechanical deformations are negative and which means the pads displace
away from the thrust collar to open the film thickness. On the other hand, the thermal
deformations of the pad top surface are positive and push the pad closer to the thrust collar
to reduce the fluid film thickness. Pressure induced deformations show significant differ-
ences across the bearing pads and rise up to 4 um in magnitude for the regular TPTB (case
(a)) where pressure field is concentrated on pad @ In case (b), disregarding the friction
forces leads to nearly identical pressure deformations for all pads with a maximum of 1.6

um. The realistic self-equalizing TPTB (case (c), one with friction) shows a peak pressure
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deformation of 2.1 um.

Pad thermal deformations follow the same trend as the pad temperature field (in Figure
15) to show marginal variations across the pad. Note that, in general, thermal deformations
are larger than pad mechanical deformations and dominate the pad overall deformations

shown on the right side of Figure 16.
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(c) Self-Equalizing TPTB: Friction forces included (z= 0.2).

Figure 14: Predicted fluid film thickness field (left) and pressure field (right) for a TPTB of
(a) regular type, (b) self-equalizing type without including contact friction forces, and (c)
self-equaling type with contact friction forces included. Bearing operates with 0.01° thrust
collar (static) misalignment. Rotor speed = 4krpm, specific load per pad = 2 MPa, u= 0.2.
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(c) Self-Equalizing TPTB: Friction forces included (x= 0.2).

Figure 15: Predicted fluid film temperature field (left) and pad temperature field (right) for a
TPTB of (a) regular type, (b) self-equalizing type without including contact friction forces,
and (c) self-equaling type with contact friction forces included. Bearing operates with 0.01°
thrust collar (static) misalignment. Rotor speed = 4krpm, specific load per pad = 2 MPa, u=
0.2.
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Figures 17 through 19 depict the predicted minimum film thickness, peak pressure,
and pad maximum mechanical deformation for the example self-equalizing TPTB oper-
ating with ¢= 0.01°(R,¢ = 11.25 um) misalignment, versus sliding friction coefficient
(n)ranging from O to 0.3. Note that the friction forces acting at the contact points of the
leveling plates restrict their tilting, i.e., they limit the desired action of the pad leveling sys-
tem. The bearing operates at 4 krpm (R, =26.8 m/s) and under three loading conditions:
a light specific load of 1.0 MPa per pad on the left side, a medium load of 2.0 MPa at the
middle, and a heavy load of 3.0 MPa on the right side. Note predictions for an identical
size regular TPTB (no self-leveling) are also included as a reference (shown with a).

In Figure 17, as the coefficient of friction increases, the minimum film thickness of the
self-equalizing bearing reduces toward that of the regular bearing. For the heavily loaded
operating condition with a zero friction coefficient, the self-equalizing bearing shows a
minimum film thickness of 12.4 um, and which is 54% larger than that of the regular
bearing. As the friction coefficient increases to 0.3, the aligning ability of the pad leveling
system lessens and the bearing minimum film thickness reduces to 10.7 um.

In Figure 18, the pad leveling system proves effective to reduce the peak hydrodynamic
pressure. The peak pressure on the regular TPTB is 19.3 MPa when operating under the
heavy loading condition while using the self-equalizing bearing reduces the peak pressure
roughly by half. Reducing the friction coefficient from 0.3 to O further reduces the peak
pressure.

In Figure 19, the pad maximum mechanical deformations almost linearly increase with
the pad specific load. Under the heavy applied load, pad mechanical deformations of the
regular bearing are in the same order as the minimum film thickness. The pad maximum
mechanical deformation of the self-equalizing bearing are roughly half of those of the
regular bearing. Variations of the pad maximum mechanical deformation versus friction

coefficient does not exceed 30% with respect to the predictions with zero friction.
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Figure 17: Predicted pad minimum fluid film thickness for self-equalizing TPTB operating
under light to heavy applied loads vs sliding friction coefficient. Bearing operates with
0.01° thrust collar (static) misalignment. Applied load per pad = 1 MPa to 3 MPa and rotor
speed = 4krpm.
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Figure 18: Predicted fluid film pressure on a pad for self-equalizing TPTB operating under
light to heavy applied loads vs sliding friction coefficient. Bearing operates with 0.01 °thrust
collar (static) misalignment. Applied load per pad = 1 MPa to 3 MPa and rotor speed = 4krpm.
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Figure 19: Predicted pad mechanical deformation for self-equalizing TPTB operating under
light to heavy applied loads vs sliding friction coefficient. Bearing operates with 0.01 °thrust
collar (static) misalignment. Applied load per pad = 1 MPa to 3 MPa and rotor speed = 4krpm.
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Figure 20 shows the predicted maximum Hertz contact pressure for the leveling plates
of the example self-equalizing TPTB versus sliding friction coefficient. The bearing oper-
ates at 4 krpm rotor speed with ¢= 0.01° thrust collar misalignment. As the pad specific
load triples from 1.0 MPa to 3.0 MPa, the maximum contact pressure shows a roughly
80% increase, from less than 600 MPa to more than 900 MPa. Changes of the peak con-

tact pressure versus friction coefficient are small though increasing.
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Figure 20: Maximum contact (Hertzian) pressure for the example bearing leveling plates vs

sliding friction coefficient. Bearing operates with 0.01° thrust collar (static) misalignment.
Applied load per pad = 1 MPa to 3 MPa and rotor speed = 4krpm.

24



CLOSURE

This report describes a model for the analysis of pad leveling mechanism coupled to
a thrust bearing predictive tool [7, 8] to deliver load performance predictions for self-
equaling tilting pad thrust bearings (TPTB). The analysis also includes the friction forces
acting at the contact points of the leveling plates. Further a Hertz contact model determines
the peak pressure over the contact area of the leveling plates as a function of the applied
load on the bearing pads as well as the leveling plates geometry. Note the wear rate at the
leveling plates contact area is proportional to the pressure and optimizing the design of the
leveling plates to minimizing the peak contact pressure reduces the wear rate.

This report further presents load performance predictions delivered by XL_Thrustbearing®
for an example self-equalizing TPTB operating under light to heavy loads, i.e., specific

load per pad = 1 MPa to 3 MPa. The main findings are:

* For operation with thrust collar static misalignment, an ideal (without friction) self-
equalizing TPTB operates with up to 50% larger minimum fluid film thickness and

with a 60% lesser peak pressure compared to those detained in a regular TPTB.

* Friction forces acting at the contact points of the leveling plates show a significant
effect on the performance of the pad leveling system as they reduce the film mini-

mum film thickness and increase the pad peak pressure.

* Predictions from the Hertz contact analysis agree with those from a commercial fi-
nite element analysis tool and show a significantly large peak pressure at the contact

points of the leveling plates.

Recommendation for Future Work

Future work could further the analysis to model leveling plates elastic deformations
using a simplified analytical model or with a commercial computational finite element
model. The magnitude of the friction coefficient over the contact area of the leveling
plates is uncertain and changes from one contact point to another. Future work should
account for the variable, often unexpected behavior of the friction coefficient and study its

effect on the load performance of self-equalizing TPTB.
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A. APPENDIX: FLOWCHART OF THE PAD LEVELING
MODEL

This model uses a numerical approach to find the location of a pad leveling mechanism
upper plates as a function of the lower plates tilt angles. Figure 21 depicts a flow chart for

the algorithm to find the location of a single upper plate. The flowchart repeats for all

upper plates in the pad leveling system.

(1) Read leveling plates CAD model
from commercial software and
generate upper plate and lower plate
profile along the mean radius.

(2) Regenerate the lower plates
profile according to their tilting
angles.

Tilt angles of the lower plates
calculated by the Newton-Raphson
scheme.

(3) Regenerate the upper plate
profile according to its tilting angle
and axial location.

(7) Update the tilt angle of the upper
plate to make contact at a single
point on the left side.

(4) Calculate the distance between
an upper plate and two lower plates
on its each side

(6) Update the axial location of the
upper plate to make contact at a
single point on the right side.

(5) Does the upper
plate make contact with the
lower plates at a single
point?

No

Figure 21: Flowchart of algorithm used to find the location of an upper plate as a function

of the power plates tilt angles.
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The following explains the algorithm step by step.

» Step (1) generates a 2D profile of both the upper plates and the lower plates using

their CAD model from the a commercial solid modeling software.

» Step (2) regenerates the lower plates profile according to their tilt angles. Recall that
a Newton-Raphson approach determines a tilt angle for the lower leveling plates

based on the moments acting on them.

 Step (3) regenerates the upper plate profile based on its axial location and tilt angle.

 Step (4) calculates the axial distance between the upper plates and the lower plates
on each side. The final goal is for the upper plate to make contact with the lower
plates at a single point. Hence the distance between the upper plate and the lower

plate is zero at a single location.

» Step (5) checks to see if the upper plates is making a single point contact with the

lower plates on its sides. If yes, the program ends.

» Step (6) relocates the upper plate axially to make a single point contact with the

lower plate on its right side.

» Step (7) tilts the upper plate to make a single point contact with lower plates on its
left side. Note the single point contact condition on the right side made in Step (6)

may no longer hold as the upper plate tilts.

* Program repeats from Step 3.
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