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EXECUTIVE SUMMARY

A FE Model for Static Load in Tilting Pad Journal Bearings with Pad Flexibility
Yinkun Li and Luis San Andrés
Tilting pad journal bearings (TPJBs) supporting high performance turbomachinery rotors
have undergone steady design improvements to satisfy ever stringent operating
conditions that include large specific loads, due to smaller footprints, and high surface
speeds that promote flow turbulence and hence larger drag power losses.
Simultaneously, predictive models continuously evolve to include minute details on
bearing geometry, pads and pivots’ configurations, oil delivery systems, etc. In general,
predicted TPJB rotordynamic force coefficients correlate well with experimental data for
operation with small to moderately large unit loads (1.7 MPa). Experiments also
demonstrate bearing dynamic stiffnesses are frequency dependent, best fitted with a
stiffness-mass like model whereas damping coefficients are adequately represented as of
viscous type. However, for operation with large specific loads (> 1.7 MPa), poor
correlation of predictions to measured force coefficients is common. Recently, an
experimental effort [1] produced test data for three TPJB sets, each having three pads of
unequal thickness, to quantify the effect of pad flexibility on the bearings’ force
coefficients, in particular damping, over a range of load and rotational speed conditions.
This paper introduces a fluid film flow model accounting for both pivot and pad
flexibility to predict the bearing journal eccentricity, drag power loss, lubricant
temperature rise and force coefficients of typical TPJBs. A FE pad structural model
including the Babbitt layer is coupled to the thin film flow model to determine the
mechanical deformation of the pad surface. Predictions correlate favorably with test data,
also demonstrating that pad flexibility produces a reduction of up to 50% in damping for
the bearing with the thinnest pads relative to that with the thickest pads. A parametric

study follows to quantify the influence of pad thickness on the rotordynamic force

coefficients of a sample TPJB with three pads of increasing preload, " =0, 0.25 (baseline)
and 0.5. The bearing pads are either rigid or flexible by varying their thickness. For

design considerations, dimensionless static and dynamic characteristics of the bearings



are presented versus the Sommerfeld number (S). Pad flexibility shows a more
pronounced effect on the journal eccentricity and the force coefficients of a TPJB with
null pad preload than for the bearings with larger pad preloads (0.25 and 0.5), in
particular for operation with a small load or at a high surface speed (S>0.8).

Turbulent flow may occur in (large size) hydrodynamic bearings operating at high
rotational speeds and with low viscosity lubricants. Appendix A describes a turbulent
bulk-flow model for thin films and presents predictions from the model for a large size
four-pad water lubricated TPJB. The agreement with test data is remarkable as the
bearing operating with turbulent flow has a much larger power loss and temperature rise.

Hydrodynamic bearings commonly use Babbitt layer as the liner to protect the
surfaces of rotors while ensuring low friction. As a substitute for Babbitt, PTFE
(polytetrafluoroethylene) shows better performance at high temperatures while offering a
low breakaway friction. However, the high flexibility of PTFE does affect the static and
dynamic forced performance of a hydrodynamic bearing. Appendix B describes a simple
model for the liner elastic deformation due to hydrodynamic pressure and temperature
differential. This deformation changes the operating clearance thus affecting the bearing
performance. The model predictions are in good agreement with other model predictions
in the literature. Liner flexibility reduces the peak film pressure and journal eccentricity.

Lastly, an addendum provides a (practical) graphical overview on the creation of the

pad structural stiffness matrix using a commercial finite element software.
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NOMENCLATURE

Cross-sectional area of a pad [m?]

Bearing radial clearance [m]

Pad radial clearance [m]

Bearing damping force coefficients [N-s/m], c=CQCp/W
Bearing diameter [m]

Material elastic modulus [N/m?]

Equivalent elastic modulus of composite material [N/m?]
Journal eccentricity [m]

Drag friction coefficient

Fluid film thickness [m]

Perturbed film thickness components due to pad motions
Lt3/12. Pad area moment of inertia [m*]

Bearing stiffness coefficients [N/m]

k=KCp/W

Pivot stiffness [N/m] , kpiv=KpivCp/Wmax

Pad bending stiffness [N/m]

Kpad= KpadCp(LD)/W

Bearing length [m]

Bending moment [N-m]

Bearing virtual mass force coefficients [kg] m=MQ?Cp/W
Journal rotational speed [rev/s], N=Q/2x
Pressure field on pad surface [Pa]

Perturbed (first-order) pressure fields due to journal and pad motions

[Pa/m]

Uniform pressure applied on a pad [Pa]
Journal and bearing radii [m]

Distance from pivot to bearing center [m]

Neutral axis of arc pad, single and two materials [m]



Rp Pad radius [m]

R (R+t)/R. Ratio of pad inner & outer radii

Ip Pad dimensional preload [m], re=Cp-Cs T, =re/Cp

S Sommerfeld number, SSUNDL(R/Cp)%/W

T Fluid film temperature [°C]

Torque Bearing drag torque [N.m]

T Pad thickness [m]

U Pad surface nodal displacement [m]

Ut Deformation at pad edges [m]

W Static load applied on the bearing [N]

z K+i oC. Complex dynamic stiffness coefficients [N/m]
~aﬁ Fluid film complex dynamic stiffness coefficients [N/m, Nm/rad]

op=X,Y,0,{n

op Pad tilt angle [rad]

Ao Perturbation in parameter ¢

AW External dynamic force [N]

1piv Pad transvers displacement [m]

& Pad arc length [rad]

Op Pivot angular position [rad]

V1 Oil viscosity [Pa.s]

Spiv Pad radial displacement [m]

p Qil density [kg/m?]

Q Journal rotational speed [rad/s]

) Excitation frequency [rad/s]

Coordinate Systems
(X\Y) Cartesian coordinates for journal center displacements
(&) Pad pivot local coordinates

(r,6,2) Cylindrical coordinates for pad finite element structural model



Vectors and Matrices

A Matrix of element surfaces
F Reduced external force vector
K Pad stiffness matrix

K Reduced stiffness matrix
L Lower triangular form

P Pressure filed

S Surface traction vector

U Pad displacement vector

u Reduced pad displacement vector
Superscripts

G Global matrix

K k™" pad

Subscripts

0 Static equilibrium position
wp.o X.\Y,0, &n

P Pad upper surface
Acronyms

DOF Degree of freedom

FE Finite element

LOP Load on pad

LBP Load between pad

TPJB Tilting pad journal bearing
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INTRODUCTION

Tilting pad journal bearings (TPJBs) offer rotor dynamically stable performance, a
distinct advantage over fixed geometry fluid film bearings [2]. This feature is attractive
for high speed rotating machinery applications where high levels of damping are
desirable with absence of (destabilizing) cross-coupling hydrodynamic effects. During
the last decade there have been various test programs aiming to quantify the
rotordynamic force coefficients of TPJBs while also elucidating the importance of
excitation frequency dependence. Amongst these concerted efforts, Refs. [3-7] report
that the actual damping offered by TPJBs is lower than predicted; possibly degrading
with increasing rotor speed and applied load. Discrepancies between predictions and
experimentally identified force coefficients, in particular under a heavy static load,
W/(LD) >2.0 MPa, are attributed to the physical model(s) not accounting for either pad
and/or pivot flexibility [6,7].

Refer to San Andres et al. [8,9] for a review on the effects of pivot stiffness on the
force coefficients of TPJBs, the description of a predictive model and its validation
against test force coefficients available in the literature, and a discussion on the impact
of pivot flexibility on the performance of TPJBs.

Analyses including pad surface flexibility on the modeling of the forced response of
TPJBs are well documented. In a few analyses, pad flexibility is modeled with a
moment-bending stiffness derived from beam theory and a change in pad curvature that
reduces the pad mechanical preload as the applied load increases [6,7,9-12]. In other
analyses, the whole pad structure is modeled with finite elements (FE), for example, and
active degrees of freedom synthetized to produce a system of algebraic equations
relating the hydrodynamic pressure to a pad surface deformation field that affects the
film thickness [13-16]. In 1978, Nilsson [10] predicts single pad force coefficients for
arc lengths varying from 60° to 120° and realizes that the pad with the longest arc length
bends more and affects more the damping coefficients. At a specific journal eccentricity
(e/Cs=0.5), the direct damping coefficient along the load direction decreases by 6% for a

60° arc pad and by 21% for a 120° arc pad. Ettles [11] in 1980 produces a computational
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one-dimensional beam model for pad deflections due to both a hydrodynamic film
pressure and thermally induced stresses. Ettles contrasts the force coefficients of TPJBs
with rigid pads against those with flexible pads, and finds an apparent reduction in
damping (up to 40%) due to pad flexibility, further aggravated as the applied static load
increases. Ettles notes that pad flexibility has a negligible effect on the journal
eccentricity (and minimum film thickness), the maximum fluid film temperature; and for
actual thick pads configurations, has no discernible effect on the bearing stiffnesses. In
1987, Lund and Pederson [12] detail a perturbation analysis to derive the bearing
dynamic force coefficients including both pad and pivot flexibility. The authors find that
the more flexible a pad is, the more is the reduction in the bearing damping coefficients.

To include for pad axial deformations, in 1989 Brugier and Pascal [13] build a three-
dimensional (3D) finite element (FE) structural pad model to predict the elastic
deformation of the pads. Predictions for a large scale three-pad TPJB with a diameter of
0.75 m and a slender ratio (L/D) of 0.75 show that both pad flexibility and pivot
flexibility reduce significantly the bearing force coefficients, yet only produce a small
decrease in the maximum film temperature and the minimum film thickness of the most
loaded pad. The authors also predict an increase in direct stiffness coefficients at low
loads due to both pad and pivot flexibility. Later in 1995, Desbordes et al. [14] evaluate
predictions using two-dimensional (2D) and three-dimensional (3D) FE structural pad
models and realize that pad deflections along the axial direction are not negligible in a
heavily loaded TPJB.

Neglecting the variation of the pad mechanical deformation along the axial direction,
in 1990 Earles et al. [15] use a two-dimensional (2D), plane strain FE model to evaluate
pad flexibility effects on the forced performance of TPJBs. By assuming a pad keeps its
original curvature, the complex multiple degree of freedom (DOF) system is reduced to
one single parameter which reflects as change in pad radius. Frequency reduced dynamic
force coefficients for a single pad correlate well, within 5% difference, with those
obtained by Lund and Pedersen [12]. Earles et al. [16] also implement a “Pad Assembly
Method” to obtain the dynamic force coefficients of a TPJB. With pivot flexibility
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modeled using Hertzian contact theory, the TPJB stiffness and damping matrices contain
each (3Npad+2)? coefficients. Using synchronous speed reduced TPJB force coefficients
in a particular rotor-bearing system, the authors report that pad flexibility produces a
reduction of 6% in the predicted onset speed of instability.

Childs and students [1,3,5-7,17] utilize a test rig for measurement of the static and
dynamic load performance of hydrodynamic bearings. This test rig comprises of a rigid
rotor supported on rolling element bearings and with a softly supported (floating)
bearing cartridge holding the test bearing element at the rotor mid span. Operators
perform sets of tests spanning a range of applied static loads for one or more shaft speed
conditions. Importantly enough, most tests are conducted with a constant lubricant
supply rate, irrespective of the shaft speed or load condition. Orthogonally placed
external shakers deliver multiple frequency dynamic loads exciting the test element over
a prescribed frequency range. Bearing force coefficients — stiffness, mass and damping
(K, C, M), are extracted from curve fits to experimentally derived complex stiffness
functions. Recently, Wilkes [7] reports both measurements and predictions for a load
on pad (LOP), five-pad TPJB with 50% pad pivot offset. Wilkes’ predictions point to
pad flexibility having a more pronounced effect under large loads. Do notice that
Wilkes’ meticulous work produces a method to measure pad flexibility by inducing
moments on the leading and trailing edges of a pad and recording the pad strain. Wilkes
plots the pad bending stiffness versus the applied bending moment curves and obtains
the bending stiffness for the pad in his test bearing. Wilkes uses this bending stiffness to
predict pad flexibility and regards the pad deformation as a change in pad clearance.

Based on the urge of Wilkes [7] to assess systematically the effect of pad flexibility
on the dynamic force coefficients of TPJBs, Gaines [1] conducts a concerted effort to
quantify the influence of pad thickness, e.g. its flexibility, on the static and dynamic
forced performance of a three pad TPJB installed in a load between pads (LBP)
configuration. Gaines used three sets of pads, each with an arc length of 90°, and varying
in thickness t=8.5 mm, 10 mm and 11.5 mm. The unit load W/(LD) applied to the

bearings increases from 1,72 kPa to 1,724 kPa while operating at three rotor speeds: 6, 9
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and 12 krpm (32, 48, and 64 m/s). Test data show that the direct damping coefficients
decrease up to 20% as pad flexibility increases. The reduction in direct damping
coefficients due to pad flexibility prevails as the rotor speed increases but keeps nearly
constant as the unit load varies. However, the effect of pad flexibility on the bearing
direct stiffnesses is minor. Similar to Brugier and Pascal’s findings [13], Gaines also
notices up to a 12% increase in direct stiffnesses as pad flexibility increases for
operation with a low unit load, W/(LD)<689 kPa. Even at the largest unit load of
W/(LD)=1,726 kPa, the direct stiffnesses of the TPJB with thin pad sets (t=8.5 mm) is
only 3% smaller than those of the TPJB with thick pad sets (t=11.5 mm). Refer to
Gaines [1] for a lucid review of the archival literature on experiments related to pad
flexibility and its effects on TPJB force coefficients. See also Ref. [17] for an abridged
version of the original reference and a discussion on the effects of pad flexibility within
the context of practical TPJB configurations.

The current analysis extends the physical model in Refs. [8,9] to include pad
flexibility to predict a TPJB static performance (e.g., journal eccentricity and minimum
film thickness, fluid film temperature, etc.) and its dynamic force coefficients. A FE pad
structural model including the Babbitt layer is coupled to the thin film flow model to
determine the mechanical deformation of the pad surface. Exhaustive predictions are
compared to the test data reported by Gaines [1]. The discussion produces relevant
correlations while still stressing differences. Lastly, a parametric study follows to
investigate the effects of pad and pivot stiffnesses, pad preload, and load orientation on
TPJB force performance, static and dynamic. The graphs constructed using
dimensionless parameters provide a bearing designer with a guide to estimate the effect
of pad flexibility on journal eccentricity, drag friction coefficient, and the stiffness,

damping and virtual mass force coefficients.
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REYNOLDS EQUATION FOR THIN FILM BEARINGS

Figure 1 depicts a schematic view of an idealized TPJB with its major components
and reference coordinate systems. The external static load (W) forces the journal
spinning with rotational speed () to displace to eccentricity (ex, ev) away from the
bearing center. The pads in the bearing generate a fluid film hydrodynamic pressure (P)
that acts on the journal to oppose the applied load. The pressure also acts on each pad,
tilting the pad about its pivot with rotation Jp and displaces the pad pivot to &iv and #piv.
The pressure field also deforms elastically the pads. Of importance is up the deformation
field on the pad surface facing the fluid film.

An extended Reynolds equation? [8,9] with temporal fluid inertia effects governs

the generation of hydrodynamic pressure (P¥) in the k™ pad with film thickness h¥,

v. ﬂgpk _oht qont p(n) a2

1
124 ot 200 124 ot @

where (z, 0) are the axial and circumferential coordinates on the plane of the bearing.
The film thickness h is

h*=u;+C, +e, cosf+e, sind
+(§;iv —Is )005(9—9;)+(77Ew - Rd5g)5in(9“9;)

where Cp and Cs are the pad machined radial clearance and bearing assembly

)

clearance, respectively, and rp=(Cp-Cs) is the pad mechanical preload. Above Rs=Rp+t is
the sum of the pad machined radius and pad thickness at the pivot location. The pad

surface deflection field (u; > o) increases the film thickness.

! The model includes for flow turbulence and thermal energy transport effects. The analysis (equations) for
these flow conditions are not included for brevity.
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Beari

Pivot

Unloaded Pad

Loaded

Figure 1 Schematic view of an idealized TPJB. Film thickness (h), pad deflection
(up), pad rotation (&,) and pivot deflections (&iv,npiv) greatly exaggerated.
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ANALYSIS FOR PAD MECHANICAL DEFORMATIONS

A structural FE analysis predicts the displacements of the k™ pad upper surface
caused by the fluid film pressure field (P). Figure 2(a) depicts a typical pad assembling a
number of brick-like finite elements. The equation for the deflection field (u®) due to an
applied load (FC) is [14]:

K®u® =F°® +S° (3)
where KC is a global stiffness matrix and S€ is a vector of surface tractions. Desbordes
et al. [14] introduce appropriate boundary conditions for an ideal tilting pad, i.e., one
with infinite pivot stiffness. Figure 2(b) depicts in graphical form the lines where
boundary conditions are specified. The solid line denotes the pivot (line contact) and all
FE nodes are constrained to a null displacement; ur=u¢=u.=0, along the radial,
circumferential, and axial directions. The two dashed lines parallel to the line contact
denote nodes with no radial displacement, ur=0 only. On these lines, the nodes can take

circumferential (transverse) and axial displacements.

Radial
direction r

Axial
Direction Z

Circumferential
Direction 8

(a) Pad assembled by finite elements
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z=L/2

(b) Boundary conditions at pivot line

Figure 2(a) Typical FE model and mesh for a bearing pad, and (b) boundary
conditions on pad as modeled in Ref. [14]. u,, ue, U, are the nodal displacements
along the radial, angular, axial directions, respectively.

Once the pivot boundary conditions are assigned, the global system of equations

reduces to

Keu® =F° (4)
where K€ is a reduced (non-singular) stiffness matrix, and U®and F®are the vectors of
global displacements and forces. The external load generated by the film pressure acts
on the (upper) surface of the pad. Thus, further manipulation to reduce Eq. (4) is

warranted. Write the vectors of displacements and generalized force in terms of active
and inactive degrees of freedom, i.e.,

o =[u, ul:s Fe=[fP) o ©)
where up denotes the vector of radial displacements on the pad upper surface which are
active DOFs, and Uis the vector of displacements of other nodes, f(P)=(AP) is the
vector of nodal forces generated by the pressure field P with A as a square matrix
containing element surfaces. The reduced global stiffness matrix K® can be partitioned

as
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_ K, K
K =| B (6)
KS Kna
with these definitions, Eq. (4) can be written as
K,u +K. T =f(P
_p p B s ( ) (7)
K, +K U =0

From Eq. (7a), U:-[Kna]'l Rsupand the displacements on the pad surface are obtained
from

K, u, =f(P) (8)
where K :(RD-RS[Rna]_l RS) is a positive definite symmetric matrix, easily

decomposed into its lower and upper triangular forms, K = LL". Hence, Eq. (8) is
rewritten as

L(L"u,)=f(P) 9)

Let uy =L"u,; a backward substitution procedure solves first Lu, =f(P) to give

u;; and next, a forward substitution procedure solvesL'u, =u_ to determine up, i.e.,

the vector of radial displacement at the pad surface. The vector up is used to update the
film thickness (h), Eq. (2), for solution of the Reynolds Eqg. (1) to find the pressure field
(P). Note that the FE structural pad model and its end result, the L matrix, needs to be

performed only once, preferably outside of the main computational program.
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PERTURBATION ANALYSIS OF THE THIN FILM FLOW EQUATION
At a constant shaft speed (), the static load W, = (W, ,W, )T displaces the journal
to it equilibrium positione, =(exo,eyo)T with the generated fluid film pressure (Po¥)
acting on each pad surface. The k™ pad reaches its equilibrium position (5;0,§;iVO,nEiVO)T

and the deflection of the pad upper surface isuf,o :

An external dynamic force, AW=(AWx, AWy)" e’ with excitation frequency ()
acts on the journal and causes the journal center to displace to Ae=(Aex, Aey)" e away
from e, i.e., ep=eo+ Ae e’ [18]. The journal motion leads to changes in the pad pivot

displacements and the pad surface deformation as

T T T i
(05 &) =(Oh 1 Eo T, ) +(AGH, ALS, A, ) € (10a)
Up = Up +AUE™ Kk =1,..,N (10b)

On the k" pad, the changes in journal center position and pad displacements cause a
change in the film thickness as
h=hy + Ah*e™, k=1,..,N (11a)
where
Ah* ={h" Ae, +hAe, +hiALS, +h ARy, +hiASS +Aug}  (11b)
with hy =cos@ , hf =sind , hi =cos(6-6;) , hy =sin(-6%) , hi =—-R;h [18]. The
fluid film pressure on a pad is
P“=PRf +AP"e", k=1,.,N_, (12a)
where the change in fluid film pressure caused by the perturbations in displacements is
AP* ={PfAe, +RfAe, + PfALy, + P Ay, + PAAS)} (12b)
Let g(P*) = [K;]'l f(P*) . Hence, the pad deformations caused by the equilibrium

pressure field (Pok) and the perturbed pressure field (APX) are

-1 -1
up,, Aug =g(Py), (AP )— K| AP}, [Kf| AAP (13)
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Substituting Eq. (12b) into Eq. (13) yields the change in pad surface deformation as
Aug =ugAe, +UuyAe, +UsASS +ULALS, +UlAng, (14)
Thus,
Ah* = (hy +uy)Ae, +(hy +uy)Ae, + (i +US)AE, (15)
+ (h,‘; + u; )An"jiv +(h§ + u§)A5F‘j
That is, the film thickness changes due to physical displacements of the journal and pad
as well as due to the deformation induced by a change or perturbation in pressure.
Define the following linear operators [19],

o) == {hos 5(*)}2[ i ﬁ}ﬁ{ i 6(*)] 16)

ROO| 124 Ro6 | éz|12u oz 124,

1) 9L o) 50| 9| S vm |

124z 1244,

Substitution of h* and Pk into the extended Reynolds Eq. (1) gives:
_Qay

2 00 (18)

(R)

and
E{Pj}zﬂ%{h§+u§} af=XY,5 & n (19)

Note that the first-order or perturbed pressure fields due to a pad rotation and pivot

radial and transverse displacements are a linear combination of Px and Py [18,19], i.e.,

P¥=-R,P*

J'n
k k k K ai k
P =P, cosd; +R'singy k

k K o3 k k k
P, =-Pxsiné; + R/ cos6;

Since the pad deformations are a linear function of the applied pressure, i.e.,

1..,N

(20)

pad

uf = g(P*)with op-x 7.0y, then

Uy =—Ru;
k k k K ar k —

Ui =uy Cos@s +Uysind, k=1..,N_, (21)
k K a1 k k k

u, =-Uy sing, +Uy Cos6;
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The analysis above reveals that the perturbed pressure fields due to pad rotation or pivot
transverse displacements can be readily gathered from the fields determined for changes
in the journal eccentricity (Aex, Aey). Furthermore, the changes in pad deformation also

follow immediately after the perturbed displacementsut ux)are found. The process is
computationally fast and efficient. The only caveat is that Eq. (19) is solved iteratively,
asuy = g(P)) ap-x.

Integration of the pressure fields, obtained after solving the first order Egs. (19) on

the k™ pad, renders 25 fluid film dynamic complex stiffness coefficients (Zgﬁ) [18]

L2 6
Z¥, = j J‘P;thJdekdz ap=XYoin (22)

-L/2 gk
Reduced frequency force coefficients for lateral displacements, Zus=(KoptiwCop) op-x7,
are extracted from the complete sets of 25 Z’s by assuming all pads move with the same

frequency w. For details on the reduction process, see Refs. [18-20].
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COMPARISON OF PREDICTIONS AGAINST TEST DATA

Gaines [1] produced test data for three TPJB sets, each having three pads of unequal
thickness, to quantify the effect of pad flexibility on the bearings force coefficients, in
particular damping, over a range of loads and rotational speed conditions. This section
presents exhaustive comparisons of predictions from the current model to the test data in
Ref. [1]. Gaines and Childs [17] summarize the comprehensive measurements and data
analysis in Ref. [1].

Table 1 lists the geometry of the TPJBs, lubricant properties and operation
conditions and Figure 3 depicts the load between pads configuration of a test bearing and
a photograph of one pad with a rocker back pivot type. The bearing assembly operates
with a flooded lubricant supply condition, all measurements conducted with a flow rate
of 31 LPM [1]. The arc length (90°) and inner radius of the pads for the three bearing
configurations are identical. A pad is composed of two materials: a main body made of
steel and a Babbitt layer, 1.5 mm thick. The elastic moduli for steel and Babbitt are 200
GPa and 50 GPa, respectively [21]. The pad thicknesses (t) quoted includes the Babbitt
thickness and is measured at the location noted in the photograph. Presently, in the
discussion of results, the pads are referred as thin (t=8.5 mm), medium thickness (t=10
mm), and thick (t=11.5 mm).

Table 1 Geometry, lubrication properties, and operating conditions of three
test TPJBs [1].

Number of pads, Npad 3
Configuration LBP
Rotor diameter, D 101.6 mm
Pad axial length, L 61 mm
Pad arc angle, @p 90°
Pivot offset 50%
Nominal preload, T, 0.25

Pad thickness, t 8.5mm 10 mm 11.5mm
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Cold bearing clearance, Cs 69 um 70 um 70 pm
Cold pad clearance, Cp 92 um 93 um ‘ 93 pm
Lubricant type ISO VG 46
Supply lubricant temperature 49 °C
Supply lubricant pressure 2.2 bar
Lubricant density 854 kg/m?®
Viscosity at 49 °C, o 0.0269 Pa's
Viscosity temperature coefficient, a 0.0319 1/°C
Specific heat capacity at 70°C 1830 J/(kg'K)
Specific load, W/(LD) 172 kPa -1724 kPa
Journal speed,Q2 6,000-12,000 rpm
Surface speed, QR 32-64 m/s
v Fluid film
Pad
/ ournal
all:-15° W
Pad \_/

Bearing

. Pad thickness
cartridge

Pad arc length =90°

Figure 3 Load configuration for three pad TPJB and photograph of one pad.

To measure the pivot stiffness of a single pad, Gaines [1] assembled the bearing in a
load on pad (LOP) orientation, as shown in Fig. 4. A hydraulic cylinder and spring pull
on the bearing cartridge and displace it against the rigid rotor (journal). The applied load
on the shaft is trough contact pressure over the whole pad arc extent. Eddy current



26

sensors record the relative displacements between the bearing casing assembly and the

journal or shaft.

y

Pivot

Housing

Rotor-stator
probes

Figure 4 lllustration of three pad bearing and set up for measurement of pivot
stiffness.

The load versus pivot deflection measurements conducted on pads (of differing
thickness) evidence a nonlinear stiffening effect with mechanical hysteresis. For applied
loads 47 kPa < W/(LD) <1,100 kPa, Table 2 lists the average pivot stiffness? (Kpiv) used
in the following predictions.

Table 2 Estimated average pivot stiffness for each pad set configuration in Ref.

[1]

Pivot stiffness [MN/m]
Thin pad (t=8.5 mm) 573
Medium thickness pad (t=10 mm) 675
Thick (t=11.5 mm) 775

The current predictive model includes the shaft and pad thermal expansion due to
rises in film temperature® that determine the hot bearing clearance. The predictive model
assumes that the lubricant carries away all the heat generated in the bearing, i.e., an

adiabatic heat flow process. The inlet heat carry over coefficient (1) varies for differing

2 It is not clear why the pads have differing stiffness as they have identical back surface configurations and
contact areas at their pivot location.
3 The shaft and pads, both made of steel, have a thermal expansion coefficient of 1.2x105/°C [22].
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rotor speeds*; at Q=6 krpm, 1=0.8; while at Q=12 krpm, 1=0.98. Predictions with and
without pad flexibility are presented.

Figure 5 shows the predicted and measured journal eccentricity (e/Cp) along the load
direction (Y) for operation at 6 krpm and 12 krpm. The predictions include curves for
pad flexibility and without it. At both operational speeds (Q2=6 krpm, 12 krpm), the
predictions with pad flexibility correlate best with the test data as the applied load
increases. Predictions solely considering pivot flexibility deliver a larger static
eccentricity. Pad flexibility tends to reduce the predicted journal eccentricity, in

particular for operation at the high rotor speed (Q2=12 krpm).

1.0 — 1.0
—~ /\ :Thin Pad (t=8.5mm)
k lw) . t=8.5mm O : Medium thick Pad (t=10mm)
QO : Thick Pad (t=11.5mm)
0.8 t=10mm < 0.8
o Prediction w/o t=8.5mm
= pad flexibility Prediction w/o
g.o.s 1 0.6 - pad flexibility /
=] 11.5mm 3
._; t=10mm \\N’/ =
g 04 - A4\
30'4 Testdata 5 :
w Prediction with pad Testdata P
flexibility \
0.2 0.2 - \
f Prediction with
"~ pad flexibility
0.0 T ‘ T 0.0 = T : ‘
0 500 1000 1500 2000 0 500 1000 1500 2000
W/LD (kPa) W/LD (kPa)
(a) speed 6 krpm (b) speed 12 krpm

Figure 5 Journal eccentricity (ey) along the load direction versus unit load W/(LD).
Journal speed Q=6 krpm and 12 krpm. Predictions (without and with pad
flexibility) and test data from Gaines [1]. Results shown for thin, medium and
thick pads.

Figure 6 depicts the predicted maximum film temperature rise (ATmax/Tin) VErsus unit

load for two journal speeds. In the tests [1], a pad (~5 mm below) sub-surface

4 According to Tao [20], the inlet heat carry over coefficient (X) varies with journal speed; a larger A
should be used for a high rotor speed (€2>10 krpm).
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temperature is recorded at 75% of the pad arc length. Predictions account for the heat
transfer conducted through a pad and the heat convection in the back of a pad. The
predictions show the bulk fluid film temperature in pad 2. Generally, the maximum
temperatures are underestimated, in particular at the high speed and largest load; Q=12
krpm, W/(LD)=1,726 kPa.

The significant differences in temperatures are due to the test bearing being supplied
with a fixed flow rate, irrespective of the load and journal speed condition. For test with
a shaft speed of 6 krpm, the actual supplied flow rate (31 LPM) is greater than the one
predicted (17 LPM) while the recorded peak pad surface temperatures are much higher.
Note the oil is pushed through three holes and not routed efficiently into the bearing pads.
To support the assertion, note that the recorded lubricant outlet temperature is much
lower that the peak temperatures measured [1], and also lower than the predicted
lubricant temperature at the bearing exit plane. Hence, excessive churning of the
lubricant on the bearing sides contributes to the distinctive differences. Most of the cold

supply flow rate does not enter the bearing pads, thus causing the bearing pads to heat

excessively.
1.4 : 14
/\ :Thin Pad (t=8.5mm) =11 5mm
[ : Medium thick Pad (t=10mm) Predictionwfo pad />
1290 : Thick Pad (t=11.5mm) 1.2 1 flexibility /
~21.0 - 1.0 ~Test data
F:E t=10mm =11 5mm
e Test data /\ i\ |- =z==
%0.6 1 /.-"'; A o | ‘ 06 # - \ | Prediction with
‘g_ / — Y \| pad flexibility
£ . t=8.5mm {
504 - | 0.4 t=10mm
s Prediction w/o
= Prediction with - S
0.2 pad flexibility pad flexibility 0.2 | T?‘
0.0 ‘ T T 0.0 : T T
0 500 1000 1500 2000 0 500 1000 1500 2000
WI(LD) (kPa) W/LD (kPa)
(a) speed 6 krpm (b) speed 12 krpm

Figure 6 Maximum pad-surface temperature versus unit load W/(LD). Journal
speed Q=6 krpm and 12 krpm. Predictions (without and with pad flexibility) and
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test data from Gaines [1]. Inlet oil temperature, Tin = 49°C. Results shown for thin,
medium and thick pads.

For the largest applied static load, Figs. 7 and 8 show the real part of the bearing
direct complex stiffnesses, Re(Z), obtained at two shaft speeds (Q2=6 krpm and 12 krpm)
versus excitation frequency (0<w<200 Hz). Note Re(Zvv), along the load direction, is
lesser than Re(Zxx). This peculiar behavior is distinctive for the three pad bearing, each
pad having a large (90°) arc extent. In general, the predicted Re(Zvv) correlates best with
the test data, whereas Re(Zxx) is overestimated at high frequencies (»>100 Hz). Note the
experimental Re(Z) show little frequency dependency, yet the predictions forward a
stiffening Re(Zvv) as frequency increases, and in particular for operation at the low shaft
speed (6 krpm). Including pad flexibility reduces the dynamic stiffness, Re(Z); the effect

being more pronounced on the thin pad.
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Figure 7 Real part of complex stiffnesses for TPJBs with pads of thickness (a)
t=8.5 mm (b) t=10 mm (c) t=11.5 mm. Shaft speed Q=6 krpm and unit load
WI/(LD)=1,726 kPa. Test data from Gaines [1] and predictions (with and without

pad flexibility).
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Figure 8 Real part of complex stiffnesses for TPJBs with pads of thickness (a)
t=8.5 mm (b) t=10 mm (c) t=11.5 mm. Shaft speed Q=12 krpm and unit load
WI/(LD)=1,726 kPa. Test data from Gaines [1] and predictions (with and without
pad flexibility).

For the same static load condition and two journal speeds, Figs. 9 and 10 depict the
experimental and predicted imaginary part of the bearing complex stiffnesses, Im(Z). In
general, the bearing damping coefficient (C) is the slope of Im(Z)~ wC. Both Im(Zxx)
and Im(Zvv) from the experiments show a linear growth with frequency, i.e., a frequency
independent C. Note Im(Zxx) > Im(Zyy). The predictions are in very good agreement
with the experimental results for operation with the high shaft speed (12 krpm). On the
other hand, for operation at 6 krpm, the predicted Im(Zxx) is larger than the test results
and evidences a reduction in growth on the high side of the excitation frequency range
(w>1.5Q2).
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Figure 9 Imaginary part of complex stiffnesses for TPJBs with pads of thickness
(@) t=8.5 mm (b) t=10 mm (c) t=11.5 mm. Shaft speed Q=6 krpm and unit load

W/(LD)=1,726 kPa.
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Figure 10 Imaginary part of complex stiffnesses for TPJBs with pads of thickness
(@) t=8.5 mm (b) t=10 mm (c) t=11.5 mm. Shaft speed Q=12 krpm and unit load
WI/(LD)=1,726 kPa. Test data from Gaines [1] and predictions (with and without

pad flexibility).

Childs [23], supported by a myriad of experimental results from numerous test

bearings [1,3-7], stresses that the (issue on) frequency dependency of force coefficients
in TPJBs is settled with a simple [K,C,M] model. That is the curve fits Re(Z)—(K-»?M),
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Im(Z)«—(wC) deliver accurate stiffness (K), damping (C), and virtual mass (M)
coefficients for confident use in rotor-bearing system stability analysis, i.e., a reliable
estimation of the system logarithmic decrement.

Presently, define dimensionless dynamic force coefficients as [24],

2
_KC, _gQc, MO,

i W 1 Gij W m; W LEXY (23)

Above Cp is the cold pad radial clearance, Q is the rotor speed, and W is the static load
applied to the bearing.

Figure 11 depicts the TPJB stiffness coefficients (kxx > kvy) versus unit load as
identified (curve fits) from the measured and predicted complex stiffnesses (Z). The
predicted stiffnesses correlate well with the test data at low loads, W/(LD)<1,032 kPa,
but are underestimated at the highest load, W/(LD)=1,724 kPa. Note that pad flexibility
increases the predicted kxx and kyy at low loads, W/(LD)<689 kPa, whereas it reduces the
predicted kxx and kyy for high loads, W/(LD)>689 kPa. Predicted direct stiffnesses
accounting for pad flexibility are up to 20% smaller than those assuming a rigid pad. As
the pad thickness decreases from 11.5 mm to 8.5 mm, the predicted kxx decreases by
21%.

100 100
Q=6 kprm Q=12 krpm
/\ :Thin Pad (t=8.5mm) Testd L
. [ : Medium thick Pad (t=10mm) estdata
:::‘ O : Thick Pad (t=11.5mm)
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E _ Prediction w/o _ pad flexibility
7 F=10MM - pad fiexibility t=10mm -
@ 10 10 - /N
-4}
= =11.5mm
5 .
w
g
£ Testdata
a Prediction with ‘.f/ .
pad flexibility =8.5mm Prediction with
pad flexibility
1 T T . 1 . : :
0 500 1000 1500 2000 0 500 1000 1500 2000
W/LD (KPa) W/LD (kPa)

(a) kxx
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Figure 11 Direct stiffnesses (kxx and kyy) versus unit load and two shaft speeds.
Predictions (without and with pad flexibility) and test data from Gaines [1].
Results shown for thin, medium and thick pads.

Interestingly enough, the direct stiffness (kvv) along the static load direction (-Y) is
significantly lower than the stiffness kxx, in particular as the unit load increases. Fig. 12
depicts the film thickness and hydrodynamic pressure at the bearing mid-plane (z=%2 L).
Both the minimum film thickness and the maximum pressure are quite close to the X
axis (#=180°), thus causing a large stiffness along the unloaded direction (X). That is, the

stiffening effect is a result of the long arc extent of the bearing pads, 90°.
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Figure 12 Predicted film pressure and film thickness at bearing mid plane.
Operation with unit load W/(LD)=172 kPa and shaft speed Q=6 krpm. Location of
the maximum film pressure for each pad: 6:=33° (pad 1), 6,=153° (pad 2) and 6:=273°
(pad 3). Location of the minimum film thickness for each pad: 6,=53° (pad 1), 6,=173°
(pad 2) and 6;=301° (pad 3).

Figure 13 depicts the damping coefficients (cxx > cvy) versus unit load and for two
shaft speeds. Pad flexibility reduces the predicted damping over the entire load range,
172 kPa< W/(LD)< 1,726 kPa. The experimental results show less differences for the
three pad thicknesses than the model otherwise predicts. Predictions including pad
flexibility deliver damping coefficients up to 46% lower than similar coefficients
obtained with a rigid pads model. Reducing the pad thickness from 11.5 mm to 8.5 mm
produces also a reduction of up to 50% in predicted direct damping. Note that the test
results appear to agree with the predictions including pad flexibility for operation at the
low speed of 6 krpm. The opposite argument applies to the test results at the high speed

of 12 krpm, as they appear to agree with the predictions without pad flexibility.
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Figure 13 Direct damping coefficients (Cxx and cvy) versus unit load and two shaft
speeds. Predictions (without and with pad flexibility) and test data from Gaines
[1]. Results shown for thin, medium and thick pads.

For completeness, Fig. 14 displays the virtual mass coefficients (mxx, myy) versus
unit load and operation at the low shaft speed of 6 krpm. The test results evidence lesser
magnitudes for the added masses than the predictions otherwise show. The negative
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values denote the bearing dynamic stiffness hardens slightly as frequency increases, see
Fig. 7. Most importantly, as the unit load increases, note (mxx, myy) approach null values,
thus indicating the real part of the complex stiffness (Z) does not show a frequency
dependency. Similar results follow for operation at 12 krpm, hence those predictions are
omitted for brevity. Note that in the sub-synchronous frequency range (w<Q), the virtual
mass coefficients have a negligible impact on the dynamic stiffnesses (Re(2)).
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Figure 14 Direct virtual mass coefficients (mxx and myy) versus unit load and shaft
speed= 6krpm. Predictions (without and with pad flexibility) and test data from
Gaines [1]. Results shown for thin, medium and thick pads.



41

PARAMETRIC STUDY ON THE EFFECT OF PAD FLEXIBILITY ON TPJB
PERFORMANCE

Nicholas [2] and Someya [24] produced useful design performance data for TPJBs.
However, the original data do not include either pad or pivot flexibility. San Andrés et al.
[9] complement the design data by accounting for pivot flexibility. This section further
supplements TPJB performance characteristics with consideration of both pad and pivot
flexibility for a three-pad TPJB operating under both LOP and LBP configurations. The
bearing configurations selected reproduces the geometry of the bearings in Ref. [1] and

also include variations in pad preload (7). Table 3 presents the operating conditions and

geometrical parameters for the TPJB model. The TPJB performance parameters are
shown as a function of the Sommerfeld number (S), defined as

2
-ae2(8

p
where N=Q/2x is the rotational speed and us is the lubricant viscosity at the supply or

inlet temperature.

Table 3 Cases to assess effect of pad flexibility on the performance of a TPJB.

Static specific load, W/(LD) 689 kPa

Journal speed, Q 500 rpm — 12,000 rpm
Pad preload, T, 0,0.25,0.5

Pad thickness, t Rigid pad, 8.5 mm, 11.5 mm
Pivot stiffness, Kpiv 750 MN/m

Branagan [25] introduces several equations to estimate a pad elastic deformation due

to a bending moment (M). He suggests as adequate,

. M (r— 4[1 r’(1- 2Iogr)]
AE [r —1} (2r-logr)’

with r=(R+t)/R and A is the cross-sectional area of a pad. Nilsson [10] already notes that

(25)

a pad with a long arc length is more flexible; alas, Branagan’s equation does not account
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for pad arc length. In addition, Eq. (25) neglects the Babbitt layer that makes a pad more
flexible.

Prior to presenting predictions, let’s define a suitable pad bending stiffness (Kpad).
Since a typical bearing pad integrates a thick base material (steel) and a Babbitt layer,

define an equivalent elastic modulus as [26]

E — El (%tl_Rn)tl—i_ Ez (%tz_Rn)tz (26)
B (3t =R, Jt

where E1 and E2 are the elastic moduli of materials 1 and 2, t1 and t2 are thicknesses, and
t=ti+t2 is the pad thickness. Above, Rn is the neutral axis of a pad (beam) of two
materials, whereas Req is the neutral axis of a pad made of one material,

Et +E4t, t

= n n Ry =——+ (27)
Elln(1+%]+ Ezln[l+ 2 R+t1]

R
q
t
In(ljL %Q)
A simple elasticity analysis, based on information gathered from Refs. [27-30], takes
a pad as a curved beam and apply a uniform pressure (p) to determine the radial
deformation at its edge (ut),
LR
u—_t=1~—eq (cos%—zjcosﬁﬂ (28)
P 2 E,l 2 2
where @k is the pad arc extent and 1=Lt3/12 is the area moment of inertia. See Ref. [31]

for details on the derivation of the equations above. Define a dimensionless pad stiffness

as

K d:LK d:&.ﬁLD:Eeql.E 2 (&J
pa pa 3
W /(LD) u W RS R, Kcos%—zjcos@" +1} w

(29)
Thus, kpad = o0, 3.15 and 7.33, for a rigid pad, a pad with a thickness of 8.5 mm, and

another pad with a thickness of 11.5 mm, respectively®. Note that the kpad is nearly

° Recall a pad has a 1.5 mm Babbitt layer.
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proportional to the cube of a pad thickness, ~t%. Incidentally, in the analysis, the
dimensionless pivot stiffness (kpiv) is, with Kpiv=750 MN/m,
K.C

Koy = ﬁ =16 (30)

max

For the LBP and LOP configurations and varying pad preload, r, =0, 0.25, 0.5, Fig.

15 depicts the journal eccentricity versus Sommerfeld number (S). At a large S and as
the pad flexibility increases (kpad decreases), the journal eccentricity decreases greatly

for the LBP bearing with a null pad preload and the LOP bearing with 0.25 preload, in

particular.
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Figure 15 Three-pad TPJB journal eccentricity (e/Cp) vs. Sommerfeld number (S).
Pad stiffness kpag = 3.15, 7.33, « (rigid) and ki, = 16. Pad preload varies: LBP and
LOP configurations. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to

12,000 rpm.

Figure 16 depicts the drag friction coefficient,

f:Torque/ (RJW)

increasing

proportionally with S for both the LBP and LOP configurations, the bearing with the

largest preload having more drag. Pad flexibility has no effect on f, hence has no

influence on the bearing drag power losses.
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Figure 16 Three-pad TPJB drag friction coefficient (f) vs. Sommerfeld number.
Pad stiffness kpad = 3.15, 7.33, « (rigid) and ki, = 16. Pad preload varies: LBP and

LOP configurations. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to
12,000 rpm.

Figures 17 and 18 show pad flexibility reduces the stiffness coefficients (kxx, Kvy).

For the LBP bearing, pad flexibility increases slightly kyy by 3% at S>1. Recall that Fig.
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11 depicts an increase in bearing stiffnesses due to pad flexibility at a smaller unit load.
For the LOP TPJB, the stiffness along the unloaded direction (kxx) is one order of
magnitude lesser than the stiffness along the load direction (kvy) at a Sommerfeld
number less than 1 (S<1). For both the TPJBs under LBP and LOP configurations, pad
flexibility slightly increases kyy at a large Sommerfeld number (S>0.8).

For the LBP TPJB with 0.5 preload and the LOP TPJB with 0.25 preload, kxx and kyy
increase with S. For the LPB TPJB with null preload, kxx and kyy decrease with an

increase in S.
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Figure 17 Three-pad TPJB stiffness coefficients (kxx, Kyy) vs. Sommerfeld number

(S). Pad stiffness kpas = 3.15, 7.33, « (rigid) and kv = 16. Pad preload,

=0, 0.5:

LBP configuration. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to

12,000 rpm.
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Figure 18 Three-pad TPJB stiffness coefficients (kxx, Kvy) vs. Sommerfeld number
(S). Pad stiffness kpaq = 3.15, 7.33, « (rigid) and k;iy = 16. Pad preload r, =0.25: LOP

and LBP configurations. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to
12,000 rpm.

Figures 19 and 20 show the damping coefficients (cxx, Cvy) versus Sommerfeld

number (S) for both LBP and LOP bearings and with pad preload =0,0.25 05. The
dimensionless damping coefficients increase with S; however, for the LBP TPJB with
null preload, cyy decreases on 0.74<S<1.08. As pad flexibility increases, the damping
coefficients decrease dramatically by up to 33%, in particular for large Sommerfeld
number (S5>1.0). Pad flexibility has a more pronounced effect on the damping
coefficients of a LBP TPJB with null pad preload (T, =0).
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Figure 19 Three-pad TPJB damping coefficients (Cxx, Cyy) vS. Sommerfeld number.
Pad stiffness kpaa = 3.15, 7.33, « (rigid) and kpiv = 16. Pad preloadr, =0, 0.5: LBP

configuration. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to 12,000
rpm.
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Figure 20 Three-pad TPJB damping coefficients (cxx, Cyv) vs. Sommerfeld number
(S). Pad stiffness kpaq = 3.15, 7.33, « (rigid) and k;iy = 16. Pad preload ¥, =0.25: LOP

and LBP configurations. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to
12,000 rpm.

Figures 21 and 22 depict the virtual mass coefficients (m) versus Sommerfeld
number (S). In general m<0 denotes the bearing will stiffen as the excitation frequency

increases. Pad flexibility has a more pronounced effect on myy, in particular for the LBP
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bearing with preload equal to 0 and 0.25. Though the coefficients (m) do not approach
zero as S increases, the virtual mass coefficients (Myy, Myy) approach to zero at a large S,

thus indicating the dynamic stiffness Re(Zvv) is frequency independent.
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Figure 21 Three-pad TPJB virtual mass coefficients (mxx, mvy) vs. Sommerfeld
number (S). Pad stiffness Kpad = 3.15, 7.33, « (rigid) and kv = 16. Pad preload ¥, =0,

0.5: LBP configuration. Specific load W/(LD)=689 kPa, rotor speed Q=500 rpm to
12,000 rpm.
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Figure 22 Three-pad TPJB damping coefficients (mxx, myy) vs. Sommerfeld
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This guide uses a pad model shown on the right to
help to illustrate the operations.
The table below lists the geometry and material

properties.
L/2

Table Pad geometry and material parameters

MENECIOEI ) 082028 Figure The shape of the pad model
Outer radius (R,) 0.076321m

Axial length of the pad (/) 0.0559m

Angular amplitude of pad (8) 58.9°

Pivot position 0.5

Young’s modulus (E) 2.0x10!1 Pa

Poisson’s ratio 0.3
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§ Timeflint Portpro Lines &

::I:.'Illl':'lu:-ll Ot Areas a

Ll 1 b grlplarer B ?Dlu.mes -

e, Arbi trary .

it [N  ©Block "

E!‘-.r'll Lo Edinap = E]F].illdEI'

R A Solid Cylinder L ”

ATl fakvniry Click “Preprocessor” —

Prism
Sphere
Cone i
Torus
Modes
Elements
Contact Pair
Circuit

S
Racetrack Coil P
Transducers %
#



: : IEEs
Partial Cyl Inder Zﬁgy;,ffgg;“

Type in the center

”| coordinate of the
bearing
7 - Type in the leading edge
T - | angle and trailing edge
WP ¥ " angle of the pad
Rad-1 (j8.858921 S
Thetat  hae e t Type in inner and outer
Rad-2 (@.076320) _ radius of the pad
Theta—2 300 _4L
Depth ‘3.3559
Apply Type in the axial length
Gancel ” | of the pad
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TEXAS AAM ENGINEERING EXFERIMENT STATION

Main interface

S - N -

File Zele 1 I i semeters i o i
o o & & T H = | 3| By EO
KT am 1] @

Preferences

NETE Mals Bar Preprocessor L.

B Preferencea Element Type Y
Preptoceimor Feal Constants -
Smlutien | 8
Caprial Foubpeom Material PPDPS

TimeHint Portpro Sectiohs [u)
Tepalogical Ot )

i Tosl Modeling A
 henlgr¥plarer B Heshing )
rlr-ll'gll |I:-I ) Ly
¥ Prob [emiign B Hezh Attributes -
Fadiaibon Opi Default Attribs -
=EFT ] Edirar — R I‘.'I
B Fininh All Keypoints :

&1 Picked KP=s L
All Lines *
&1 Picked Lines 1
All Areas 2
& Picked Areasz .
= . " ” 174 . ” ‘-
e Click “Preprocessor” — “Meshing :
BFicked Yo -
- “« . ”

VST — “Mesh Attributes "
HeshToaol ]
Size Cntrls )
B Mesher Opts =

T
"
e
i




Volume Attributes ﬁ?

TEXAS AAM ENGINEERING EXFERIMENT STATION

J\ ANSYS Multiphysics Utility Menu - .

File 3Select List Flaot PlotCtrls WorkPlane Parameters Nacro Nenultrls Help ‘
Dzl slel a2 E = & &

ANSYS Toolbar 3|
SAVE_DB| RESUM_DB| quIT| POMRGRPH]

ANSTS Main Ned

Preference

H Preprocess]| * rpick " Unpick
Element T
Real Cong| & single { Box
Material
Sections
Modeling
B Neshing

Volume Attributes

& &l

(" Polygon ¢ Circle
-

B Mesh Aq| = = °
B Defau Maximum = 1
A].]. E Minimum = 1
APicke Volu No. = 1
EAll L
A Picke

B ALl A {* List of Items
A Picke (" Min, Max, Inc
B All V"
ik f 1. Select the volume
E NeshToo
Size Cn

BMesher {(|_ % | D 2. Click “OK”

Concate

Hesh Reset | Cance
3 I

= }I[Ddlfy Fick R11l | Help
Check

Clear

B Checking Ctrls

Humbering Ctrls

Archive NModel

Coupling / Ceqn

B FLOTRAN Set Up

B Multi—field Set Up

Loads

Ph¥sics

Fath Operations
Solution
General Postproc
TimeHist Postpro
Topological Opt j
« |

skl lokkbpRbakEeoe
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Volume Attributes ;ﬁ\?

M\ Volume Attributes

[VATT] Assign Attributes to Picked Volumes

MAT Material f 1. Select the number of material

wanted to be applied —
REAL Real constant set number Mone defined -
TYPE Elernent type number 1 SOLIDLES -
ESYS Element coordinate sys 0 -

APPENDIX C 25



Main interface

1) ) ] S

TS Rals B

D Preferensa
Fressoeepsur
Smlutien
Caprial Foubpeom

TimeHint Portpro

Tepalogical Ot
A Tosl
5 Demigniplacer
rlr-ll'gll |I:-I
¥ Prob Demign
Eaadh a1 ko :I_'ll
B Eengios Edinor
B Fininh

AL RN R ||'|-.‘-;|-P;';—_I_
r plip=g | - i Fla=larl i)

C1 ]

Py

m E

=

HEHE K

[+]

Preferences
Preprocessor

Element Tupe

Real Constants
Material Props
Sectionz

Modeling

Meshing

Mezh Attributes

=

= le=hTool
[£] e 1=
Hesher Opts
Concatenate
Hezh
Modify Mesh
Check Mesh
[ Clear

Checking Ctrls
Mumbering Ctrls
Archive Model

Coupling # Cegn
FLOTRAN Set Up

Click “Preprocessor” — “Meshing”

— “MeshTool”

IEES

TURBOMACHINERY
LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION

N -

o &,
'

=

o T

=&

%]



MeshTool

MeshTool

Element Attributes:

(

Set element size on
lines

[Global | set
™ Smart Size
I Fine =3 Coarse |
Size Contrals:
Glabal Set Cler
Areas Set Cle
4
Capy
Layer Clear
Keypts Clear
Mesh: | “olumes j
Shape:  © Tet f* Hex
(= * Mapped © Sweep
[ 3 or 4 sided -1
Mesh | Clear |
Refine at:  |Elements j
R efine |
Cloze | Help |
APPENDIXT
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MeshTool

IEES

TURBOMACHINERY
LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION

u @/
2l

1

Element Size on Picked Lines 1

* pick {” Unpick

i Single i~ Box

i Polygon  { gircle

(" Locp

Count = 4
Maximm = 12
Minimum = 1
Line No. = 4

{* List of Items

(" Min, Max, Inc

ox D 3 2. Click
Beset | c2 ”OK”
Pick A1l | HEIR

L= 5 T

Vo

Ipt
tor

1. Select lines to define
the size of elements on it




MeshTool ;ﬁ\?

M\ Element Sizes on Pic
[LESIZE] Element sizes on picked lines
SIZE  Element edgplanath -

1. Type in the number of -
NDIV Neo.ofelem{  element the line will be 20| J

_ meshed into =
(MDIV is used
EYMNDIV SIZE MDIV can be changed W Yes
SPACE Spacing ratio
AMNGSLZ Division arc (degrees)
[ use ANGSLL only if number of dhvisions (MDIV) and
element edge length (5LZE) are blank or zero)
0K Z;ICIISk J Cancel Help
OK
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Get stiffness matrix R.'E.E

et B e

ANSY SO has a function to reduce the stiffness matrix of
a structural model.

As not all the nodal displacements are important to the
analysis, ANSYS © offers a way to reduce the stiffness
matrix into the size desired.



Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

L AN e i, iy By oy SR - = e
file Zele 1 I o spemeters o ri
o | ) & o T «| | ol %) O
[ ;
"y d 1) | 0 [
NSTE Bals B i+ o/
O 'refarendsa
Freprucepsur & Freferences i
Salutian P 8
Caprial Foubpeom reprocessor
i :llrl;l.'.! I"ll--.lll;.-r" Solution o
Sl ica I -
[ 2 o ” " H ” [ |
S Denl golplarer i Click “Preprocessor” — “Solution” — |~
rlr-ll'gll |I:-I L o . ) o ()] X
9 Prob Denlgs Restart _ -
B Endinitiom Dyt S0l'n Controls AnalySIS Type New AnalySIS -"'I
_;:':..:,_!,;:ﬁ el Define Loads .‘.-I
Load Step Opts =
SE Mamagement (CHS) i
Fesults Tracking \
Solve ;
Marwal Rezoning E
Multi-field Set Up 4,
Diagnostics 4
Unabridged Menwu i#
General Postproc o
TimeHizt Postpro .
Topological Opt E
ROM Tool =
Dezign¥plorer o
Dezign Opt v
L]
it




New Analysis mﬁ?

erions |
M\ Mew Analysis y

[ANTYPE] Type of analysis

" Static
i Modal
" Harmonic
™ Transient

™ Spectrum

" Eigen Buckling

% Substructuring/CMSD

1. Select
“Substructuring/CMS”

2. Click “OK” «> Canc

| Help |
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Main interface

N AT g ||l.-.'-|i;|.l—_-_
r w5 | - i Flaslizl *]

V) e || S T

AT, WEIE 1 Tl momEEr

|_|__': |.|.. [ - [}

Elrreferenisa
Fresroeewsur
Sl utian
Crprral Pogtpio
TimeHanl Fowlpro
1.|||||||ﬂ|| al "|.-I
B Tosl

% Demigniplarer
rlrlll'gll |I:-I

# Frob Deaign
Kaedhm bon Ot

B Erapios Eitar

EFinkimh

e Bl s i iz -

Preferences
Preprocesszor
B Solution
B Analysiz Type
Mew Analysis
Restart

LpanslonFass

Define Loads

Load Step Opts
Phyzics

SE Management [CHS)
Rezults Tracking
Solue

Manual Rezoning
FLOTRAM Set Up

Fun FLOTRAM
Multi-field Set Up

=
=

IEES

TURBOMACHINERY
LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION

| .

Click “Preprocessor” — “Solution” —
“Analysis Type” — “Analysis Options”




Substructuring/CMS mﬁ?

M\ Substructuring/CMS ﬂ

Analysis Type

1. Select “Substructuring” T Substructuring! >

2. Click “OK” —
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Substructuring Analysis E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

[\ Substructuring Analy o)

[SEQPT] Substructuring Analysis Options

Sename Mame to be assigned to - Pad-1995

- superelement matrix file
SEMATR Matrices to be generated |Sti1=fne55 j

SEPR  Items to be printed |N.;. printout j

SESST Save space for [5]7 [ Mo

([5] is the stress stiffness matrix)

EXPMTH Expansicn pass method |Eack5uh5titutin:|n j

[LUMPI] Use lumped mass approx? [~ Mo

(if mass matrix is to be generated)

[SEGEM] Automatic superelement generation
Generate during 5OLVE?

1. Select “Yes”

2. Click “ok” | _fee |
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Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

A BNTPL Bl ..wﬂml - = " i

Flle Zalect Llud i Plas rl il | o for 1 i Iy i)

e = =| | i % O
RETE Toolbar i

—- - TN T

sotltrls WorkPlane FPaNmeters Nacro MNenuCirls Help

_h Display Working FPlane
i Show WP Status -4
‘ WP Settings =)
| ]
+ Offset WP by Increments ... -
e (Offzet WP to + ]
Egﬂ 4lign WP with

Click “WorkPlane” — “Change
Active CS to” — “Global Cylindrical”

Change Display OS5 to
Local Coordinate Systems

zlobal Cyvlindrical ¥
Glaobal Spherical

opecified Coord Sws
Working FPlane




Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

_ — _
P — N e
e " . = i =t T 5 -y

e }El_ﬂurkPlane F r= Macro NenuCtrls Help
=£;d-;nu:__ Display Working Plane 2 '_
;ﬂt::;" Show WP Status -
i::ﬁﬂlﬂ——- WP Settinsgs 2
;'!i"r-ll:"'ii_:':il Offset WP by Increments -_,I
Design !uii Offzet WP to + &
Liﬁ,TLh. Eeypolnts + %)
;:;:“r ' Change Actiwve T8 to » Nodes +. g
Change Display CS to r RYZ Locations +.
. Flane MNormal to Line 4
Local Coordinate Systems + Click “WorkPlane” — ”Align WP

with” — “Active Coord Sys”

Specliied Loord ovs ...
Global Cartesian




Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

..... & Preferences
(ARG R “"""""""‘-— .E| Preprocessor o e P
file Select L L H Element Type
® Real Constants -

I ® Material Props = & My

WHETS Tood b Sections 1
e e S E Nodeling

: B Create

ETE Bals Ber " Kevpoints _ .
AR ®H Lines ol
® Prapevecates Areas JEE

p Lalutlan ¥olumes Bl

i Erneial Fosnpio B Nodes .

f Timeflint Portpro

I Togrsl ol vs] Ot %Un wurking Plalle

In Active CS

X E'..:I::;rl\-:-lrf: A At Curvature Ctr _:_
:'lr--:-_--:;.: Ot #0n Keypoint ke

SEE Charign A Fill between Nds m
': Iﬂ1 Illl :I . .

I Seasion Bl fae A Quadratic Fill Click “Preprocessor” — “Modeling” — |4

B Finixh

“Create” — “Nodes” — “Rotate Node |*
CS” — “To Active CS” 1

Z By Vectors
Write Node File
Read MNode File

Elements

Contact Pair

Circuit

Racetrack Coil

Transducers

Operate

Nove / Modify W
Copy &
Reflect a
Check Geom

Delete W
Cy¥clic Sector %
Genl plane strn =

Update Geom
Heshing
Checking Ctrls

a = | Eem gy mber m ANSTT Commered (RACIN -TL I | iNpe realE] 4 o sord]



Rotate Nodes into CS

2. Click “OK”

B

=\

Rotate Modes into C5

{* pick { Unpick

{* Single { " Box

(" Polygon (= Circle

~
Count = 0

Maximm = G345 |
Minimum = al

Hode Ho. =

(¢ List of Items

{ " Min, Max, Inc

1. Click “Pick All”
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Main interface mﬁ?

T | .Ema‘—._- Gl
e iy - !

| o | ) o 5& Select List Flot FPlotC

o )] G —

py = = ':I:IIl'IpDI‘lEI‘l‘t Manager 0oo
e DTN |
ANSYS CEH]:;PEEEIH]C]-EF ]

Farts ...

Click “Select” — “Entities”

BElrrefarengsa
Fresroeewsur
fem |t ien
Lrprial |'||-.r||| i

Timcitanl Foxbpro &2
Tapal og i cal Opt .

KM Tissl Everything &

¥ lenlgniplarer . -

Deaiun Ou Ewervthing Below 4 .

iy CHIEN I :

omnh i Preferences :

B Finizh Preprocessor

*L

5

qn

"

&

m

o

Vi

&



Select Entities mﬁ?

1. Select “Area”

(areas )<
By Numf{Pick )~

“* From Full
*" Reselect
C" Also Select
" Unselect

2. Select “Num/Pick”

Sele All Invert

Sele None| Sele Belo

3. Click “OK” 0K Apply
Plot Heplot
Cancel Help
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Select areas e

TEXAS AAM ENGINEERING EXFERIMENT STATION

ANSYS

ocT 6 2012
23:48:04

Select areas

(¥ Dick (" Unpick

* Single { Box
(" Polygon {~ circle

(" Loop

Count
Maximmim
Minimim

Area Mo.

f* List of Items

1. Select the upper
surface

i~ Min, Max, Inc

stiffness matrix surface 1




Main interface JE}E

LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION

i s (AT

Flle Zelect Ll t Flasfizls 8% ANITI MIUITIPIYSICE UTHITY NMEN

| ol | ) 8l o vl

={E N

select List Plot FlotC

£l >

|

Click “Select” — “Entities”

;"I"= Byl B : o Component Nanager ... o 4
Elreferencsa ._;.I
!:ul-_-\._-u-p- Bup I:Dmpll.-'rﬁssembly b L
Rl Uraan LE
Ernrial Pounpio Par-ts R ! ;
Timciinl Foutpro &
Tapal oo | 06l Ot
i Toal . t
¥ lenigniplacer Ever}fthlng -
Desabign Ot o ) N,
# Prob Demign Everything Below 4 @ 7
Euadl w7 b g — "
B Seari o Edi tar Preferences -]
Ty Preprocessor &
*I-
<
LL}
g
£
]
L
Wi
o



Select Entities ﬁ?

TEXAS AAM ENGINEERING EXFERIMENT STATION

J\ Select Entities  [BISESSS

N\
\odes) g 1. Select “Nodes”
2. Select “Attached to” Jattached to > 3|

Elements

Keypoints
Lines, all

Lines, interior

L T B

Areas, interior

Yolumes, all

0 7

Yolumes, interior

0O

From Full
Reselect
Also Select

Unselect /]

ﬁg_% Select “Sele All”

4. Select “OK” COK _2pply |
Plot | Flf:plut|

Canc:f:l| HE||]|

L —

0 7
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Main interface

ETE Bals B

D l'refarenisa
Fresrorewsur

0 S|k in

i frperal Poslpiom

£ TimeHint Portpro

I Taprol ol cad Ot
K Tosl

5 Denlgniplarer
rlr-lll'qll |I:-I

8 Prob Demign
Eaadl s koan :l_'ll

B Eenpl o Edf nor

EFinixh

Preferences
Preprocessor
EH Solution
Analvsis Type
EH Naster DOFs
Program Selecte

Iii 'ill ted
FTITY
A Delete
List All
A List Picked
Define Loads
®H Load Step Opts
Physics
SE Management (CHS)
Results Tracking
Solve
Hamual Rezoning
FLOTRAN Set Up
Run FLOTRAN
HNulti-field Set Up
Diagnostics
General Postproc
TimeHist Postpro
Topological Opt
REON Tool
Design¥Xplorer
Design Opt
Prob Desizn

“EH Kadiation Opt

Session Editor
Finish

Click “Solution” — “Mater DOFs” —
“Use Selected” — “Define

IEES

TURBOMACHINERY
LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION

| e

nle -

&

=TT .

T
s



Define Master DOFs ﬁ?

iﬁ: A&M ENGINEERING EXFERIMENT STATION

rI:-“Iv.=_-’ﬁnv:3 Master DOFs 2. Select “UX”
NOTE: In ANSYS©, UX,
* Pick (" Unpick UY and UZ stand for R

(radial), @ (angular) and
Z (axial) directions.

(¢ Single { " Box

(" Polygon (" Circle

£ w'ﬂ Define Master DOFs
Count = 0 [M] Define User-5elected Master DOFs
Maximum = 9545 Labl 1st degree of freedom m -
Minimum = 1 Lab2-6 Additional DOFs UX
Hode No. = Uy
i
L tems
4. Click . Inc
“OK”

@ 3. Select “OK” [ Help
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Main interface JE.E

LABORATORY
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L AT ot iy e Bl l— L
I rie i Flas r 3T B 8 | | Iro il
R W I - I I J
i i Preferences |
Preprocessor
XY 1j | i =

B Solution

TS Bals B - Analysis Type mp—
B i'references Haster DOFs .
Proproccimar B Define Loads R

‘::i.'lhl .-i-nl Settings &
rhcifa ‘g B o ol
¥ Timeflint Fortpro = Apply &

Tapol gl cal Dt

B Structural
B Tisl

B Displacement

. :'::::::llr:l-:" A 0n Lines ) i i
: Radiat o Opt On Areas Click “Solution” — “Define Loads” — |
B Ceaplos FEdinar =1 ey s i
B Finimh w ”Apply” - ”StrUCturaln - B
Fany TTTIC .
Symmetry B.C. “Displacement” — “On Nodes” o
Antisymm B.C. h

Force/Moment
Pressure

Temperature :
Inertia =
Pretnsn Sectn in
B Gen Plane Strai "
Other :
]
=t
=
W
it



Apply U, ROT on Nodes

1
ELEMENTS

[4)

Apply UROT on Nodes

(¥ pick (" Unpick

(¢ Single

(" Polygon
~

I Bex

i~ Cirele

1. Choose the nodes on
the middle line of the
lower surface of the pad
model and the two lines
close to the middle line

IEES

TURBOMACHINERY
LABORATORY

TEXAS AAM ENGINEERING EXFERIMENT STATION




Apply U,ROT on Nodes Zﬁ!ﬁgﬁﬂ

A U,ROT

[D] Apply Displacements (U, ROT) on Nodes
LabZ2 DOFsto be constrained

N

1. Select “UX”

Uz
VELX B

Apply as Constant value -

If Constant value then:
VALUE Displacement value 0 2. Type in “0”

» 3. Select “OK” Cancel ‘ Help ‘

APPENDIX C 50



Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

AL ENTP R, ...I,Ii.l-,-ﬂl;-l-— x Bl L

Preferences
Preprocessor

NETS Bals B i e
=|.'n.=”,“"___ H Solution :
Preprocessar Analysis Type .
bidlutien Raster DOFs Ok
§ Tieclintl Foutgro Define Loads [u')
::l:-llll}.hl w Load Step Opts a
8 Deal griplarer Physics P
: :":::-‘;.:E':;;" SE Management (CHS) =
'_E.-l'._.n..:'.l:l_-.: Results Tracking '-"I
Bfinish atve Click “Solution” — “Solve” =
g ST — “Current LS” "
B Partial Solu
Hamual Rezoning
FLOTRAN Set Up B
Run FLOTRAN o
HNulti-field Set Up 1
Diagnostics in
General Postproc o
TimeHist Postpro -
Topological Opt :
RONM Tool =
Design¥plorer o
Design Opt i
Prob Design 2
Radiation Opt o

Session Editor
Finish




IEES

Solye Clrtentload Step ronsouACHER
[ M\ Solve Current Load Step lﬁ

[SOLVE] Begin Solution of Current Load Step

Feview the summary information in the lister

window (entitled “/STATUS Command”), then press
OE to start the solution.

Select “OK”

Cancel ‘ Help
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Rotate Nodes into CS mﬁ?

After solving the problem, the dialog
box showing “Solution is done” will
appear. Click “Close” to close the
window.



Main interface E’E}F

TEXAS AAM ENGINEERING EXFERIMENT STATION

A e st iy e Li=st PFlot PlotCtrls WorkFlane Parameters ﬂa_"""""‘"

' : Files »
__ L 1= I I >Statu5 h -
T Toolbmr - I

ATy, NN I QINTT L FOEE T Ke}rpclint [
JETE Rals B : Line=s ... v o
1, iy

D Preferensa .L'EE.I'EEI.S 1 I.'T .‘!‘ o
Fressorewsur -
Galuifian Vol ES sl B |
Caprial Foubpeom HDdES A o

TimeHint Portpro
Tepological Opt Elements k

R Tosl
5 Demigniplacer
rlr-ll'gll |I:-I

Component s
Fart=s ...

o s =

¥ Prob Dembign -
Baedlia b D Picked Entitie=s +

=EFT (R Edinar J;
B Fininh

Froperties r -]

Loads » i

Fesults r |

set lp . Uy s on =

Rﬂ{ ot U Click “List” — 3

e et ju) £

ics “Other” — '_

stproc =

ostpro “Superelem Data” "

1l Opt &

=

rer ;

~ i

n %

Opt Lermree Pl i

itor "

Genl Plane Strn

a s 1Eem o enter o AGTT Comteryd SEpi1N - rERd =] "



List Superelement Data mﬁ?

M\ List Superel Click “Full contents” |l

[SELIST] List Superelement Data

Sename Mame or no. of superelem

@ Apply ‘ Cancel ‘ Help ‘

. ~————

Click “OK”
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List of stiffness matrix

WAJSELST Command

File
|

PRINT CONMTENTE OF SUPERELEMENT Pad-1995%

PRINT OPTION = 3
HEADER =
B 189 1 256
745 a 245 189
i a 5] a
28080080 2617 1 2835
a 9557 166 183
1995 2534 5]
722 228 1584 2452
2667 5502 7342 a
1312 189809479 5] a
a
4192 a 5] a
a a 5] a

HEADER SUMMARY:

MUMBER OF ROWS = 189

HUMBER OF MATRICES = 1

NHUMBER OF EDGE PLOT LIHNES = 256

HUMBER OF DEGREE: OF FREEDOM PER HWODE = 3
MUMBER OF DEGREE OF FREEDOM IWDICES = 245
HIIMHRER OF WODES = 189

APPENDIX C

81566
Pad-

2475
1128
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TXT file for nodal coordinates

i File

Edit Fgrmat View Help

IEES

TURBOMACHINERY
B

1

NODE

(W R o N e B U e TRl o

el el el el
i i
=lelalololalelalelalalelaleleTele

X Y £ THXY
.38567E-01-0.45962E-01 0. 0000 -130.00
.38567E-01-0.45963E-01 0.0000 -50. 000
.35267E-01-0.48541E-01 0.0000 -126.00
.31795E-01-0.50883e-01 0.0000 -122.00
.28168E-01-0,52977E-01 0.0000 -118.00
.24404E-01-0,54813e-01 0.0000 -114.00
.205321E-01-0.,36382E-01 0.0000 -110.00
.16538E-01-0.57676E-01 0.0000 -106.00
.12475e-01-0. 5868%9e-01 0. 0000 -102.00
.83504E-02-0.59416E-01 0. 0000 -88.000
.41854E-02-0.59854E-01 0. 0000 -94.000
.10016E-10-0. 60000E-01 0. 0000 -90.000
.41854E-02-0.59854E-01 0. 0000 -86.000
.83504E-02-0.59416E-01 0. 0000 -82.000
.12475E-01-0. 5868%9E-01 0.0000 -78.000
.16538E-01-0.57676E-01 0.0000 -74.000
.20521E-01-0.56382E-01 0.0000 -70.000
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CONCLUSIONS

Accurate characterization of mechanical components presently requires of physical
models of ever increasing complexity that include all relevant geometrical aspects,
material properties and fluid flow conditions, as per installation and operation, even
envisioning operation well beyond their intended original design. This paper extends a
computational thin film fluid flow model for tilting pad journal bearings to include both
pivot flexibility and pad flexibility on the prediction of the static and dynamic forced
performance of typical bearings. Presently, a FE structural commercial model builds the
stiffness matrix for pad displacements, further reduced to show only the pad surface
deformations due to an applied pressure field. The deformation field is integrated into
the evaluation of film thickness for solution of the Reynolds equation delivering the
hydrodynamic pressure field. A small amplitude perturbation analysis produces
equations for the zeroth and first-order pressure fields from which the load capacity and
a multitude of complex stiffnesses coefficients for each pad are determined. A pad
assembly with frequency reduction method delivers the 4x4 complex dynamic
stiffnesses for lateral or radial displacements of the shaft center. Curve fits of the
force/displacement frequency functions delivers the bearing stiffness, damping and force
coefficients.

In a parallel program, Gaines [1] performed measurements for three-pad LBP TPJBs.
Pad thickness varied to change the pad flexibility. Gaines’ test data show that pad
flexibility affects little the journal eccentricity and maximum pad temperature, but has an
impact on the bearing dynamic force coefficients. Current model predictions for the
TPJBs in Ref. [1] correlate favorably with test data, except that the maximum
temperature rise is underestimated by up to 40%. The reason may be due to that the oil
pushed through the supply holes is not routed efficiently into the bearing pads. Pad
flexibility reduces the predicted journal eccentricity and maximum temperature rise.

The real part of the TPJB dynamic stiffnesses (Z) at super-synchronous frequency
(w>Q) shows a hardening effect, yet it is nearly constant for frequencies lesser that the

shaft angular speed, w<Q. Hence, the virtual mass coefficients identified with a [K-C-
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M] model are negative. However, the predicted virtual mass coefficients only affect the
dynamic stiffnesses at a high frequency (w>Q). The imaginary part of the complex
stiffnesses (Z ) increases linearly with frequency. However, at 6 krpm (100 Hz), Im(2Z)
show a decrease at a high frequency (»>180 Hz).

In general, both the experimental and predicted dynamic force coefficients reduce
due to pad flexibility. Pad flexibility causes up to a 20% reduction in predicted bearing
stiffness. However, Gaines [1] reports an increase in bearing direct stiffnesses for the
TPJB with the more flexible pad. Predicted bearing stiffnesses also show a slightly
increase at a low load (W/(LD)<689 kPa) due to pad flexibility but decrease at a high
load (>689 kPa).

Pad flexibility shows a more significant effect on the predicted dynamic force
coefficients than the experimental results evidence, in particular at a high rotor speed
(Q=12 krpm), thus indicating the pad structural FE model delivers a smaller stiffness
than that of the actual test pad. Measurements for the stiffness of the pads are needed to
further improve the FE model. Predictions including pad flexibility deliver damping
coefficients up to 46% lower than those obtained with a rigid pads model. Reducing the
pad thickness from 11.5 mm to 8.5 mm causes also a reduction of up to 50% in predicted
direct damping.

The paper also includes a parametric study to quantify the influence of pad thickness
on the rotordynamic force coefficients of a sample TPJB with three pads of increasing
preload=0, 0.25 (baseline) and 0.5. The bearing pads varies from rigid to flexible (kpad =
o, 3.15 and 7.33). Graphs for journal eccentricity, drag friction coefficient, and
dimensionless force coefficients are presented versus Sommerfeld number (0.2<S<2.2).
The operating journal eccentricity and the dynamic force coefficients of a TPJB reduce
due to pad flexibility, in particular for operation at a large Sommerfeld number (S>0.8).

Pad flexibility shows a more pronounced effect for the TPJB with null pad preload.
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APPENDIX A. HIRS TURBULENT FLOW MODEL

XLTPJB® uses a laminar flow model to predict the static and dynamic performance
of TPJBs. However, turbulent flow may occur in bearings operating at high rotational
speeds, especially for bearings of large size, or with a lubricant of low viscosity [A.1].
The turbulent flow model based on Hirs [A.2] is introduced into the predictive model.

According to Ref. [A.3], the fully developed turbulent bulk-flow equations in a thin
film are the
Continuity equation:

0

0 oh

—(hV, )+—(hV,)+—=0 Al
8x< J 8z< ) ot A
Circumferential momentum equation:
OP U d(hV,)
_h=2—=ElkV —. = A.2
Axial momentum equation:
o(hVv
pOP im0V (A3)

0z ”pat

h
1pen_ 1pn_ .
where V, =7l udy and V, :ﬁfo wdy are  bulk  flow  velocities.

x,=f,R, , xy=fyR, and KX:KZ:%(KJHcB) are bulk flow turbulence shear

parameters. For laminar flows, x, =«, =x;, =x, =12. Above, h and P denote the film

thickness and pressure, respectively, and U=QR is the journal surface velocity. Note
equations (A.2-3) include temporal fluid inertia terms only, with the advection terms
omitted.

Substituting the momentum Egs.(A.2, A.3) into the continuity Eq.(A.1) gives
o w | o[ v | b 00k,
OX | Kyfry OX | OZ | Kl OZ ot 200\ k,

_{ ph* &h  ph* o o(hv,) 8( ph’ }a(th) 8( ph’ J}
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Taking the time derivative of the continuity Eq.(A.1) gives

2 2
o e+ g e+ =0 9

Assume xx=r:=k. Substituting Eq. (A.5) into Eq.(A.4) yields a Reynolds equation for

V,)+

turbulent flow with temporal fluid inertia effects.

1 0 h® oP o| h* oP oh Qoh ph* &°h
- +— = +——+ > (A.6)
R,” 00 |k pry 00 | 07 | K ptgy OZ ot 200 «Kuy ot
The turbulence shear parameters are
rx=r=k= (k3 + KB)/2 (A7)
According to Refs. [A.3, A.4], k3 and «s are determined from
12 Re, <1,000
2 2
K, =1 12 |, |Re—1000 (3—2-R)|+ f;- Re,~1000 (3—2-R;) 1,000 < Re; < 3,000
Re, 20000 20000
f, Re, Re, > 3,000

(A.8)

over the flow regimes from laminar, to transition, to fully developed turbulence. Above,

1
10° )
f —0.001375|14| 222

is Moody’s friction factor, and i=J (journal) or B (bearing)

surfaces. The bulk-flow Reynolds numbers (Rei) relative to the bearing (B) and journal

(J) surfaces are:

1 1
Re, :p—h[(vx —OR) +vf}2, Re, :p—h[vx2 +V7? (A.9)
I It
The bulk flow thermal energy transport equation with turbulent flow is [A.3]
J(pHUT)  O(pHWT) QROP [ ’ QR QR ]
=H— U?+W?+—U SOR|——U
P OX * 0z TR = 2 0Ox + M 2 T 4

(A.10)

Note the drag torque is obtained from

h 8P Ky j
Torque ff{z 8X QR} RdXdy (All)



60

Predictions from the implemented turbulent flow model are compared against the test
data and predictions of Taniguchi et al. [A.5] collected for a large size four-pad TPJB
used in a steam turbine. Ref. [A.5] adopts the turbulent flow model by Ng and Pan [A.6].
Table A.1 lists the geometry and lubricant properties of the test TPJB and Figure A.1

shows a schematic view of the four-pad bearing.

Table A.1 Geometry and lubricant properties of the test TPJB in Ref [A.5]

Rotor diameter, D 479 mm
Pad axial length, L 300 mm
Pad arc angle, 0, 80°
Pivot offset 0.5

Pad clearance, Cs 612 um
Pad preload 0

Pad mass, mp 119 kg
Pad inertia, I, 274 kg.m2
Lubricant type ISO VG32
Supply lubricant temperature, Tin ~40°C
Supply lubricant pressure 1 bar
Lubricant density, p 856.2 kg/m3
Viscosity at 40°C, Mo 0.0274 Pa's
Viscosity temperature coefficient, a 0.0296 1/°C
Specific heat capacity at 40°C 1950.7 J/(kg'K)
Journal speed, Q 3000 rpm
Surface speed, QR 75.24 m/s
Unit load, W/(LD) 1,252 kPa
Average shear Reynolds number®, Re 2,043

6 Re=pQRCpg/ Uaverage With Haverage is the lubricant viscosity at the average temperature in the fluid film.
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Figure A.1 Schematic view of large four-pad TPJB in Ref [A.5]

Note that the current model predictions do not account for either pivot or pad
flexibility, as also in the model stated in Ref. [A.5]. The clearance is assumed constant,
not affected by an increase in temperature, to keep consistancy with Ref. [A.5]. The
journal and bearing surfaces are taken as adiabatic. The inlet heat carry over coefficient
(4) 1s 0.8. The average shear Reynolds number (Re=2,043) is higher than 2,000, thus
indicating a turbulent flow condition.

Figure A.2 shows the fluid film thickness at the mid-plane of the loaded two pads
(#1 and #2). The current predictions and those from [A.5] agree with each other, albeit
lower than the test results by 19% at the pad inlet, and correlating well for the magnitude

of the minimum film thickness.
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Figure A.2 Film thickness at mid-plane of pads #1 and #2. Current predictions and
results in Ref. [A.5]. W/(LD)=1,252 kPa,Q=3 krpm, average Re=2,043.
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Figure A.3 shows the pressure profile at the mid-plane of the loaded pads (#1 and
#2). The current predictions give pressure profiles similar to those predicted in Ref.
[A.5]. Note the models ignore the pressure rise at the pad inlet due to an entrance fluid

inertia effect.
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Figure A.3 Pressure profile at the mid-plane of pads #1 and #2. Current
predictions and results in Ref. [A.5]. W/(LD)=1,252 kPa,Q=3 krpm, average
Re=2,043.

Figure A.4 depicts the temperature at the mid-plane of the loaded pads (#1 and #2).
The current predictions and the data in Ref. [A.5] show good agreement at the pads’
leading edges. However, at the pads’ trailing edges, the current model delivers a
temperature lower than the measured one and the predicted results in Ref. [A.5]. The
current model takes a bulk temperature across the film whereas the measurement is

obtained at 3 mm under a pad surface.
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Figure A.4 Temperature at the mid-plane of pads #1 and #2. Current predictions
and results in Ref. [A.5]. W/(LD)=1,252 kPa, Q=3 krpm, average Re=2,043.
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Figure A.5 depicts the drag power loss predicted by the current model and those in
Ref. [A.5]. For rotor speeds from 1,200 rpm to 3,800 rpm, the predicted power loss
agrees with the data in Ref. [A.5]. However, for shaft speeds above 3,800 rpm, the
current model overestimates slightly the drag power loss. Note that during its operation,
the thin film flow in the bearing is laminar (Re<1,000) for rotor speeds below 2,900 rpm,
in the transition flow regime for rotor speeds from 2,900 rpm to 3,700 rpm, and fully
turbulent above 3,700 rpm.

500
- XLTPJB
400 | —=—-—-Taniguchi et al - prediction /
E Taniguchi et al - prediction 7
@ 300 - /
e/
g 200 -  Laminar flow ‘//-u%bu'em
e < > ow
o /  |e—
100 - / Transitior
flow
=l < >
U T T T T
0 1000 2000 3000 4000 5000

Speed (rpm)

Figure A.5 Bearing friction loss at W/(LD)=1,252 kPa. Speed varing 1200 rpm to
4200 rpm. Current predictions and results in Ref. [A.5]. average Re from 1201 to
4774.
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APPENDIX B. A MODEL FOR BEARING LINER DEFORMATION

As the external load increases, the fluid film in a hydrodynamic bearing becomes
thinner, thus producing an increase in fluid temperature that reduces the oil viscosity,
thus further decreasing the oil film thickness [B.1]. Conventional hydrodynamic
bearings commonly adopt Babbitt (white metal) as a liner material to protect the surfaces
of rotors while ensuring low friction. Though the Babbitt liner provides good
conformability and embedability, it loses strength with a raise in temperature, and has a
high  breakaway friction [B.1]. As a substitute for Babbitt, PTFE
(polytetrafluoroethylene) shows better performance at high temperatures with a low
breakaway friction [B.2]. However, the high flexibility of PTFE affects the static and
dynamic forced performance of a fluid film bearing. Thus, a predictive model for
bearings with a PTFE liner should account for its deformation.

The elastic radial deformation (J) of a liner due to pressure is approximated as a
plane strain problem [B.1-B.4],

5 s(P—P,)(1+v)(1—2v)
E 1-v

(B.1)

where P is the hydrodynamic pressure, Pa is the ambient pressure, and s is the thickness
of the liner. E and v denote the elastic modulus and the Poisson’s ratio for the liner
material, respectively.

Ref. [B.1] also considers the thermal expansion (AR) of the liner into account, as

AR=—as(T —-T,) (B.2)

where o is the thermal expansion coefficient of the liner, T is the linear surface
temperature and Ta is the ambient temperature. The simple thermal expansion Eq. (B.2)
is implemented into the current model as a change in bearing or pad clearance.

Kuznetsov et al. [B.1] analyze the effect of liner flexibility on the static performance
of a plain journal bearing. Table B.1 lists the geometry and lubrication properties of the
bearing in Ref. [B.1], and Figure B.1 shows a schematic view of the plain journal

bearing.
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Table B.1 Parameters of a plain journal bearing in Ref. [B.1]

Rotor diameter, D 198.5 mm
Bearing length, L 200 mm
Bearing cold clearance, C 237 pum
Bearing supply groove width 29.22°
Supply oil temperature 65°C
Oil viscosity (at 40°C) 0.033 Pa.s
Oil viscosity (at 100°C) 0.0056 Pa.s
Qil density 864.7 kg/m®
Oil heat capacity 2008.5 J/(kg.K)
Oil thermal conductivity 0.13 W/(mK)
Unit load, W/(LD) 504-6,297 kPa
Journal speed 900 rpm
Ty Oil supply

groove

Fluid film

v

Journal

PTFE liner

Figure B.1 Schematic view of plain journal bearing with a liner, as per Ref. [B.1]

Table B.2 lists the properties of the PTFE liner. Note that Ref. [B.1] does not inform
on the ambient temperature. The current predictions assume the ambient temperature

(Ta) to equal the the supply temperature 65°C.
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Table B.2 PTFE liner properties in Ref. [B.1].

Elastic modulus, E 0.11 GPa
Poisson ratio, v 0.46
thickness, s 2 mm
thermal expansion coefficient, a 1.35x10* K1

Ref. [B.1] also accounts for the thermal expansion of the shaft and bearing housing.
Current predictive model offers a function to estimate the thermal expansion of the shaft
as well. The equation to estimate the thermal expansion of the shaft is

AR =—ay R Ty —T,) (B.3)

where ashatt IS the thermal expansion coefficient of the shaft, Tsnatt IS the temperature in
shaft, and R is the shaft radius. In the current predictions, ashatt is 1.11x107° K for a steel
jounal.

Two cases are analyzed and predictions compared to the results in Ref. [B.1] (see
Table B.3). Note that the deformation of the PTFE liner contains both the thermal

expansion and mechanical deformation.

Table B.3 Cases to assess effect of liner flexibility on the performance of a
plain journal bearing.

Case 1 Bearing with rigid liner
Case 2 Bearing with PTFE liner

Figure B.2 shows the fluid film thickness predicted by the current model for a 122
kN static load applied on the bearing (W/(LD)=3,073 kPa). For both cases (rigid bearing
and bearing with PTFE liner), the fluid film thickness predicted by the current model
correlates well with that presented in Ref. [B.1]. The flexibility of PTFE liner tends to

reduce the film thickness.
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Figure B.2 Fluid film thickness at the bearing mid-plane. Static load W/(LD)=3,073
kPa, rotor speed Q=900 rpm. Current predictions and data from Ref. [B.1].

Figure B.3 shows the fluid film pressure at the bearing mid-plane; the current

predictions show good correlation with those in Ref [B.1]. For a rigid bearing, the

current model predicts a larger peak pressure. The peak fluid film pressure including the

elasticity of the PTFE liner is 27% smaller than that assuming a rigid liner.
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Figure B.3 Fluid film pressure at the bearing mid-plane. Static load W/(LD)=3,073
kPa, rotor speed Q=900 rpm. Current predictions and data from Ref. [B.1].
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Figure B.4 depicts the maximum pressure, minimum fluid film thickness and
eccentricity ratio versus unit load. The current predictions of maximum pressure and
minimum fluid film thickness show good agreement with the results in Ref.[B.1]. The
current model delivers a larger eccentricity ratio (=eccentricity/cold clearance) than that
in Ref. [B.1]. The current predictions for the maximum temperature correlate well with
the data in Ref. [B.1] at a low loads, W/(LD)<2.5 MPa; but are larger at high loads,
W/(LD)>4 MPa. The PTFE liner tends to reduce the maximum film pressure and journal
eccentricity ratio. The effect of PTFE liner flexibility (with thickness s=2 mm) on the

minimum film thickness and maximum temperature is not significant.
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Figure B.4 (a) Maximum pressure, (b) minimum fluid film thickness and (c)
eccentricity ratio and (d) maximum temperature at different load. 504
kPa<W/(LD)<6,297 kPa. Q=900rpm. Current predictions and data from Ref. [B.1].
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