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ABSTRACT

The concept of cross-coupling in bearings is introduced
and its influence on bearing dynamics is presented. Procedures
for obtaining cross-coupled spring and damping cocflicients are
explained. The special case of pad pitch coupling in tilting-pad
bearings is discussed and the method, assumptions and
equations made in reducing the complete tilting pad matrix to
the more conventional 4 X 4 is presented. The closed form
solutions for point mass bearing whirl utilizing the cross-
coupled coefficients is developed in the discussion of bearing
stability. Discussions of various bearing types with recom-
mended geometrie considerations are presented. Data on
steady-state performance; cross-coupled coefficients and whirl
stability of various bearing types are included.

INTRODUCTION

Fluid-film bearings can significantly influence the
dynamics of rotating shafts. They arce a primary source of damp-
ing and thus can inhibit vibrations. Alternatively, they provide
a mechanism for self-excited rotor whirl, and thus can be very
destructive. Conscquently, understanding of bearing dynamics
characteristics is important. It is the purpose of this paper to
provide some insight into bearing dynamics, present some
background into analytical methods and representations, and
discuss some particular bearings and factors that can influence
dynamic characteristics. Steady-state and dynamic perform-
ance data is presented for several bearing types.

THE CONCEPT OF CROSS-COUPLING

A journal bearing derives load capacity from viscous
pumping of the lubricant through a small clearance region. To
generate pressure, the resistance to pumping must increase in
the direction of fluid flow. This is accomplished by a movement
of the journal such that the clearance distribution takes on the
form of the familiar tapered wedge in the direction of rotation
as shown on Figure 1.

The attitude angle y on Figure 1 is the angle between the
load direction and the line of centers. Thus, the displacement
of the journal is not along a line that is coincident with the load
vector, and a load in one direction causes not only displace-
ments in that direction but orthogonal displacements as well.
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Similarly, a displacement of the journal in the bearing will
cause a load opposing the displacement, and a load orthogonal
to it. Thus, there are strong cross-coupling influences intro-
duced by the mechanism by which a bearing operates. The
concept of cross-coupling is significant with regards to dynamic
characteristics.

FUNDAMENTAL BEARING THEORY

The governing equation in bearing theory is the Reynolds
Lubrication Equation:

1 8 W ap 3 W dp _6U b, 126h(1)

R? 20w 20 9200 9227 R a0

The Reynolds equation is essentially a flow balance equa-
tion. The left hand side represents pressure induced flows in
the 6 and Z directions through a differential element. The first
term on the right hand side represents shear flow of the fluid
induced by the surface velocity of the journal, U. Note that this
term contains the derivative of clearance with respect to dis-
tance. If this term is zero then there is zero pressure produced
by hydrodynamic action; the term 9h/d6 is the mathematical
representation of the tapered wedge. The second term on the
right hand side refers to a time rate of change in clearance, or a
velocity of the mass center of the journal. It produces pressure
by a fluid velocity normal to the bearing surfaces that attempts
to squeeze fluid out of a restricted clearance space. This phe-
nomenon is commonly called the “squeeze film” effect in bear-
ing terminology. Since it is proportional to the velocity of the
center of the journal, it is the phenomenon that produces vis-
cous damping in a bearing.

Solution of this equation and ramifications for turbulence,
external pressurization, etc., are accomplished by numerical
methods using the digital computer. References [1] through [4]
are some pertinent references describing numerical techniques
for solving the Reynold’s equation.

CROSS-COUPLED SPRING AND DAMPING
COEFFICIENTS

For dynamic considerations, a convenient representation
of bearing characteristics is by cross-coupled spring and damp-

ing coeflicients. These are obtained as follows (refer to Figure 1).

1. The equilibrium position to support the given load is
established by computer solution of Reynold’s equa-
tion.

2. A small displacement to the journal is applied in the Y
direction. A new solution of Reynold’s equation is ob-
tained and the resulting forces in the X and Y direction
are produced. The spring coefficients are as follows:

AF
Kxy :"-A;&‘ (2)
Koo — AFy 3
v~ Ay (3)

where AF, = difference in X forces between the displaced
and equilibrium position

AF, = difference in Y forces between the displaced
and equilibrium position

Ay = displacement from equilibrium position in Y
direction
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Figure 1. Two-Groove Cylindrical Bearing.

K

= stiffness in X direction due to a Y displace-
ment

Xy

Kyy = stiffness in Y direction due to an X displace-
ment
3. The journal is returned to its equilibrium position
and an X displacement applied. Similar reasoning
produces K and K.

The cross-coupled damping coefficients are produced in a
like manner, except instead of displacements in the X and Y
direction, velocities in these directions are consecutively
applied with the journal in the equilibrium position. The
mechanism for increasing load capacity is squeeze filim in which
the last term on the right hand side of equation (1) is actuated.

Thus for most fixed bearing configurations, there are a
total of eight coefficients, four spring and four damping.

The total force on the journal is
F; = Kinj + D]'ij 4)

F; = force in the ith direction

Repeated subscripts implies summation:
KjjXj = KixX + Kjy Y etc.

It should be realized that the cross-coupled spring and
damping coefficients represent a linearization of bearing
characteristics. When they are used, the equilibrium position
should be accurately determined as the coefficients are only
valid about a small displacement region encompassing the
equilibrium position of the journal. This is true because the
spring and damping coefficients remain constant only about a
small region of the equilibrium position.

Consider the two groove cylindrical bearing shown on
Figure 1, with the geometrical and operating conditions indi-
cated in Table 1.
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TABLE 1. TWO-GROOVE, CYLINDRICAL BEARING,
GEOMETRY AND OPERATING CONDITIONS

Journal Diameter, D
Bearing Length, L
Active Pad Angle, 6,
Radial Clearance, C
Operating Speed, N
Lubricant Viscosity, u
Eccentricity Ratio, €

Load Direction, Vertical

= 5 inches

= 5 inches

= 160° (10° grooves on either side)
= 0.0025 inches

= 5000 rpm

= 2 x 107" Ib-sec/in®

= 0.5

Down

The computer solution would produce the following results:
Bearing load, W = 20,780 Ibs
Power loss, HP = 15.51
Minimum film thickness, hy; = .00125 in
Side leakage, Q = 0.941 gpm

Spring and Damping Coefficients:
Spring Coefficients:

Kyx  Kxy —12.14X 10®  —4.64 X 10°
Kyx  Kyy 283 X 105 —2041X 10°
Damping Coefficients:
Dyx  Dxy —2.85X 10* 2.66 X 10*
Dyx  Dyy 269X 10 —1.11 X 10°

The negative signs imply a positive stiffness because the
restoring load is opposite to the applied load. Note for this
bearing configuration there is very strong cross-coupling as
evidenced by the magnitude of the off diagonal terms.

CROSS-COUPLED COEFFICIENTS FOR TILTING
PAD BEARINGS

Tilting-pad bearings are used very extensively in high
speed bearing applications because of their whirl-free charac-
teristics. They present a special situation with respect to
cross-coupled spring and damping coeflicients. Consider the
five-pad bearing shown on Figure 2. A tilt of pad 1 not only
causes a righting moment on the pad but introduces forces on
the shaft as well. Thus, there is cross-coupling between the
pitch modes of the shoes and displacements of the journal. For
a 5-shoe bearing there are 7 degrees of freedom and thus the
spring and damping matrices are each 7 X 7. The 7 degrees of
freedom are the X and Y motions of the journal and the pitch
modes of the pads.

Reduction of the complete tilt-pad coefficient matrices to
the reduced 4 X 4 matrix is often necessary because some rotor
dynamics computer codes are only equipped to handle the 4 x
4 stiffness and damping matrices. The reduction method is
described in Appendix A. It is important to realize that, in
making the reduction, some approximations are made and ac-
curacy is lost. An assumption must be made as to the vibrating
frequency of the pads and also their inertia. In general, syn-

8= PITCH ANGLE

Figure 2. 5-Pad, Tilting-Pad Bearing.

chronous frequencies are selected. The reduced matrix cannot
determine whether pad flutter instabilities exist and at times
they give erroneous results with respect to stability of a tilting
pad bearing system.

An important geometric variable concerned with tilting-
pad bearings is the preload ratio. The preload ratio is defined as
follows:

~

— Concentric Pivot Film Thickness

Preload Ratio =

Machined Clearance

The variable C’ is an installed clearance and is dependent
upon the radial position of the pivot. On Figure 3 are shown
two pads. Pad 1 has been installed such that the Preload Ratio
is less than 1. For pad 2 the Preload Ratio is 1. The solid line
represents the position of the journal in the concentric posi-

ECCENTRIC SHAFT
CONCENTRIC SHAFT

PAD | C/C<1.0 CONVERGING CLEARANCE
PAD 2 C/C >1.0 DIVERGING CLEARANCE

Figure 3. Tilting-Pad Bearing Preload.
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tion. The dashed portion of the journal represents its position
when load is applied to the bottom pads (not shown). Pad 1 is
operating with a good converging wedge even though the jour-
nal is moving away from it. Pad 2 on the other hand is operating
with a completely diverging film, which means that it is com-
pletely unloaded. Thus, bearings with installed pad Preload
Ratios of 1 or greater will operate with some pads that are
completely unloaded. Unloading not only reduces the overall
stiffness of the bearing but it deteriorates stability because the
upper pads do not aid in resisting cross-coupling influences. In
the unloaded position they are also subject to flutter instability
and to aphenomenon known as leading edge lockup, where the
leading edge is forced against the shaft and is maintained in
that position by the frictional interaction of the shaft and the
pad. This is especially true of bearings that operate with low
viscosity lubricants such as gas or water bearings. Thus, it is
important to design bearings with preload, although for man-
ufacturing reasons, it is common practice to produce bearings
without preload.

Table 2 shows how the stiffness matrix for a five pad
tilting-pad bearing can be interpreted. The columns represent
displacements of the shaft in X and Y directions and the pitch
motions of the pads. The rows represent forces on the shafts
and moments on the pads. Thus, the moment stiffness on pad
2 due to a Y displacement of the shaft is K ., that is the inter-
section of the M, row with the AY column and has the units
in-1bs/in.

The damping matrix is interpreted in a similar manner
except instead of displacements, velocities are applied.

As an example of tilting-pad bearing dynamic character-
istics the bearings described in Table 3 were computer
analyzed.

Table 4 shows the spring and damping coeflicient matrices
for a preloaded bearing with a C'/C = 0.5. The complete mat-
rices are filled and there are no unloaded pads. Also indicated
are the reduced equivalent matrices produced by assuming a
pitch inertia of zero and a synchronous vibratory frequency of
523.6 rad/sec (5000 rpm). For bearings in which the fluid-film
stiffnesses are large, inertia characteristics of the pads are not
meaningful and can be neglected. Note that for tilt-pad bear-
ings the cross-coupling terms in the reduced matrix are very
low.

TABLE 2. NOMENCLATURE FOR TILTING-PAD
CROSS-COUPLED SPRING COEFFICIENTS
INCLUDING PAD MOTIONS

AX AY 5, &, 5, 5a B

Fy Kyx ny Kxal Kx62 Kx63 Kx64 Kx65
Fy Kyx | Kyy Kys, Kys, Kys, Kys, Kys,
M; K x |Ks,y Ks,s,

M, Ks,x |Ks,y Ks,5,

M; Kg x [Ks,y Ks,8,

M, K64x K54y K6464

M;s K55x K65y K8565

TABLE 3. TILTING-PAD BEARINGS, GEOMETRY
AND OPERATING CONDITIONS

Journal Diameter, D = 5 inches
Bearing Length, L = 5 inches
Pad Angle, 8, = 60°

Pivot Location, Central
Operating Speed, N = 5000 rpm
Lubricant Viscosity, © = 2 X 10° Ib-sec/in®
Pad Preload, C'/C = 0.5, 1
Load Directly into Bottom Pad
Eccentricity Ratio, e = 0.5
Number of pads = 5

Clearance, C = .005 inches
Load, W = 2007 1b

Table 4

THE FRANKLIN INSTITUTE RESEARCH LABORATORIES
TILTING PAD ASSEMRLY PROGRAM

TILT=PAD BEARING = L/D=0,5 » CP/C=0,5 + LOAD INTO PAD
DIMENSIONAL SPRING COEFFICIENTS FOR ECCENTRICITY RATIO OF «50000400

=o278B0407 =, 1550407 2472407 ~,1934+07 =,2691+07 =, 3447406 L4290+06
3805407 «,6985407 1175407 ,1142+408 ,5030+406 =,5631406 =,5019+06

-,1239¢06 ,3310+406 =,1192+07 ,0000 0000 «0000 +0000

=.1934407 ,1516+06 L0000 6526407 L0000 40000 20000

*.9434405 », 3406406 L0000 20000 ~,1192407 ,0000 20000
»5028+405 =,1944405 L0000 0000 «0000 *,1758+406 L0000
3403405 L4181+405 L0000 0000 #0000 40000 =,1758+06

DIMENSICNAL DAMPING COFFFICIENMTSFOR ECCENTRICITY RATIO OF 450000400

~o6B01+04 41115404 6155403 =,1763+04 =,8422403 5751401 1270403
1103404 =,1550405 (5857+03 ,U910404 =,11214¢03 «,1317+403 =,3522+402

«6204¢03 L SKR73+03 =,1238+04 L0000 20000 #0000 «0000
=.1763+04 Lu938+04 L0000 ~¢5951+04 L0000 «0000 0000
~.B471403 «,1104+03 L0000 <0000 ~,1238+04 ,0000 «0000

«5291+01 =,1323+03 ,0000 +0000 «0000 =e2769¢03 L0000

1275403 =,3586402 L0000 20000 . 0000 «0000 =.2769+03

PITCH INERTIA=S ,0000
FREQUENCY=  ,5236+403

FOUIVALENT BEARING STIFFNFSS COEFFICIENTS

-,167133407 «.821991+00
=,809084=02 ~.549170+07

EQUIVALENT BEARING DAMPING COEFFICIENTS

«+333698+04 =e223769=02
=.197375=02 -,693475404

Table 5 shows similar results for a non-preloaded bearing
(C'/C = 1). Note that the last two pads are completely un-
loaded as evidenced by the zero columns for pads 4 and 5.

BEARING STABILITY

General Theory

It is the cross-coupling characteristics of a journal bearing
that can promote self-excited instabilities in the form of bearing
whirl. Motion in one direction produces orthogonal forces
which in turn causes orthogonal motion. The process continues
and an orbital motion of the journal results. This orbital motion
is generally in the same direction as shaft rotation and subsyn-
chronous in frequency. Half frequency whirl is the common
term referred to in bearing terminology. Bearing whirl is a
self-excited phenomenon and does not require external forces
to promote it.
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Table 5

THE FRANKLIN INSTITUTE RESEARCH LABORATOKRIES
TILTING PAD ASSEMBLY PROGRAM

TILT=PAD BEARING = L/D30,5 ¢ CP/CE1,0 » LOAD INTO PAD

DIMENSIONAL SPRING COEFFICIENTS FOR FCCENTRICITY RATIO OF «50000+00
=,1819+06 =,2207+06 (3755+06 =,1976+06 =,3B86+06 L0000 20000
05356406 =,6566+06 L1444406 41712407 ,1039406 40000 20000
=,1667+05 ,1701+405 =,7197+05 L0000 »0000 »0000 20000
=,1976+406 =,1612405%5 ,0000 =.6670+06 L0000 «0000 «0000
3490404 ~,2356+405 L0000 W 0000 =,7197+05 ,0000 200060
+0000 40000 0000 +0000 «0000 20000 «0000
20000 0000 W 0000 00000 0000 0000 «0000
DIMENSIONAL DAMPING COEFFICIENTSFOR ECCENTRICITY RATIO CF 250000400
=.8950+403 ,1035403 ,2502+02 =,2245403 =,5529+02 ,0000 0000
01030403 =,2089+04 ,5963+02 eH1UT+03 =,3353402 L0000 «0000
22436402 ,5941402 =,1653+403 L0000 0000 «0000 0000
=,2245403 ,4176403 L0000 =,37576+03 L0000 0000 «0000
=e5463+02 =,3375+402 L0000 0000 =.1653+403  ,0000 0000
«0000 20000 20000 W0000 «0000 «0000 2000
«0000 «0000 «0000 «3000 W 0000 20000 «0000

PITCH INERTIA= 0000
FREQUENCY= ,523K+03

FQUIVALENT BEARING STIFFMESS CUEFFICIENTS
«, 657487405 ~.870456=01
=¢299103=01 -, 4781704066

EQUIVALENT BEARING BA%PING
~.547140403 W6Uu531=03
-.182555=00 “ 11550440

COEFFICTENTS

The cross-coupled spring and damping coefficients
provide a convenient way of representing a bearing in a stabil-
ity analysis. Consider a journal of mass M operating in a bear-
ing. The journal can be considered to have two degrees of
freedom X and Y (refer to Figure 1). The governing equations
are:

MX 4+ Dyx X + DyyY + Kyx X + KyyY =0 (5)
MY + DyyY + DyxX + KyyY + Ky X =0 (6)

Assume a sinusoidal response of the form:

X =Xqet (7)
X =Y,eft 8)

where B is a complex variable. -

B=a+iw : 9)

. t . .
By Euler expansion of *', another way to write equations

(7) and (8) would be:

X = X,e*t (cos wt + isin wt) (10)
Y = Yot (cos wt + i sin wt) (11)

An interpretation of the variables o and w are shown on
Figure 4. The real part of 8 = a is called the growth or attenua-
tion factor. The imaginary part is the frequency of vibration. A
positive real part means that response to a disturbance grows in
time. The growth factor is similar to the logarithmic mean
decrement which is common in vibration theory.

INTERPRETATION OF X = Xoe'Bt

WHERE
B=a+iw

t

x=x,ee!v!- xoel(cos wt +i sin wt)

at

AMPLITUDE

TIME

REAL PART a = GROWTH FACTOR
IMAGINARY PART w = FREQUENCY

Figure 4. Interpretation of Growth Factor and Orbital Fre-
quency.

Xn+
ar = gn S0tL (12)
Xn
where 7 = period of vibration
X,+; = amplitude at time n+1

X

n

i

amplitude at time n

Thus, the growth factor a is a measure of the growth or
decay of the journal to a small disturbance. A positive growth
factor implies an instability.

The solution of equations (5) and (6) are obtained by sub-
stituting equations (7) and (8), which produces the following:

Mg? +Dxxﬁ+Kxx) (DXYﬁ+KXY) X,
= €00 (13)
(BI)‘(>(4-}(§{)() (h{ﬁz 4—ﬁ1)1(\{4-l(’{§{) E{O

To obtain a solution, the determinant of the coefficient
matrix must vanish. Expansion produces a polynomial in 8 that
can be solved for the roots of B8 which in turn provide the
growth factors and frequencies of vibration.

It is possible to obtain a closed form solution of equa-
tions (5) and (6) for the critical mass and resulting orbital
frequency. The critical mass Mc is defined as that mass above
which an instability will occur. At the threshold of instability
the real part of 8 = « goes to zero and

B = iw
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Substituting into equation (13), expanding the determi-
nant and separating real and imaginary components produces
the following equations:

MC2 C*)C‘l_MC (Kyy+Kx x)wC2+(Dyx ny—Dx X Dyy )‘-OC2 +
e —— S
A B

(KXXKXX—KX)/KYX) =0 (14)
S

Mc [Dyy+Dxx]wC2+
S —EEE
D
[DxyKyx+DyxKyxy=DxxKyy —DyyKyx] =0 (15)
N S
E

The two equations can be solved for Mc and wc which
are the critical mass and orbital frequency, respectively. Re-
sults (in terms of the above defined constants) are as follows:

BED
16
E? — AED + CD? (16)

—(AED + E? + CD?
o=y = D) (7)

Thus, if the cross-coupled coefficients are known, it is
possible to determine the minimum mass that will cause an
instability and the orbital frequency. If the mass acting on the
bearing exceeds or equals the minimum value, then an instabil-
ity will occur.

Mc =

OPERATING CONDITIONS THAT AFFECT
BEARING STABILITY

Cavitation

Figure 1 shows a pressure distribution in a journal bear-
ing. Positive pressure is generated in the converging wedge
because the journal is pumping fluid through a restriction. On
the downstream side of the minimum film thickness the journal
is pumping fluid out of a diverging region. In this region the
pressure reduces. The pressure becomes either a negative
which is defined as pressure below ambient pressure, or the
film cavitates and reduces to atmospheric pressure as the
lubricant releases entrapped air.

With respect to stability, cavitation is a more desirable
condition than the development of negative pressure. From
examination of Figure 1, it is seen that the negative pressure
pulls the journal in an orthogonal direction and increases the
cross-coupling. The more eccentric the bearing, the larger the
negative pressure or cavitated region.

In lightly loaded bearings that are pressure fed, negative
pressures can occur because in the divergent region pressures
have not approached atmospheric pressure. Cavitation does
not occur and the bearing is prone to instability. Thus, the feed
pressure and load on a bearing are two additional parameters
that affect stability.

Lobe bearings are another type that are often used be-
cause of their excellent anti-whirl characteristics. Figure 5
shows two types of lobe bearings; the symmetric lobe bearing
and the canted lobe bearing. The symmetric lobe bearing is
designed so that in the concentric position the minimum film
thickness occurs at the center of each lobe. Note that this
permits a region of converging film followed by a region of
diverging film. Thus, depending upon the ambient pressure, it
is possible to have negative pressures in a symmetric lobe bear-

NEGATIVE PRESSURE
OR AMBIENT CAVITATION
PRESSURE

POSITIVE
PRESSURE
POSITIVE PRESSURE

(a) (b)

Figure 5. Lobe Bearing Configurations.

ing. Under very high ambient conditions a symmetric lobe
bearing can go unstable.

The canted lobe bearing is designed to have a completely
converging wedge and positive pressure throughout its arc
length. It has superior stability characteristics than the sym-
metric lobe bearing. Its steady-state characteristics are also
superior.

Hybrid Bearings

At times, externally pressurized bearings have been re-
sorted to for stability improvement. The philosophy is that
externally pressurized bearings are not subject to high attitude
angles as can be the case with hydrodynamic journal bearings.
Although this is generally true, hybrid bearings can still be
subject to considerable cross-coupling. Figure 6 shows a
schematic arrangement of a hybrid bearing. Oil is fed through
restrictors from an external source into pocket recesses. From
there it exits into the clearance region between recesses. Lu-
bricant is also pumped into and out of recesses by the rotating
shaft by viscous drag in the same manner as in a purely hy-
drodynamic bearing.

RESTRICTOR

Figure 6. Cross-Coupling Influences in Hybrid Bearings.
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Consider recess 2 on Figure 6. Oil is pumped from the
shaft via a converging wedge and it augments the pressure in
the recess provided by the external system. The net resultis a
higher pressure level in the bearing domain covered by recess
2 than would occur without rotation. Now consider recess 3.
Here the journal is pumping fluid out of the recess into a
diverging film, so that the hydrodynamic action tends to re-
duce the pressure in this recess domain. By similar reasoning,
it can be shown that recess 4 operates at a lower pressure level
than recess 1. The net result of this variation in pressure levels
due to rotation is that cross-coupling forces are introduced and
the hybrid bearing may not prevent instability.

STEADY STATE AND DYNAMIC PERFORMANCE
OF COMMON BEARING CONFIGURATIONS

The bearing configuration plays an important role with
respect to whirl stability as well as other performance para-
meters. Described below are some of the more common journal
bearings used in industry with qualitative and quantitative as-
sessments concerning their steady-state and dynamic perform-
ance characteristics.

1. 360° Cylindrical Journal Bearing (Plain)

This type bearing may be a complete circular shell or
consist of two halves joined at a horizontal diametral parting
line (see Figure 1). It is commonly used because of its simple
construction. The bearing has high load capacity. It is, how-
ever, whirl prone especially at low load conditions. Generally,
the bearing will produce more heat than other types, and can
be contamination sensitive, since trapped particles have few
escape routes in the clearance region. Because of its simplicity,
the bearing should be used if possible, but it should be care-
fully checked for whirl stability and potential thermal prob-
lems. It is generally used for medium speed and medium to
heavy load applications.

Computer performance of a two-groove cylindrical bear-
ing, as shown on Figure 1, was completed as a function of
eccentricity ratio. The active pad length was 160°, and two
length to diameter ratios (L/D) were examined, 0.5 and 1.0.
The computer printout produces both dimensional and non-
dimensional information. The nondimensional parameters
have complete generality with respect to viscosity, clearance
and speed and thus can be used for a variety of bearing applica-
tions. The dimensional information refers to the bearing and
operating conditions described in Table 1, except a range of
eccentricities were evaluated.

On Figure 7 is shown the load parameter W as a function
of eccentricity ratio € for L/D ratios of 0.5 and 1.0.

The L/D = 0.5 curve may have higher load parameter,
but not higher load capacity, than the L/D = 1 bearing. When
dimensionalizing, the parameter is multiplied by L?. This par-
ticular set of curves were plotted on semi-log paper because of
the steep variation of load with eccentricity ratio.

Figure 8 shows variations in dimensionless minimum
film thickness Hy,, power loss P and side leakage @ as a
function of eccentricity ratio. The side leakage is the minimum
flow required to supply the bearing witheut causing supply
starvation and operation at reduced clearances and higher
temperatures. Although dimensionless power loss is lower for
L/D = 1.0, the dimensional quantity would be higher because
of the length squared factor that is multiplied by P in the
conversion to the dimensional quantity.

Figure 9 shows attitude angle y (see Figure 1) as a function
of eccentricity ratio. These angles were computed on the basis

2.0

wc?/ep wrl®
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Y
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Figure 7. Dimensionless Load Parameter vs. Eccentricity,
Two-Groove Cylindrical Bearing, Vertical Load Direction.
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Figure 9. Attitude Angle vs. Eccentricity Ratio, Two-Groove
Cylindrical Bearing, Vertical Load Direction.

of a cavitating bearing. Note the attitude angle (and cross-
coupling) reduces with increased eccentricity. Loading a bear-
ing increases stability.

Figure 10 shows the critical mass parameter M, as a
function of eccentricity ratio. If the mass being supported by
the journal exceeds the critical mass, then the bearing will be
unstable. At low eccentricity ratios the unstable region is much
larger than at high eccentricity ratios. Cavitation tends to re-
duce the cross-coupling influences. Tables 6 and 7 show
tabulated perfermance of both the bearings. The dimensional
information refers to the operating conditions indicated in
Table 1.

2. Cylindrical Bearing with Axial Slots

The bearing is a plain cylindrical bearing that is separated
into three or four sectors by axial grooves. The axial groove
bearing is a little less simple and has less load capability than a
full cylindrical bearing. The axial slots usually serve as feeding
grooves and interrupt the downstream pressure distribution to
reduce the cross-coupling influences. It, therefore, has better
whirl stability than the cylindrical bearing, Oil feed through
the axial slots also helps keep the bearing cooler than the plain
cylindrical bearing. The slots also offer an outlet for contami-
nants so that it is less contamination sensitive than a plain
cylindrical bearing. Thus, this bearing should be used as an
alternative to a plain cylindrical bearing if it can correct a rea-
son for elimination of a plain bearing such as whirl and over-
heating.

3. Elliptical and Lobe Bearings (see Figure 5)
Elliptical and lobe bearings are often used because they

provide better resistance to whirl than cylindrical configura-
tions. They do so because they have multiple load producing
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Figure 10. Critical Mass vs. Eccentricity, Two-Groove Cylin-
drical Bearing, Vertical Load Direction.

pads that assist in preventing large attitude angles and cross-
coupling.

Elliptical or two-lobe bearings generally have poor hori-
zontal stiffness because of the large clearances along the major
diameter of the ellipse. The split elliptical contiguration, how-
ever, is easier to manufacture than the other types, because it
is simply a cylindrical bearing in which material has been re-
moved from the horizontal parting line. The other types of lobe
bearings are complicated to manufacture. Lobe bearings are
usually clearance and tolerance sensitive.

The canted lobe configuration, as shown on Figure 5, has
better performance characteristics than the symmetric bearing.
The reason is that a positive pressure is usually developed
throughout the lobe, while for the converging lobe, negative
pressures or cavitation develops in the diverging region of the
clearance. A 2:1 ratio between concentric machined clearance
and installed minimum clearance is generally a reasonable
compromise, although for a particular application this ratio
should be varied to determine an optimum value. Generally,
lobe bearings are used for high speed, low load applications
where whirl is a problem.

Tables 8 and 9 indicate computer generated performance
for symmetric three lobe bearings. The bearings are manufac-
tured so that the concentric minimum film thickness is half of
the machined clearance. The pads are each 110° in angular



FCC

2000
2200
400
«500
«600
2700
«800
+900

ECC

.000
2200
400
«500
«600
$ 700
«800
900

ECC

000
.200
2400
«500
«600
700
2800
900

Ecc

000
«200
«400
<500
« 600
700
800
« 900

THE FRANK[ TN

INSTITHTE

Table 6

KESEARCA LARORATNARIES INCOMPRESSIBLE

HYDRODYNAMIC JOURNAL RBEARING

ArALYSIS

nyy

=,11498+00
=,14489+00
- e23653+400
=e35467400
=¢55299+0C
=,93877+00
-.2(“527’01
=a72901+01

Yy

=, 6AG85+04
=, B86934+04
=,14192+08
=,21260405
=, 33180+09
'.56526”0‘3
=.12316+0¢
= 43741+06

TWR=GRNNYE BEARING [ ./D=0,5
ANG=ECC ANG=RXN BEARING FORCE POwWER LOSS MINIMUM CLEARANCE
DEGREFS NDEGREE S LRS MUN DM HP NON DIM INCH NON DIM
200 eN0 <0000 L0000 «7250+01  ,9308+00 e2500=02 ,L1000+01
338,43 89,55 «e9830+08  ,2503=01 6769401  LB8691400 «2000=02 LB8001#00
326.43 90,56 « 2571404  4b5dT=01 « 7028401  ,9023+00 ¢1502=02 6008+00
320465 90,97 « 39HBR+ 04 21015400 « 7492401 «9620+00 e12S0=02 +5000+00
314,50 90,96 640504 L1631400 8340401 L1071401 ¢1005=02 ,4019+00
307.99 9G453 «1109+0S L,2823+00 «9554+01 e1227+01 e 7511=03 s 3004+00
300697 50,27 e 2241405 « 5706400 «1178+02 e 1513401 «5003=03 « 2001400
292.28 89,52 «bh2B+0S ,16RB+01 1713402 2200401 +2518=03  ,1007+00
SINDE LEAKAGE TOTAL IMLET FLOwW CRITICAL ™ASS THRESHOLD FREQ,
GPM NON={IM GPm NONaDIM LR NON=DIM cCPM NONepTM
.0000 .0000 =, 2127401 =,2n00+01 « 9832401  L1110=03 s 2497404  ,99HT7+00
«3382+00 23180+00 =,20685+401 =,1961401 23091404 ¢ 3490=01 «2541+04 «1017401
«6028+400  ,566R+00 =, 2022+01 =,1901+401 e 7752404  o8754=01 02525404  L1010+01
« 7089400 L6665+00 -,1984+01 =,1R65+01 «1158+405 L1308+00 « 2610404  L1044+0]
e 7950400 ,7475+00 =, 1941401 =,1825+01 « 2063405 ,2329+00 22445404 9779400
«8695+00 +B175+00 =, 18 94¢01 =,1780+01 +1493406 e1685+01 «1155+04 U621+ 00
29276+00 8721400 =, 1844401 =,1734401 STABLE
09722400 «9141400 =,1796+01 =,16488+01 STARLE
HON NDIM SPRING COFFFICIENTS NON DIM DAMPING COEFFICIENTS
KX X KXY KYX kYY DXX DXY DY X
=, 1074%=03 =,53167=01 e 11483400 =,31655=02 =s53233=01 =,98569=08 =,30515=02
= 4B2N3=01 =,64d472=01 e 14634400 =, ,414B7=01 »,68032=01 «25833%=01 e29640=01
®=,11261+00 =,62053=01 e ”?5021400 =,1733R3+00 =-,85373=01 e S58804=01 e D94 T76=01
«s19005+00 =,80422=01 e3B8166+00 =,2A993+400 -,13011+00 «11113+00 e11189+00
=,28884+00 = _,54901=01 H0B25400 =,57458+00 = 415528400 :16452+00 ¢e16190400
-+843321400 eSNBAD=(Y « 10605401 = ,14090+01 =,16544+00 2 21787+00 022086400
-.851BR+00 e 338R5+00 025633401 =, 42645401 =,2lU263400 .41085+00 239904+00
=,21114+01 «20RBI+ (1 JBU199+01 e, 21U2A+02 =,38622+00 e90149+00 «95767+00
SPRIMG CURFFICIENTS (1 RS/IN) DIM DAMPING COEFFICIENTS (LRS=SEC/IN)
K XX KXY KYX KYY DXxXx pxy NYX
o 18B7Y+04 = ,83915+0h LA 037407 =,49724+05 =¢319U0+04 =,59142=03 =,1R309+03
o ISTLlb+0DE = 10127+07 e 22988407 = 65167406 - 40819+04 «15500+04 « 15384404
17688407 =,97473+06 239303407 =,24103407 ~.51224+04 «352B82+04 « 35686104
=2 29852407 =,12h33+07 259981 +07 = 4240007 =-,78064+04 066675+ 04 «67137404
=, 45370+07 =, BAR248B+0A e95544d+GT7 = ,90255+07 ~,93169404 «98711+04 2971081404
-, hEN4R+0T s TIBH0+(ia e lAANOFTOR =, 22132+08 =,99266+04 e13072+05 s 13252405
=.15381+0R 2 95227+07 e 37122408 =, bh9HS+OR ~,145%8+0n5 24651405 e 23943+05
=.33166+08 e 3FR1P24CA W14226+409 = ,38371+09 =,23173405 e HU0RI+ (S o9 74bNE0S
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Ecc

«000
«200
400
.500
600
700
2800
900

ECC

2000
+200
2400
500
06500
« 700
»800
+900

ecc
2000
200
2400
500
2600
0700
«800
0900

ECC
s 000
«200
400
500
0600
«700
«800
900

Table 7
THE FRANKLIN INSTITUTF RESFARCH LABORATURIES INCOMPRESSIBLE HYCROUYNAMIC JOURNAL RFARIMNG
THQ=GROQVE BFaARIMG  L/D31,0
ANG=FCC ANGeRXN REARINMG FORCE POWER LOSS MINIMUM CLEARANCE
DEGREES DEGREES LBS NON DIM HP NON DIM INCH NON DIM
.00 200 20000 «0000 « 1450402 ,L,4654+00 «2500=02 41000401
334429 89,45 «5713+04 L1819«nt e1377402 L4419+00 «2001=02 LB006+00
323,42 90,91 « 1417405 Lu4b11=01 «1450402 L4654+00 «1502=02 L6007+00
317061 90,33 «2078+05 L6613=01 «1551+402 L,4979+00 e1251=02 ,5004400
313,20 9077 «3114405 49912=01 «1745402 5601400 0100202 ,4009+00
307496 90.81 e 4928+05 L1569+00 «2030402 6516400 e7511=03 ,3004+00
301405 90,08 eB775405 ,L,2793+00 «2538402 L,Bi4b+00 #5003=03  ,2001+00
293,76 89.51 e208B81406 L6625+00 «3759+02 .1{07+01 ¢2548=03  L1019+0C
SIDE LEAKAGE TOTAL INLET FLOw CRITICAL MASS THRESHOLD FREQ,
GPM NOrt=DIM GPM NON=DIM LB NONeDIM cPM NON=DIM
«0000 0000 -,4254+401 =,2000+01 sUS39+402 L1602=04 «2497+04 ,1998+401
«5002400 ,2351400 =, 4050401 =,1904+01} «1418+08S  ,5004=02 02521404 L,2017+01
«B403+400 L30850+00 =o3767+01 =,17714014 «3534+405  ,1247=01 02561404  ,2049+C1
29408+00 L4uU23+n0 =, 3605401 =,1695+01} «5416+05 L1911=01 2464404 L1971401
« 1023401 «d4B810+00 =, 3434401 =,1615+01 «8460+05 e2985=01 2 2437+04 « 1950401
21060401 «4982+00 =,3260+01 =,1532+0} « 1487406 ,5246=01 02334404  L1R6T+01
«1046+01  L4917400 =,3098+01 =,1456+01 25480406 1934400 21638404 13104014
«1026+401 LH4HB24+00 2966401 =,1394+01 «1851407  ,6530+00 «1412+04 ,1129+01
NON DIM SPRING COEFFICIENTS NON DIM DAMPING COEFFICIENTS
KX X KXY KYX KYY DXX DXY DYX
= ob63968a0U w,26796=01 2R5818=01 =, 4713 A=02 =e13414=01 =,36153=08 =,23277=02
=,28100=01 =,31715=01 +10667+400 =,29336=01 =.16725=01 e 715678=Q2 e 15062=02
=, 7H31U=0) =,d5945=01 «17123400 =,85002=01 =e2945d=01 e 22982=01 «22977=01
=s96614m01 =,36953=01 022538400 =,16242+400 =.29739=01 e 276hU=(] 22803U=01
=,14978+00 =,37344=01 «3%2G6+00 =,29153+00 =oUd1766=01 «e46105=01 «UbUbU=01
=, 2414B+00 =,21602=01 055044+ 00 =,6N0228+00 =,58453=01 o 77514=01 e 77162=01
-,42191+00 e63992=01 10 B75401 =,16100+01 -,78020=01 «13004+00 213193400
=, 105%60+01 L 3UUADHOD 34077401 =, 70779401 =418376+00 «41698400 «40506+00

kYY

DI+ SPRING COEFFICTENTS (LBS/IM)
KX X KXy KYX
- 803585+04 -,33A73+07 10784+ 0R
=.35312+07 -, 39R54+07/ «1340uU+Q8
=.93586+07 =,5775b4+07 «P151R+08
=e12141408 =,4bu3b6+07 . 28322408
=, 1B821+08 = ,46928+07 LH1B41+08
30345408 = ,27146+07 «09170+0R
=e53019+0R «BOUIS+07T . 13666+09
-, 132/0+09 eU380UTOR LU2B22+09

=,59233+u6
=,3ARAB+ 07T
=,106HP+0R
=,20411+08
=, 36A635+08
-,7Sbhd+08
~,20242+09
=~ HROUY+0G

ANALYSIS

DYy

“ol42963=01
~,54136=01
=,87355=01
=e11523400
=,17029+00
=,28129+00
=,55792+Qv
=, 18515+01

DIm DAMPING COEFFICIENTS (LRS=SEC/1IN)

DXX
-,12877+05
=:16056+05
=,28276+05
'l285“9+05
.540096+05
=e56114+05
-, 74900408
=.17641+06

DXy
2 3U707=02
e 712651404
22063405
: 26557405
Wd4261+05
« 74413405
s 124B4+ 06
400414086

oYX

=o,223Ub+04
s 72060404
022058405
e 26914+408
s 4UB0S+ 05
e T4QT76%05
127605406
s SRRRRYOE

DYy

o, 41245+ 0U%
=y51970405
=-,83861+05
=:11062+06
=.16348+06
=,27004+06
=53560+06
=-e 17774407
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ECC

0000
»100
«200
0300
«400
+ 450

ECC

2000
0100
2200
0300
400
2450

ECC

« 000
«100
«200
300
400
# 450

ECC

2000
«100
«200
«300
0400
0450

THE FRANKLI®N

DIM SPRING

Table 8

MINIMUM CLEARANCE

INCH

«2500=02
«2189=02
«1835=02
.1410-02
«9324=03
«6654=03

NON DIM
«5000400
2U4379+¢00
« 2829400
21865400
01331*00

THRESHOLD FREG,

COEFFICIENTS (LBS/IN)

CPM NON=DIM
22398404 ,9590+00
«2375+04  ,9500+00
«2170+404 ,B8681+00
2061404  ,B8243+400
«5295+03 2118400

NON RIM DAMPING COEFFICIENTS

THREE=LOBE BEARING | /D=0,5 L0AD INTO PAD
ANG=ECC ANG=RXN BEARING FORCE POWER LOSS
DEGREES DEGREES I.RS NON DIm HP NON DIM
00 + 00 «8916=04 «9082=08 «6345+01 »1629+01
325093 89-77 0529“+03 .5393-01 .bu07+01 .1645*01
32%.93 89,18 21250404 ,L,1273+00 06670+401  L1713+01
324,41 89,80 «2518+04 2565400 «7184+401 L1845+01
32042 90.09 «5880+04 ,5989+00 «8238+01 L,2116+01
317467 90,R9 «1043+05 «1062+01 «9158+01 «2352+01
SIDE LEAKAGE TOTAL INLET FLOW CRIT ICAL ™ASS
GPM NON=DIM GPM NON=DIM LB NON=DIM
06541400 e 3075+00 =,3986+401 =,1874+01 «3704+04 03346400
«6779+00 « 3187400 =,3979401 =,18714+01} +U4U4SS5+04 e 4025400
¢7371400 ,3465+00 -¢3960+401 =,1862+01 «8004404 L7231+400
+8148+00 ,3831+00 =,3929+401 =,1847+01 «1514+05 L1367+01
«9347+00 24394400 -,3890+01 =,1829+01% + 4459406 «4028+02
«1034+01 JUBE2H+O0 «,3869+401 =,1819+01 STABLE
NQM DIM SPRING COEFFICIENTS
KX X KXY KYX KYY DXX
=,30904+400 =,44358+00 44548400 =,30788+00 e 46220+00
©e2997S5+00 =,48604+00 244766400 =,44179400 =,U43125+00
=“o35166+00 =,57011+400 «52808+00 =,81566+00 =.48431+00
=,62%569+00 =,70632+00 e10622+01 =,16270+01 -,62476+00
=-,12264+01 =,71615400 f2T7U6T+01 =,50145+01 -,87839+00
=,21400+01 =,61606=01 «H8764+01 =,11447+0Q2 =,93130+400

=,23799=03
-,14699=01
=,20590=01

DXY

DYX

~4,17754=02
«,11912=01
-.17653-01

«12764+00 «13102+00
e 52684+00 e51642+00
«12837+01 e 12664401

INSTITUTE RESEFARCH LABORATORIES INCOMPRESSIBLE HYDRODYNAMIC JOURNAL BEARING ANALYSIS

DYY

=el4bUube+(0

=,54667+00
=,68233+00

-s12953+01
-s30006+01
=,60255+01

DIM DAMPING COEFFICIENTS (LBS=SEC/IN)

KX X KXY KYX KYY N XX
- b06B1+06 =,B7097+04 LB7470406 =,60453406 =.34665+04
=.58856+06 =,9504583+06 LBTRYB+0E =,BHTUSH0S =e3234u+04
=, 69048406 =,11194+07 210369407 =,16016407 =o3632U+04
=,12285+07 <=,1%869+07 « 20857407 =,31946+07 =, 46857+ 04
=, 24080407 =,14062+07 e 93930+07 =,98460+07 =, 65879+04
=+42020407 =,12096+06 LI1S3R+08  =,22475+08 - 69BUT+ NY

=,17850+01

DXy

DYX

=,13315+0°2

=,11024+03 =,89330+02
=,15443+403 =,13390+03
095731403 198265403
¢39513+04 «38732+04
0 96277+04 e 94976+ 04

nyy

-.34865+04
=e41000+04
=e51175+04
= 97147404
=-.22505+0%
~,45191+05
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ECC

W000
o100
0200
+300
«400
«450

ECC

2000
0100
«200
0300
2400
$ 450

ECC

000
«100
200
$300
400
$450

THE FRANK[ IN

THREE=LCRF

ANG=ECC ANG=RXN
DEGREES DEGREFS

«00 000
328,13 89,43
328.12 89,75
125,96 90,17
321,92 90,72
317.52 90,59

BEARIN
LES
«3645%=03
W 2029404
e H733+04
09298+04
«1979+08
W 8425405

/0=1.0

G FORCE
NON DIM
JUbULI=08
«2583=n1
o6026=01
1184400
22520400
43614006

LOAD

Table 9

INTU PAD

POVEKR

HP
o 1276%02
«1293+02
e 1356+02
1471402
21707402
«1919+02

1L.08S

NON DIM
«8191+00
+ 8299+ 00
«8706+00
29442+00
+§096+01
«1232+01

TMSTITUTFE RESEARCH LLAKORATNRIES INCOMPRESSIBLE HYDRODYNAMIC JOURNAL BEARING
REARING L

MINIMUM CLEARANCE

INCH

«2500=02
«2204=02
«1859=02°
«1439=02
2+ 9608=03
e6626=03

NON DIM
«5000+00
«4407+00
e 3717400
«2878+00
«1922+00
«1325+00

SIDE LEAKAGE

TOTAL INLET FLOW

NON=mDIM

=.1751+01
=o1744+01
=,1723+01
»o1691+01
= 1651401
-, 1629+01

CRITICAL MASS
LR NON=DIM

e1334405

21587405

o R2377+05

05239¢05
STABLE
STABLE

e3766=01
+4uB0=01
26710=01
e 1479400

THRESHOLD FREG,

CPM NON=D M
0 2358+04 L1BBT+01
o 2324404 L,1859+01
02269404 s 1815+01
21959404 ,1568+01

GPM™ MQNaPTM GPM
«6912400 ,1625+00 =, T450+01
e 7220400 L1697+ 0 o, 7419+01
¢ 7883400 L1853+00 -, 7331401
+ 8823400 2074400 =,7195+01
«101140¢ « 2375400 -, 7023401
f1142401 2683400 =,6932+01

NOKN DIM SPRING

KXX

'0130054'00
-,12010+00
©,16139+00
=,2489%+00
=, 46234+00
=y 75292400

KX X

- 21057+07
=.1B866+07
-e25351407
=,39106+07
= 72625407
=,11827+uA

DIm

KXY KYX
-.19698+00C « 19675400
=.21328+00 220819400
-, 24830400 0 29663+00
=, 28473400 245176400
e 22392+00 «10029+01

«19220=01 021029401
SPRING CDEFFICIENTS

KXY KYX
- 309U1+0T 2 50906+07
-y 33501+07 e 32703+07
-,39003+07 s 46595+07
= A0012+07 270962407
= 35174407 YA Y]

e $0190+0A e $5033+GR

COEFFICIENTS

KYY

=.13450+00
~,198744+00
-,32841+00
=-eb67716400
=, 18596401
-, U1pd41+01

(LBS/IN)

KYY

=-,21128+07
~.31218+07
=~,51887+07
=, 1NA37+0A
‘.2921 1408
=~ 6SHUG+0H

NON DIM DAMPING

nXXx

'.10“35*00
=e974d6=01
=,10798+00
=.11745+00
.16162+00
=,158568+00

DXy

¢12795=03
=,55953=02
256873=02
«24901=~01
«88394=01
+21793400

COEFFICIENTS

DYX

=e12761=03
=, 47660=02
»55583=02
225111=01
«86341=01
+21450+00

ANALYSIS

DYy

=,10435+400
-e12762+00
=,18938+00
= 27963400
~:56168+00
-s11342+01

DIM DAMPING COEFFICIENTS (LRS=SEC/IN)

DXX

=,12522+05
=s11693+409
=+12958+05
=,14 095+0%
-019394+05
= e19029+05

DXy

«15354+02
“.67143+403
o 58247403
« 29881404
«10607+05
026152+05

DYX

=,15393¢02
=e57191403
0666994073
+30133+04
e10361+05
25700405

pyy

=-e12522+0S
=, 15315+405
=,272725+05
=,33555¢0%
= H74N1+08
=.13610+06
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DYNAMIC CHARACTERISTICS OF FLUID-FILM BEARINGS 51

extent. The dimensional values are for the following operating
conditions:

Bearing Diameter, D = 5 inches

Bearing Length, L. = 5 inches

Pad Angle, 6, = 110°

Machined Clearance, C = 0.005 inches
Journal Speed, N = 5000 rpm

Lubricant Viscosity, & = 2.5 x 107° Ib-sec/in®

Tilting Pad Bearing

The tilting-pad bearing is the most whirl free bearing, and
is the reason they are so extensively used. Performance is not
as clearance sensitive as in most bearings. As a rule of thumb
the machined radial clearance should be .002 times the radius.
The pivot clearance C’ should equal half the value of C so that
C'/C = 0.5. The tilting-pad bearing does not provide as much
film damping as other types, and they are generally more ex-
pensive to manufacture. For high-speed applications, where
pad vibrations are high, a common problem is fretting corro-
sion of the pivots.

Tables 10 and 11 are dimensional performance parameters
for tilting pad bearings for the operating conditions given on
Table 2. The preload ratio C'/C = 0.5. Table 10 is for a L/D
ratio of .5 and Table 11 is for a L/D ratio of 1.

Externally Pressurized or Hybrid Bearings

Because of external pressure, these bearings generally
have high load capacity and stiffness. The external flow through
the clearance region has a cooling effect, and clearances and

Table 10

THE FRANKLIN JNSTITUTE RESEARCH LABORATNKIES
TILTING FAD ASSEMBILY PROGRAM

A 0 o

TILT«PAD REARING = L/D20,5 » CP/CS0,5 o LOAD INTO PAD

STEAUY STATE PERFNRMANCE

FCCENTRICITY LOAD CAPACITY SIDE LEAKAGE PO®ER LOSS MINIMUM B TILP

RATIO LBS GPM 2l IN
«000000 278253504 s 134778401 «b681701+01 «216298~02
0200000400 908581403 +13350R+01 «697021+01 «170496=~02
«300000+00 155316404 131907401 W 718044+01 14762202
«400000+00 2233385+04 0129603401 STUTULBH0Y «124765=02
«500000+00 362154404 +126528+401 o 794060401 «101857=02
500000400 +587998+04 212290240 «867650+01 78965003
«700000+00C 104537405 117854401 +989553+01 56893003

ECCENTRICTTY INLET FLOW ANGLE TO ANGLE TO

RATIO GPM ECCENTRICITY REACTION
2000000 =e625750+01 «270000403 000000
2200000400 -e624981+401 270000403 9006000+02
+300000+00 =e62401140 #270000403 900000402
2400000400 =.622621401 2270000403 2900000402
«500000+00 =.620761401 270000403 +900000+062
600000400 =, 618487401 «270000+03 «900000+¢02
700000400 =.615445+01 4270000403 «900000+02

DIMENSIONAL SPRING COEFFICIENTSyLHBS/IN

ECC KXX KXY KYX KYY
«000000 =e117807+07 =,247032400 9258399400 =.117807407
2200000400 =s125865407 025592401 «179873+400 =.152416+07
«300000+00 =+135755+07 «600032=01 2160494400 =.206018+07
«400000+00 “e149358407 =,319897+00 111931400 ~e320668+07
500000400 =e167133407 =.821991+00 =¢809083=02 =,549170+07
0600000400 =,189552+07 =, 111687401 =4282250400 =.107203+08
2700000400 =e212527+07 =.233290+01 487781201 =.245667+08

DIMENSIONAL DAMPING COEFFICIFNTSeLR=SEC/IN

ECC DXX DXY DYX oYy
2000000 =e274320404 0161420=02 =.159249=02 =.274320404
+200000¢00 «,284382+04 +715348=-03 =4150699=02 =+.315557+04
+300000+00 =e296423404 +718185=03 =e174423=02 ~.376544+04
2400000+00 ".312840+04 -,810821=03 =,195946=02 -.490817+04
0500000400 =e333698+04 =4223769=02 ~4197379=02 =.693475+404
«600000+00 =e359429+04 «365984=03 =.175858=02 =.109527+05
2700000400 =¢391708404 «,117049=01 =,114547=02 =.218268+05

Table 11
THE FRANKLIN INSTITUTE RESEARCH LABORATORIES
TILTING PAP ASSEMHELY PROGRAM

TILT=PAD REARING = L/D=1,0 ¢ CP/C=0,5 « LOAD INTQ PAD

STEADY STATE. PERFORMANCE

ECCENTRICITY LOAD CAPACITY SIDE LEAKAGE PUWER LOSS MINIMUM FILM
RATIO LBS GPM HP IN
2000000 «161710=06 «547046=02 «679676401 2 499756=02
200000400 486335403 2013890400 731929401 +367058=02
«300000+00 «789525+03 «518635400 0766601401 «316130=02
«400000+00 «124599+04 +590512+400 810330401 2267855=02
+500000400 «200715+04 632215400 «B868206+01 +220998=02
600000400 «343341+04 «64U46T9400 2950546+01 «174406=02
700000400 656442404 +bU82943400 2108234402 «127939=02

ECCENTRICTITY INLET FLOw ANGLE TO ANGLE TO
RATIN GPM ECCENTRICITY REACTION
+000000 =.212742¢02 «270000+03 « 000000
«200000+00 =.116512402 «270000+03 +900000+02
+300000+00 =¢110369+02 2270000403 2900000402
2400000490 “,104031402 4270000403 «900000+02
500000400 =,975117+01 2270000403 +900000%02
+600000+00 =«908137401 4270000403 «900000+02
«700000400 -,840165+01 +270000403 0900000402
NIMENSIONAL SPRING COEFFICIENTS¢LBS/IN
ECC XX KXY KYX KYY
«000000 490050404 WUU6122=01 =¢373899~01 2490050404
4200000400 =.481362405 «735402=02 »e368298=01 =, 146557406
+300000400 =+821041405 «594458=01 =,404917=01 =e317103406
400000400 0124298406 WU46635701 ~,4B89055=01 ~.646882406
+500000+00 ~e173371406 242629400 =0991995=02 =.134300+07
0600000+00 4228236406 +539387+00 2980044m02 =.300598+07
«700000+00 *e293360+06 =.128152%01 2181217400 =s779922+07
DIMENSIOMAL DAMPING COEFFICIENTS,LB=BEC/IN
ECC Dxx nxy nYX oYYy
«000000 =e757105+403 WSUUUUG=06 «221916%05 *.757105+03
2200000400 *e122266+04 =od46U4575%04 »o492440"05 =+120505+04
2300000400 “s144691404 ~,386528=04 0242970=04 =.163980+04
2400000400 =e162711404 =,207253=03 #271425=04 =.2354744+04
«500000+00 *o177461+ 04 =e470742%03 «5U6U06m0U 363135404
600000400 *e189643404 14282702 0296823704 =e617205404
«700000+00 -, 204289404 =s507335«02 13013803 =,120677+05

tolerances are generally more liberal than hydrodynamic bear-
ings. A primary disadvantage is the necessity of an external
source of pressure supply.

They are applied when there is insufficient hydrodynamic
generating speed, or where very high load capacity and stiff-
ness. are required. They are sometimes applied to prevent
whirl, but as discussed previously, rotational speed can offset
recess pressures and thus introduce cross-coupling and pro-
mote whirl.
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APPENDIX A — METHOD OF REDUCING
TILTING-PAD STIFFNESS AND DAMPING
MATRICES

The equations of motion accounting for all degrees of
freedom are:

e pitch of i-th pad
Ip Siz Kss 6; + Dss 8i+K5X X+

Dgx X+K8Y Y+D5Y Y (A-1)

e shaft translation
M X =Kyx X+Dyx X+Kyxy Y +Dyy Y+
no. pads .
2 (Kgxsd +Dygsd) (A-2)
i=1
MY =Kyy X+Dyx X+Kyy Y+Dyy Y+

no.fads .
Z (Kys+Dysd) (A-3)
i=
Shaft orbit motion components are described in terms of
equivalent coeflicients as:

M X =Kyx X +Dyx X +Kxy Y +Dyy Y (A-4)

MY =Kyx X+Dyx X+Kyy Y+Dyy Y (A-5)

where the primed coefficients are the equivalent coefficients.
As a consequence of assuming that pad and shaft vibrate at
the same frequency, v rad/sec, periodic motions can be de-
scribed by:
i i — ivt
X = Xoel’; Y = Yoe’'s 8 = 8¢’ (A-6)
Substitution of Equation (3-6) into E quations (3-1 to 3-5) yields:

(Ksx + #Ds)Xo + Kgy + itDgy )V,
8o = 2 . (A-7)
—(°lp + 1VD55 + K65)

2 (Kxs +ivDxs)do (A-8)

—*M X, = (K,XX + iVD'xx)Xo + (K’XY + iVD’XY)YO
(A-10)

—*M Y, = (Kyx + ivDyx )Xo + (Kyy + ivDyy)Yo
(A-11)

After substituting Equation (A-7) into Equations (A-8) and (A-9)
and equating Equation (A-8) to Equation (A-10) and Equation
(A-9) to Equation (A-11), expressions for inertia dependent
equivalent coeflicients can be extracted. Stiffness values are
obtained by collecting like real terms; damping results from
collecting like imaginary terms. Then,

Kij = K;j — Z{[K;s Kg; K5 + (Kjg Kg; —
Dis Dgjv*) Ipv* + (Dgg Djs Kg; +
Dss Dg; Kis — Dis Dg; Kg5)l/[(1pr* +Kgg)* +
D5 * 1} (A-12)
Djj = Kjj — Z{[~K;5 Ks; Dgg + (D;5 Kg; +
Kis Ds;)Ipr® + (Dgs Dig Dg; v +
Kss Ds; Kis + Djs Kg; Kss)l/[(1pr® + Kgg)? +
D35 v*1} (A-13)

The subscripts i and j assume the necessary X and Y values to
yield expressions for the 8 dynamic coefficients.

NOMENCLATURE

ANG-ECC = Angle from X axis to line of centers
ANG-RXN = Angle from X axis to load reaction

C = Machined bearing clearance, in.

C' = Pivot film thickness with journal in concentric
position, in.

D = Journal diameter, in.

D; = Damping coefficient in i direction due to a j displace-
ment, lbs-sec/in

¢ = Journal displacement along line of centers, in.

F, = Force on shaft in i direction, Ibs

AF, = Fluid-film force differential in i direction, lbs

h = Film thickness, in.

hy;, = Minimum film thickness, in.

H,, = Dimensionless minimum film thickness = h,/C

I, = Pitch inertia of pad, Ib-sec-in

K, = Stiffness in i direction due to a j displacement

L. = Bearing length, in.

M = Journal mass, lb-sec?/in

M = Critical mass, 1b-sec*/in

M, = Dimensionless mass parameter = M wRC?/24uL?

M; = Moment on i-th pad, in-lbs

N = Journal speed, rpm

p = Film pressure, psi

P = Viscous power loss, HP

P = Dimensionless power parameter = 6600CP/6u(wRL)

0, = Pad angle, degrcees
(Q = Bearing side leakage, gpm
® = Dimensionless bearing side leakage = 7.69Q/RLC

R = Journal radius, in.

t = Time, sec

Threshold Freq (Non-Dim) = Orbiting frequency/rotational
speed

U = Journal surface velocity, in/sec

W = Applied load, Ibs.
W = Dimensionless load parameter = WC?/6uwRL?

W = Orbital frequency of critical mass, rad/sec
AX = Displacement in X direction, in.
AY = Displacement in Y direction, in.
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Distance in axial direction, in. 0

I

Growth factor, 1/sec
= Complex exponent = a + iw v

Attitude angle (angle between load direction and line

of centers), degrees T
= Pad pitch angle, rad

= Eccentricity ratio = e/c

Il

Arc length, rad

Absolute viscosity, 1b-sec/in?

Complex exponent for computing reduced matrices for
tilting-pad bearings

Period of vibration, sec

Orbital frequency, rad/sec






