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PREFACE

The work reported herein is for a partial fulfillment of USAF Contract

No. AF33615-76-C-2038. Dr. Coda H. T. Pan, the Principal Investigator of

the contract, was directly involved in the execution of the technical

effort with the assistance of Mr. B. F. Gern, Ms. J. A. Bartlett, and Mr.

S. Fiedler. The contract was initiated under Project 3048, "Fuels, Lubrica-

tion and Fire Protection," Task 304806, "Aerospace Lubrication," Work

Unit 30480685, "Rotor-Bearing Dynamics Design."

The work reported herein was performed during the period March 1979 to

March 1980 under the direction of John B. Schrand (AFWAL/POSL) and Dr.

James F. Dill (AFWAL/POSL), Project Engineers. The report was released

by Shaker Research Corporation in April 1980.
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NOMENCLATURE Al
a near field constant

0U

b effective damping constant (lb-sec/in); far field constant
0

B, B etc. damping coefficients (lb-sec/in-)

[B] damping matrix (lb-sec/in)

15 B etc. 2-.C{p~LD(R/C) i X (B ,? B ,etc.)
xx xy xX

B] 2irCfvLD(R/C) 2 -l

C radial arc clearance (in)

C radial bearing clearance (in)
b

D journal diameter (in)

e eccentricity (in)
A

f vibrational frequency (Hz)

FFcomponents of bearing reaction force (ib) dMix y

FV F' components of perturbation bearing reaction (lb)

F ,F complex amplitudes of V' and V' for simple harmonic
X motion (lb)

G-G complex coefficients in the governing equation for the

eigenvector -

3 pitching mass moment of inertia of a tilting pad
p9

J J N I,,-(RIC)(LD)RI

k effective stiffness constant (lb/in)

K:x Kx~ etc. stiffness coefficients (lb/in) -
!K] stiffness matrix- (lb/in)A

KKetc. C PN Lf(R/C) X (KX1 Kvi etc.)

(K) CthiN LD(R/C) 1 K]

L bearing length (in)I

viii M3
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[M] inertia matrix (lb-sec-/in)

m preload, 1-Cb/C
Cb/

2
m consistent mass (lb-sec in)0

N rotor speed (rev/sec)
s

volume flow rate of lubricant lost by end leakage

I% (in /sec)

volume flow rate of lubricant (in /sec)Qrequired

(N LDC) ~ls'r
loss' Qequired s - loss' Qrequired

R journal radius, D/2 (in)
?

S So=erfeld number, N LD(R/C)-/W
S

T bearing friction torque (in-lb)

{ T 4TCU~jN D3L Q
S

amplitude of 6

U, U real parts of G and G, respectively
x v x y

V, V imaginary parts of G and G respectively
x V X y

w vector symbol for (6 , 6)

w vector symbol for (5 , 6
--0 x va

-4 static load magnitude (lbs)

W l/S, static equilibrium load parameter

cx, y Cartesian coordinates of the journal bearing I
in the radial plane; x is along the direction
of load, rotation is counterclockwise

X, Y global Cartesian coordinates of the rctor in

the radial plane

[Z] [K] i [B]
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a load scaling parameter for L/D variation

yargument of 6
O , yXo

6 ,6 components of static displacement (in)

6 6 components of perturbation displacement (in)x" y

6I, y components of perturbation velocity (in/sec)

X 6 complex amplitudes of 6 and 6 for simple
X V harmonic motion (in) X

C e/C, eccentricity ratio of bearing arc

Ce/Cb, eccentricity ratio of assembled bearing

iviscosity coefficient of lubricant (Reyns)

v frequency of oscillation (radians/sec)

w rotational speed (radians/sec)

attitude angle (deg) I

tan-V.5, load parameter function

angular location of pivot or preload line measured from
p the leading edge of a bearing pad arc angle of bearing pad

X arc angle of bearing pad (deg) U
U

Subscripts

Arg { } Argument of the complex quantity { 1

b rigidly mounted bearing

o natural orbit

p pedestal

() time derivative

x
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SECTION I

INTRODUCTION

Reliable prediction of the d-namic behavior of a rotr: system supported by

fluid film bearings (e.g., critical speeds and resonant frequencies,

damped response to mass imbalance and other forms of dynamic excitation,

and threshold of self-excited instability) depends on an accurate knowledge

of the dynamic restraining characteristics of each bearing, which are repre-

sented by a set of eight dynamic perturbation coefficients (stiffness and

damping coefficients with cross-coupling effects). Given the details ef I
the bearing d.sign (e.g., diameter, length, nominal operating clearance,

gap geometry), lubricant viscosity and its temperature dependance, operatingI
speed, and the lubricant film temperature, one can in principle compute steady -

state performance parameters (e.g., minimum gap, bearing friction, lubricant.j

flow rate) and the dynamic perturbation coefficients. Typically, it is 1
necessary to resort to some numerical technique in such computations. In

the previous issue of the Rotor-Bearing Dynamics Technology Design Guide, -

one volume dealt with the calculation of performance parameters and pertur- -
bation coefficients for circular arc journal bearings operating with an in-

compressible lubricant 1Il. Since then, other sources for such computations

have also becoe available either as software furnished in its entirety or-I

by allowing the user to access installed software at a computer center j2.

Some of the software have the capability of accom-dating special features

in the gap geometry. The proliferation efforts of such software has not

yet reached a well-defined trend. Even with the availability of such soft-

ware, the ccmputation of a set of data needed as input for a rotor-bear-

ing dynamic analysis is not a totally trivial matter. The storage memory

requirement is typically quite large. Accuracy of computed data is often

sensitive to details in the input preparation which may be quite obscure

to an inexperienced user. For these two reasons, it was decided not to

link up the bearing computer software with the rotor dynamics software. In-

stetd, as a Dart of the present effort to update the Rotor-Bearing Dynamics

So



Technology Design Guide, it was decided that the immediate attention should

be directed toward the esta ;hment of a procedure for the convenient

extraction of the dynamic perturbation coefficients from a prepared data

table. A basic data bank consisting of thirty-one tables for various in-

compressible fluid film bearings is described in another part of the new

Design Guide [3]. The data bank can be readily appended with additional

tables if so desired. The required procedures for extracting the desired

dynamic perturbation coefficients and fcr installing additional data tables

are described herein.

Gas lubricated fluid film bearing- are also of interest in advanc I aircraft

turbo-propulsion sysLems. Recent technological efforts in this area are i
primarily concerned with gas bearings of the "foil" variety. Another part in

the new Design Guide will be exclusively devoted to gas bearings for machinery

applications [4].J
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SECTION II

DYNAMIC CHARACTERISTICS OF A JOURNAL BEARING

2.1 Static Equilibrium Condition

The dynamic perturbation coefficients of a journal bearing contains the
information regarding the mutual interactions between the rotor and the

bearing. The perturbation analysis of a dynamic system presumes the

existence of a static equilibrium condition, and deals with the response

to a dynamics excitation and/or whether the equilibrium condition is stable.

Typically, the dynamic perturbation coefficients are dependent on the static

equilibrium state. Parameters which define the static equilibrium condition

of a journal bearing are illustrated in Fig. 1, which depicts the cross-

sectional view of the space between thejpurnal, the portion of shaft which

passes through the bearing bushing, and the bushing inner surface, which

is shown as a circle for the present purpose.

In the lateral plane, the x-axis of a two-dimensional right-handed Cartesian

coordinate system is oriented along the direction of the static load W.

Sense of rotation is by convention required to be counterclockwise. Under

load, the journal center is displaced from the bearing center. The amplitude

of the displacement is called bearing eccentricity e. It is a peculiarity

of the fluid film bearing that the displacement vector is not necessarily

parallel to the load vector. The angle measured from the load vector

to the displacement vector (in the counterclockwise direction) is called

the attitude angle P.

The overall geometry of the journal bearing is described by three

dimensions; namely, the length L, the diameter D, and the clearance

C. There is some variance in the literature regarding the connotation

of the clearance. In the present document, it represents the radial

distance between the journal surface and the bushing surface (or a

portion thereof) when the centers of curvature of the two surfaces

are made coincident. The operating condition of the journal bearing

3£
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MI
is defined in terms of the rotational speed N (in units of revolution per

S

sec) and the lateral load W.(in pounds).

It is also necessary to specify the lubricant viscosity, which in turn is

temperature dependent. Actually the lubricant temperature varies not only

across the film thickness, but also along the passage through the bearing

gap. Since it is impractical to allow for actual temperature dependance

of viscosity in the computation of bearing operation characteristics, it is

necessary to exer ise a judicious judgment in specifying the effective

temperature level. In principle, a heat balance ca.: be performed among

friction heat generation, convection cooling by the lubricant flow, and

conduction cooling through journal and bushing surfaces. However, uncer-

tainty in the operating temperature level itself is typically sufficient to

obscure other considerations. Therefore, for the present purpose, it is

recommended that high-low estimates of the operating temperature be used U
for the determination of the effective lubricant viscosity in lieu of a

more thorough treatment of the thermal problem.

In order to allow general applicability to bearings possessing geometrical

similarity irrespective of size, clearance to radius ratio, lubricant

viscosity, and rotor speed, a data table is compiled in terms of dimensionless

variables. Such dimensionless representation lends the data naturally to

scaling in accordance with first principles. Among the parameters which

represent the static equilibrium condition, specification of the load vector

is sufficient. Other parameters are unique functions of the load vector

(in the dimensionless representation). The directional parameter of the

load vector relates to a reference axis which is peculiar to the bearing I
geometry. A plain circular bearing does not have such a reference axis

due to its rotational symmetry; therefore, the load parameter is complete -

in terms of amplitude only. For other bearings (e.g., the two-lobe configura-

tion) the direction of the load vector measured from a suitable reference -

5I-= : i i--=
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axis of the particular configuration is also a relevant parameter. The -N

Sommerfeld number

UiN LD(R/C 2 (
W

which is a natural parameter in any solution of the lubrication equation for

a journal bearing, can be directly utilized to represent the amplitude of

the static load. The latter appears in the right-hand side of Eq. (1),

while all other quantities are presumably known for a specific problem.

I. Note that the journal diameter D is customarily represented in conjunctid.a

with the bearing length L to describe the projected area;at the same ti e,

the journal radius R also appears in a ratio with the clearance C. In -

fact a bearing engineer often thinks of (LD) and (C/R) as independent de-

sign parameters. The reciprocal of the Sommerfeld number is customarily ac-

cepted as the dimensionless representation of the static load (amplitude)

and is sometimes referred to as the load parameter:

W = 1/S = (2)

jNsLD(R/C)2 f-3
A brief comment on the applicable units is in order in view of the common R

addiction to "English units" of American and British engineers amidst the

worldwide movement toward standardization via the SI units. In the "English"

convention, W would be in lbs. while the consistent unit for p is
2

Reyns = lb-sec/in . If SI units are to be adhered to, then W should be

in Newtors(l N = 0.22482 lb) and v in Pascal-sec (1 Pa = 1 N/m2 I

1.45038 x 10 lb/in2). For the reader who is more used to cgs units, it

may be of interest to note V
IM-

1 centipoise = 1.45038 x 10 Reyns

0.001 Pa-sec 1

1 centipoise = 0.001 Pa-sec = 1.45038 x 107 Reyns

6A
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Other operating parameters for the static equilibrium condition are unique

functions of S or Wo Although they do not directly contribute to

the dynamic perturbation problems, they are included in the data table for

completeness. They are defined in the dimensionless representation as

follows without further elaboration.

Eccentricity

Pad Eccentricity Ratio c e/C (3a)

Bearing Eccentricity Ratio cb e/Cb (3b)

Cb is the largest radius which the journal center can

circumscribe in an assembled bearing.

Attitude Angle

(customarily given in deg)

TorqueI

y = 4TC

VN D L (4)s1

T is the frictional torque experienced by the bearing. j
Lubricant Flow Rate

required (5)
required N LDC

Qloss loss
loss NsLDC

Srequired is the volume flow rate which passes through the bearing

inlet edge. Q is the volume flow rate leaving the bearing gap

through its ends. The excess of Q over Q is the re-

circulation flow rate.

7
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1 2.2 Dynamic Perturbations

The perturbation point of view requires that the deviation of the force

of interaction between the rotor and the bearing from the equilibrium value

I be sufficiently small to permit use of the method of linear superposition

in the dynamic analysis. The measure of "smallness" is that the amplitude of the

perturbation displacement at any instant be a small fraction of the minimum film

thickness. Dynamic analysis requires allowance for time-dependence. In the

case of incompressible fluid film bearings, time-dependence is associated with

_0 squeeze film effects which correspond to velocity perturbations. Combined

displacement and velocity perturbations are illustrated in Fig. 2. Dis-t ,

placement components (6x, 6y) and velocity components (6 6 ) form a
y y

complete set of perturbation parameters. The instantaneous bearing reaction

has the components

= -W+F

x x

F F
y y

While the static equilibrium displacement is determined by e = Cc and p,
2both c and i being unique functions of W W(C/R) /(pN LD), the perturbation~s

hypothesis allows one to express the perturbation reaction components to be

F =-K 6 -B
x xx X xx x

-K 6 -B 6xy y xy y (7a)

F =-K 6 -B
y yx x yx x

-K 6 B (7b)
yy y yy y

The complete set of perturbation coefficients includes the stiffness

coefficients (K K K K ) and the damping coefficients
Sy y
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lB B y Double subscripts are necessary because the per-

turbation reaction is not necessarily co-linear with either the perturba-

tion displacement or the perturbation velocity. The first subscript denotes

the direction of the reaction, and the second subscript represents the

direction of the perturbation parameter. The stiffness coefficients are

associated with displacement perturbations while the damping coefficients

are associated with kinematic (velocity) perturbations. It is customary

to employ the notations of matrix algebra to write

xx I x

[K] - B; xyl (8)
yx y yx yY-.

The perturbation coefficients are obtained by solving the lubrication

equation which is linearized with respect to each of the eight perturbation I
parameters one at a time, then integrating the film pressure with the ap-

propriate projection of bearing surface.

The perturbation coefficients can also be represented in the dimensionless

form to allow dynamic scaling for geometrically similar bearings. Thus,

I2.-

vN LD(R/C)2 -
=K CKj (9a) I

LD(R'C)2I q I

L27rC B (9b)

L

From Eq. (2) one can write

2
pNLD(R/C) = WSs

Therefore, it may also be written

H = k ; B= (-L) B1 (10)

'KI and B clearly are dependent on the static equilibrium parameter W... L J

UO 1
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2.3 Symmetry Law for the Damping Matrix

jIt has been shown that the damping matrix is symmetrical provided the

boundary conditions of the perturbation problem are time invariant [5]; that

is

B =B(1
yx xy

Bearings with fixed film boundaries or with a cavitation break up boundary

determined by the Swift-Stieber condition [6, 7] inherently obey this

symmetry relationship. Some approximate computation schemes may not con-

form to this requirement but otherwise yield fairly suitable results 131.

For this reason, the data retrieval system enforces this symmetry condition _

by substituting '3

(Bxy)adj + =BI ( y ) (12)Iy ydx adj 2 y yx U
in place of (B , B vx) which are directly extracted from a data table and

may not have identical values. Clearly, a data table which already satisfies

Eq. (11) is not affected by this adjustement. I

3 2.4 Natural Orbits and Effective StiffnessiDamping Constants VA

2.4.1 General Case: Z Z #0 
xy yx

Suppose the perturbation motion is simple harmonic so that

IA
I I - ivt

( 6  6v) Re [( 6 y)e t ) (13)

The corresponding perturbation reactions are

, , {(F Fv)ei~t
(FF) Re (14)
X yx .

_T_

IA IW



To make use of matrix notation, write

l = }: £t4(15)

Given the stiffness and damping matrices, the perturbation reaction can

be computed as

P=- K + iv B w (16)

One can seek the condition of diagonalization of the above equation; i.e.

provided the components of w assume a special relative amplitude and

phase relationship, one can write

P = -(k + ivbo) w (17)
0 0 0 -0

Subscript "o" designates the special relationship which describes a natural

orbit. The physical interpretation of Eq. (17) is that the bearing behaves

like a spring-dashpot restraint if the perturbed motion is a natural orbit,

the spring and dashpot constants being respectively k and bo .

0 0

Given IKE! and [B]! of a bearing, k and b can be found at any frequency
o 0

v as roots of a complex eigenvalue problem. Accordingly, w can be
-0

determined as the corresponding eigenvector. Upon first identifying Pand w

in Eq. (16) with P and w respectively, and then eliminating P between

Eqs. (16) and (17), one obtains the homogeneous equation

K + iv'B -(k + ivb w (1)0

(I] is the identity matrix with unity as its diagonal elements and null

elements elsewhere. Disregarding the possibility that w may be a null
-0

vector, the characteristic determinant should vanish. ko and b are roots

of the characteristic determinant and are found as sets which are consistent

. 12 j
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with the null condition of both real and imaginary parts of the characteristic I
determinant. The characteristic determinant is

{Z - (k + ivb )I{Z - (k + ivb )} - Z Z = 0 (19)
xx0 yy 0 XY YX

where, Z K + ivB , etc.; and an explicit solution can be found asxx xx x_ _

k +ib =21(Z + Z) Z (20)
0 o0 xx yy 0

where

z- -( z +4ZZ (21)0 2 J xx . Zyxy~y

By convention, Z has a non-negative real part. The alternate signs in
0

Eq. (20) yield two independent sets of (k , vb ).One may observe that the
00

imaginary part of the right-hand side of Eq. (20) may not vanish with v.

Thus, it is more appropriate to keep v and b together as a product. It is

sometimes useful to define 8 0= (vb )/(2k ) as the critical damping ratio

of the natural orbit, which is related to the amplitude decrement factor of

an unrestrained natural motion per cycle.

Corresponding to the two sets of (k , vb ), there are two eigenvectors,
0 0

which are defined by

[1(Z z ) Z }6 + Z 6 =0 (22a)
y xo0 X xy yo

=or, alternately,

Zx6 -.-(yyz +±Z 06 =0 (22b)

yxo 2 xx yy 0 yo
L

13



These two equations are equivalent by virtue of Eq. (19). Only in the

case of very special conditions, e.g., Z Z 0 and/or Z -Z 0,xy yx xx y
is it necessary to treat both of them to compute the eigenvector. The

eigenvector is indeterminant by an arbitrary complex factor. Therefore,

one is at liberty to invoke some ad hoc scaling and phasing rules;

such as

Is +I 1 (23)

Arg{6 + Arg{6 1=0 (24)
SXo yo

which sets the eigenvector to be

W = u (25)

jf)e io

u (which has a non-negative value bounded by unity) and y (which is one-

half the relative phase between the two degrees of freedan) remain to be found.

In order to avoid writing lengthy alebraic expressions, in place of

Eq. (22a) or Eq. (22b), let the governing equation for the eigenvector - -:

be

G 6 4- G 6 =0 (26)

x Xo y yo

where

G =U + iV ; G U + iV (27)
x X v v V

1 4 _



are complex quantities. Substitution of Eq. (25) into Eq. (26)

then sets real and imaginary parts separately to zero, and one

finds

{U u + U (l-u) cosy -{V u -V(l- u )}siny 0
xo y 0 0 xo o

{V u + V (1-U)} cosy + {U u - U (1-u)) siny°  0
x 0 o xo y o

They yield, after sm.e straightforward algebraic manipulations

, !G~iIG I° I " 1-u lox!y(28)
= =u° " o IG 1+1d0.

(U IG 4U IG I-l x''V
Y- tanV { (29)

x y I~y 0

The principal value of Eq. k29) would be used. The eigenvector

as defined by Eq. (25, 28, 29) is thus far presented in terms of

a Cartesian coordinate system. It describes an elliptical orbit

with the sense of whirl governed by yo. The sense of whirl is

positive; i.e., same as the sense of shaft rotation if y is in

either the first or the third quadrant; and the sense of whirl

is negative or opposite to that of shaft rotation if y is in

- either the second or the fourth quadrant. In other words, the

sense of whirl has the same sign as

U IG + Uy GI
ta0 V IG I Vv G

x y x

15 i
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If either Z or Z or both should vanish, the formulations presented= /xy yx
above are not workable because both G and G would also vanish,Sx y
rendering Eqs. (28) and (29) indeterminate. These are special cases

and require separate attention.

2.4.2 No Cross-couplingi Z = 0, Z = 0
xy yx

The homogeneous system of Eq. (18) becomes

Z -(k + ivb) 0 6

00- 0 Z - (k + ivyo

Since the two degrees of freedom are totally uncoupled, the desired

eigenvalue/vector sets are simply

k + ivb =Z; 6 =1, 6 =0 (31a)
0 0 Xo yo u

and _

0 y xo yo
kib Z 6 =, 1 3b

2.4.3 Pseudo Uncoupled Case

- One of Z and Z is ?ero, the other one is not. Write
XY yx

Z 0; Z #0 (32)

jk kj

The indices j or k may denote either x or y. They are always

distinct. (Repeated indices designate a diagonal term; the

implicit summation convention of indicial contraction is not used

here.)

161



Eq. (18) is reduced to

{Z.. -(k + ivb )6. =0 (33)
JJ 0 JO

Z + {Z- (k + ivb) 6 =0 (34)

kj jo kk 0o 0 ko

Eq. (33) can be satisfied by two conditions. The first one is

k+ ivb Z (35)

Consequently, substituting into Eq. (34)

Zkj jo (kk - i z) ko = 3a

Following steps previously used to describe Eqs. (28) andI (29),

from Eq. (26), one finds

_ IZkk-Z. I 1Z I

kj kk j~kj +kk ij

(37h)

ArgI6 Arg{6~0

1(kJIZkk jji kk k

(38a)1

if Z and Z.. should happen to be equal, Eq. (38a) becomes indeter-
kk 33

inate, at the same time 6. vanishes while 16k0 1  becomes unity.
- ~JO k

Actually, with 6. being zero, the argument of 6 has no physical
jo ko

significance and can be set to zero as an accepted convention.

17



The second condition which satisfies Eq. (33) is

6. 0 (37b)
Jo

Consequently, one can set

6ko =1 (38b)

Then, upon substitution into Eq. (34), one obtains

k + ivb Z (35b)0 0 Zkk

Note that the second eigenvalue/vector set is indistinguishable from
the first set under the conditions of (Zjk 0, Zk 0 0, Z Z

j j ii Zjk.;

which represent a truly degenerate state since only one eigenvalue/

vector set can be found for a two-degrees-of-freedom system.

The parameters (6 6y) are Cartesian components of the natural
x yo

orbit. Since every simple harmonic orbit takes on the shape of an

ellipse, the natural orbit can be represented by:

* ratio of minor/major radii of the orbit, and

* inclination of the major axis from the x-axis

The relationships between the Cartesian components and the

geometric parameters are derived in another part of the Rotor-Bearing

Dynamics Technology Design Guide [9].

18



-M-0

SECTION III

RETRIEVAL SYSTEM

3.1 Contents of the Bearing Data Bank

There are presently thirty-one (31) data tables in the collection of the

data bank. Each data table represents one combination of configurations,

geometrical parameters, and preload setting (if applicable). A summary of

the contents of the data bank is contained in Table 1.

For bearings made up of partial arc pads, there is a setup parameter called

preload, which measures the distance between the arc center and the bearing

center as a fraction of the nominal clearance (pad clearance). As shown

in Fig. 3, the bearing clearance C is smaller than the original arc
b

clearance by the amount of preload mC. In this particular illustration,

the preload is centrally directed, i.e., the line of centers bisect the

pad arc. All data tables thus far collected have centrally preloaded pads.

For partial arc configurations, rotational symmetry is disrupted. The

direction of the load vector is to be defined with reference to the arc

geometry. A lobed bearing is made up of equally spaced arcs. The direc-

tion of the load vector is specified relative to the loaded arc. A two-

lobe bearing is usually parted in a horizcital plane. Thus the gravity

load is commonly directed along the bi-sector of the bottom arc. Such

an arrangement is said to have a load "on pad." With an odd number of

lobes, the usual practice is to place one more arc on the bottom than the

top. Thus the load is directed between pads for the three-lobe bearing.

The tilting shoe bearing is described similarly as the lobed bearing.

The preload parameter deals with the radial displacement of the pivot point.

The angular location of the pivot is equivalent to the preload direction

relative to the arc. It is known what the optimum pivot location is about

55% from the leading edge. However, if the pads should be erroneously in-

19
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TABLE 1

CONTENTS OF DATA BANK

ElBearing Type Arc Angle LID Notes Preload Data Table Number

MPlain 360 10.50 PJ-05-1

2 Lobe 160 0.50 (l)1(5) 0.00 ML2-05-1 A

0.25 ML2-05-2
0.50 ML2-05-3V

3 Lobe 100 0.50 (2),(5) 0.00 N,1L3-05-1

0.25 ML3-05-2

0.50 ML3-05-3

4 Shoe 80 0.25 (2),(3), 0.00 - - 0 -

Tilting Pad (4) 0.20 TP4-02-2

0.30 TP4-02-3_

0.50 TP4-02-4 -

0.50 0.00 TP4-05-l

0.20 TP4-05-2

Pi0.30 TP4-05-3

0.50 TP4-05-4

1.00 0.00 TP4-10-1

0.20 TP4-10-2

0.30 TP4-10-3

0.50 TP4-10-4 z

LEGEND:

(1) Load on pad

(2) Load between pads

(3) Centrally pivoted

(4) Synchronous frequency only,
and shoe inertia is neglected

(5) Centrally preloaded

20
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TABLE 1 -CONTENTS OF DATA BANK (continued)

Bearing Type Arc Angle LID Notes Preload Data Table Number

5 Shoe 55 0.25 (1),(3), 0.00 TP5-02-1

Tilting Pad (4) 0.20 TP5-02-2

0.30 TP5-02-3

0.50 TP5-02-4

0.50 0.00 TP5-05-1

0.20 TP5-05-2

0.50 TP5-05-3

0.30 TP5-05-3

1.00 0.00 TP5-10-1

0.20 TP5-lO-2

0.30 TP5-10-3

0.50 TP5-lO-4

LEGEND:

(1) Load on pad

(2) Load between pads

(3) Centrally pivoted

(4) Synchronous frequency only,
and shoe inertia is neglected

(5) Centrally preloaded

21j
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stalled backwards, the load capacity of the bearing would be drastically I
smaller. The centrally pivoted arrangement is error safe since it acts

identically if reversed. The tilting shoe bearings in the present data

bank are all centrally pivoted.

An ideal pivot is incapable of exerting moment to the bearing pad. This

condition adds two additional parameters for a complete definition of the

dynamic data; namely,

JN
p S

ji(R/C) (LD)R (39)

v = f/N (40)

which relate to the pitch moment of inertia of a bearing pad and the ratio

of the vibrational frequency to the rotation frequency, respectively.

In the present data, (3= 0 and v = 1)are imposed. The inertialess as-

sumption is usually adequate since the inertia of each pad should be quite

small in comparison with the rotor inertia. An exception is the unloaded

shoe, which would become vulnerable to the pathological condition of shoe

fluttering. For this reason, tilting shoe bearings should always be pre-

loaded. The data tables for the unloaded tilting shoe bearings are included 1
mainly for reference. The nature of frequency dependance of the perturbation

coefficients of tilting shoe bearings in effect reflects the phase relation-

ships between the rotor motion and the pitching motions of the shoes. For-

tunately, the total resultant of all shoes does not significantly vary with

frequency. Therefore, the synchronous data (v = 1) can be used for non-

synchronous rotor dynamic studies with fair accuracy. If the precise data
with allowance for shoe inertias and frequency dependance should be desired, I
the dynamic assembly procedure should be followed to synthesize the bearing

characteristics from single pad characteristics (3].

23
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iio
All data tables in the present collection concern journal bearings which

influence dynamics of the rotor system by reacting to lineal motions of the

rotor. Some bearing support systems can react to angular motions of the

rotor. A long journal bearing and a large thrust bearing runner are two

such examples. In reacting to an angular motion of the rotor (in the

radial plane), the bearing can provide a restraining moment. The required

data parameters for such bearings are angular stiffness and angular damping

coefficients which react to angular displacements and angular velocities,

respectively. These coefficients also may induce anisotropic and cross-

coupling features. The storage and retrieval methodologies described in

this document can be readily adapted to handle angular bearings.

3.2 Interfacing Bearing Data with Rotor Dynamics Software

Each bearing data table is necessarily restricted to the following two I
conditions: I

1. The bearing data is presented in a coordinate system which is $1
peculiar to static load vector acting on the particular bearing.

2. The pedestal of the bearing is assumed to be rigid.

The bearing data retrieval system incorporates an interfacing procedure

which removes these restrictions.

The static load vectors of all bearings in a rotor system may not share

the same direction. The following circumstances require that individual

load directions be assigned to each bearing:

1. For an overhung rotor, if its center of gravity is outboard,

the load vectors at the two bearings would have opposite

directions.
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2. Gyroscopic loads which occur during rapid maneuvers of a military

aircraft, usually are oppositely directed at the two main support

bearings.

3. Laterally coupled rotors (e.g., in a transmission box) exert

force on each other and tend to cause load vectors at various

bearings to assume distinct directions.

4. Misalignment loads (for rotors supported by three or more bear-

ings) generally maynot be co-planar with the gravity load.

For these reasons, it is necessary to allow a deviation of the static bear-

ing load vector from an axis of the global coordinates of the rotor:

Let (X, Y) and (x, y), respectively, be global (rotor) and local (bearing)

coordinate axes in the Cartesian representation, with the x-axis directed U
along the static load. Let 4 be the angle measured from X to x as illustrated

in Fig. 4. The transformation of a vector represented in the bearing co-

ordinates to that represented in the rotor coordinates is given by the re-

lation

X cos4-sin4 x

.Y- L sink cos - _y- -
(41)

Transformation of the stiffness and damping matrices is achieved by the

L following formula

- '° ] cos - sinOr [-- 2 cosp sin4K

K, B K

- -sin4 cos€_ - -sin cos4
Rotor Bearing

(42)
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Pedestal compliance and/or damping can contribute significantly to the rotor

behavior. Pedestal compliance can be modelled in terms of lumped param-

eters.

" = d2  rB dZ K. + -+ (43)-P -- P Mp dt 2 + Bpd

This is regarded as an operator for the displacement of the pedestal. The

subscript "p" labels the pedestal effects. For a simple harmonic motion

with the time dependence factor exptivt), Eq. (43) is reduced totj
Z K v- M + iv 1B (44)- p .. p - -p

Since the bearing reaction is directly transmitted to the pedestal

P-Z w- (45a)CE
.b Sb -pi*

-Z w (45b)

L b is the impedance matrix of the (rigidly mounted) bearing. and w

are displacement vectors of the bearing and of the pedestal in the matrix

notation, respectively. Eliminating P between Eqs. (45a) and (45b), one

finds

z + z w =0
- _p + _Pb' -p
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Solving for w then substituting back into Eq. (45b), one obtains
-p

_= + [z (46)

which in essence defines the effective support impedance as

r

[Zffe = ctiv [i p+ ' Jb (47)p ip Z!b b

The retrieval software provides the user with an option to allow for

pedestal compliance. Upon selecting this option, the user can furnish data

consisting of up to ten numbers which define the elements of the three
r 1 ! _. - rmatrices iB and ,'L Upon extracting iZ from the data bank, Eq.

p p-P --P b
(47) is executed by the interfacing software.I

Aside from performing required coordinate transformations and incorporating

pedestal compliance effects, the bearing data retrieval system also organizes

the results in a tabular form consistent with the input format of the rotor

dynamics software [9).

3.3 The Retrieval Procedure

The Fluid Film Bearing Data Bank is designed to furnish numerical informa-

tion of bearing support characteristics needed in the performance of a

variety of rotordynamic studies. The software for data retrieval requires

the user to furnish the following input:

1. Location of Data Table -- The user has the choice of selecting ii
a data table from the index of the available data bank or sub-

mitting the data bank to the file management system of the com-

puter center in advance of the retrieval run. in either case,

the data table is a result of preparation for full range inter-

polation according to the method to be described in Section IV.
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I 2. Design Parameters of the Bearing.

o lubricant viscosity (centipoise)

o bearing diameter (in)

o bearing length (in)

o clearance (in)

3. Operating Parameters of the Bearing.

o load magnitude (ibs)

o load direction defined by the angle measured from

the vertical axis in the sense of shaft rotation (deg)

o shaft rotational speed (rpm)

o vibration frequency as may be needed in certain

bearing sup-art systems (Hz) U

4. Pedestal Compliance Characteristics - The user can elect to

furnish lumped parameter data of the pedestal which define

stiffness, damping, and mass matrices.

o pedestal weight (r7s)

o pedestal c.g. offsets in I
three directions (in)

o pedestal angular weight I
moment of inertia in two U

2 M
planes (lb-in)

o pedestal stiffness con-

stants in two planes (Tbs/in or in-lb/rad)

o pedestal damping constants in

two planes (bs-sec/in or in-lb-sec/rad)

The output of the retrieval software includes in tabular forms

1. Data sets compatible with the input format of the rotor-

dynamics software [9],
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2. Tabulation of the static bearing characteristics,

3. Tabulation of the dynamic bearing coefficients, and

4. Effective stiffness/damping constants and natural orbit

parameters as described in Section 2.4.

Additional information pertaining to the use of the retrieval software is

given in Appendix A.

3.4 Description of the Retrieval Table

The retrieval table of each bearing is furnished as a sequential FORTRAN

file. Its contents include the following:

1. Alphanumeric Index - This contains the file designation,

the file size cr number of data points (including near-

and far-field limits), L/D of the bearing, and the load

scaling factor which is presently defaulted as 1.125.

2. Array of Working Parameters - This is stored as groups of

seven floating point numbers, each occupying a field of

eleven spaces.

3. Retrieval Data of Each of Thirteen Data Variables - The

thirteen variables appear in the following order: eccentricity

ratio, attitude angle, friction, required flow, lost l±ow,

K . .K ,B ,K , B , K ,andBi xx' Bxx Kx y B xy K yx ' Byx' Kyy, YY

The retrieval data of each variable consists of numbers which

are also 9tored in succession in groups of seven floating point

numbers each occupying a field of eleven spaces. They are

stored without interruption for each variable and include:

tLear-field exponent sl' far-field exponent s2, near-field

constant a0, far-field constant b, then for each data interval

a set of spline coefficients for each of the data intervals

corresponding to the array of working parameters (the comparison

function and its three derivatives with respect to the working

!t

30

ii



parameter), and the comparison function 
for the far-field

limit which should always be unity.

Table 2 shows the contents of a 
typical retrieval file. Table 3 is a printout

of the contents with appropriate 
headings. The load is computed from the

working parameter (TAU) according 
to Eq. (62) described in the next section.

A complete listing of all retrieval files of the present data bank is given

in Appendix D. U

=U
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TABLE 2

RETRIEVAL FILE HO 1L3-05-1
FILE SIZE = 17 TYPICAL RETRIEVAL FILE

L/D 0.5000
ALFA = 1.1250

0.0000D-01 3.57680-02 5.8456D-02 8.01380-02 1.27180-01 2 07210-01 2.86020-01
4.46230-01 5.74270-01 6.5943D-01 7.60510-01 8.16620-01 8.45780-01 8.75800-01
9.06400-01 9.37390-01 1.0000D 00
1.0000D 00 0.00000-01 1.00010 00 1.0000D 00 1.00000 00-1 65020 00 .O000D-011.90030 02 9.4249-01-1.52360 00 7.08300 00-1.32930 02 9.09480-01-1.39710 00

4.06710 00-6.64480 01 8.80030-01-1.3245D 00 2.6264D 00 1 2060D 01 8 20850-01
-1.1876D 00 3.19370 00 1.3868D-02 7.36020-01-9.31970-01 3.19480 00-1 7265D 00
6.7236D-01-6.85570-01 3.05870 00-3.44650 00 5.99420-01-2.39770-01 2.50660 00
6.8959D-01 5.89500-01 8.68330-02 2.59490 00 5.2071D 00 6.0G850-01 3.26710-01
3.03830 00 1.0659D 01 6.5722D-01 6.88260-01 4.11570 00 2 43960 01 7 03030-01
9.5757D-01 5.48450 00 2.60150 01 7.33400-01 1.12860 00 6.24320 00 3.49710 01
7.70260-01 1.33180 00 ?.2931D 00 6.28690 01 8.14710-01 1 58430 00 9.21650 00
3.48830 01 8.68410-01 1.88670 00 1.02980 01-1.64460 02 1.0000D 00
0.OOOOD-01-5.00000-01 9.0000D 01 1.00070 02 1.0000D 00-2.26980 00 0.00000-01
5.04120 02 9.22660-01-1.94730 00 1.80310 01-4.90540 02 8.82160-01-1.66450 00
6.90200 00 4.23780 01 8.47770-01-1.50490 00 7.82080 00-4.8412D 01 7 84790-01

-1.19050 00 5.5436D 00-2.10330 01 7.05460-01-8.14220-01 3 86010 00-1 51820 01
6.5205D-01-5.57170-01 2.66380 00-6.86340 00 5.92270-01-2.18490-01 1 56420 00
9.32160-01 5.77440-01-1.0573D-02 1.68350 00 4.18080 00 5 83070-01 1 4?960-01
2.0396D 00 1.5?150 01 6 11150-01 4.34400-01 3.6280D 00 4 40050 01 6 42330-01
7.07200-01 6.09690 00 5.9916D 01 6.66000-01 9.10500-01 7.8443D 00 1.35400 02
6.97480-01 1.20700 00 1.19090 01 1.66820 02 7.40780-01 1.64940 00 1.7013D 01 I
5.48400 02 8.02780-01 2.44000 00 3.4008C 01-5.43150 02 1.0000O0 00
0.00000-01 5.0000-O1 1.64630 01 1.73060 01 1.00000 00 1 26030 00 0 O000D-01

-3.12070 02 1.04270 00 1.06070 00-1.11620 C1 3.52550 02 1 06460 O0 8 98190-01
-3.16360 00-1.95380 01 1.09330 00 8.25000-01-3.58720 00 2.16390 01 1 1185D 00
6.80200-01-2.56940 00 7.02050 00 1.16530 00 4.97040-01-2 00750 00 5.12240 00 0
1.19870 00 3.54750-01-1.60380 00-9.99000-01 1 23420 00 8 49810-02-1 76390 00 .

-9.96380-01 1.23030 00-1.49040-01-1.89140 00-3.77060 00 1 21040 00-3 23790-01
-2.21260 00-6.97000 00 1.1651D 00-5.83040-01-2.91710 00 5.66790 00 1.12800 00
-7.37?80-01-2.5991D 00 4.70460 01 1.10560 00-7.93580-01-1 22700 00-9 1263D O
1.08080 00-8.71550-01-3.96700 00 4.54280 02 1.05440 00-7 80320-01 9.93080 00

-2.43520 02 1.03380 00-5.89500-01 2.38390 00-3.80740 01 1 000D 00
O.0000D-O 0.00000-01 4.71330 00 4.07110 00 1.000D 00 7 7286D-02 O.000D-O

-2.95110 01 1.00250 00 5.84090-02-1.05550 00 1.05400 01 1 00360 00 3.7173D-02 -
-8.16400-01 2.64340 01 1.00430 00 2.56860-02-2.4323D-01-2 22450 00 1.00520 00

- 1.17830-02-3.4787D-01 2.51140 00 1.0052D 00-8.01560-03-1.46870-01 2 75070 00
1.00440 00-1 10490-02 6.98980-02-2 53570-01 1 00330 00-3 10420-03 2 9274D-02
4.73360-0J 1.00330 00 4.5244D-03 8 38840-02-9.1681D-01 I 0039D 00 8.8545D-03
1.18040-02 3 96650-01 1.00500 00 1.2023D-02 5.08860-02 3 54350-01 1 00570 00
1.54350-02 7. ) G60-02-2.06760 01 1.00610 00 8.70610-03-5 32240-01 1 72940 01
1.00620 00 5.20800-04-1.30250-02-3.9162D 01 1 00600 00-1 82040-02-1 21110 00
2.4203D 00 1.0049D 00-5.45740-02-1.13610 00 1 81450 01 1 O000D 00
1.00000 00 0.00000-01 1,49020 00 1.61700 00 1 00000 00-1 54800 00 0 O000D-O!
1.27530 02 9.45600-01-1.4665D 00 4.56160 00-1 .18670 02 9.13270-01-1 "935 00
1.86910 00 7.36180 01 8.83620-01-1.33570 00 3 46530 00-1 62030 01 8.24350-01

-1.19060 00 2.7032D 00 7.55660 00 7.38360-01-9 5004D-01 3 3080D 00-4.6520 00
6.73390-01-7.03810-01 2.94130 00-2 41670 00 5.96720-01-2 67E01-01 2 55410 00
7.02200-01 5 84150-01 6.91960-02 2.64410 00 4 60070 00 6 O0ID-01 3 1106D-01
3.03590 00 1.13620 01 6.49010-01 6 75960-01 4 18430 00 3 12110 01 6 9444D-01
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Table 2 - Typical Retrieval File (continued)

Al 9.59840-01 5.93540 00-7.64980 00 7.24930-01 1.1291 ,. 5 7123D 00 5.44380 01
7.6166D-01 1.32570 00 ?.34670 00 1.22550 01 8.05?. )l 1 55620 00 7.72160 80
2.62600 02 8.58960-01 1.9216D 00 1.58600 01-2.533r' I 0000 00
1 O000D 00 2.50000 00-5.5102D-01 9.01730-01-l.00"" 2.43230 00 0.0000-01
7.14870 02-9.0?550-01 2.8896D 00 2.55690 01-9.14z u-8.37190-01 3.23440 0
4.82830 00 5.04370 02-7.65070-01 3.45760 00 l.57.' 01-2.28060 02-5.88930-01
3.9469D 00 5.0357D 00-2.74540 00-2.57170-01 4.?4D 00 4.81600 00-2.0724D 02
8.30000-02 4.0?700 00-1.15170 01 5.96330 01 6.. 250-01 2.99?20 00-1.9630D 00

-1.10460 02 9.58280-01 1.84040 00-1.61060 01 1.0971D 02 1 06?90 00 8.66620-01
-6.7639D 00-6.0643D 00 1.11990 00 1.51940-01-7.3?690 00-4.48830-01 1.1!680 GO
-2.62680-01-7.4020D 00 4.8558D 02 1.10800 00-2.7207D-01 6 7576D 00-6.38130 02
1.10000 00-3.56750-01-1.23990 01 3.60490 02 1 08500 00-5 67380-01-1.36780 00

-3.5481D 02 1.06500 00-7.80150-01-1.2363D 01 1.9747D 02 1 O000 00
0.0000D-01 1.50000 00 2.0058D 00 1.4450D 01 1.0000D 00-1 8609D 00 0.00000-01

-9.68800 02 9.26050-01-2.48060 00-3.46520 01 2.28070 03 8 65290-01-2.6798D0 00
1,70920 01-1.90400 02 8.10880-01-2.35400 00 1.29640 01 2 14400 01 7.14860-01

-1.7204D 00 1-39730 01-7.14280 01 6.1582D-01-8.30910-01 8 25640 00-7.3256D 01
5.70000-01-4.07720-01 2.4831D 00-1.16670 01 5.28550-01-1 59640-01 6. 13880-01
1.07130 01 5.16890-01 6.77800-03 1.98550 00-1.78470 01 5.22830-01 1.11150-01
4.65710-01 3.75050 01 5.4290D-01 3.49820-01 4.25670 00-4 05850 00 5.69110-01

5.8228D-01 4.02900 00 5.26980 02 5.89980-01 9.23810-01 1 93960 01 1.21420 02
6,2700D-01 1.56080 00 2.30410 01 3.04260 02 6.87000-01 2.40830 00 3.2351D 01

-4.36860 02 7.75000-01 3.20110 00 1.98130 01-3.00470 02 1 000O0 00
0 00000-01 2.O000D 00 1.00280 00 2.43360 00 1,0000D 00 2 5245D-01 0.00000-91
6.9107D 02 1.01430 00 6.9450D-01 2.4718D 01-3.6921D 02 1 0357D 00 1.16030 00
1.63410 01-1.16740 02 1.06450 00 1 48720 00 1.3810D 01-1 4059) 02 1 14730 00
1.9813D 00 7.19640 00-1.65110 02 1.31480 00 2.02840 00-6-0173D 00-7.03340 00
1.4554D 00 1.53240 00-6.57160 00-2.44570 01 1 59980 00 1_65640-01-1.04900 01
3 99550 01 1.54900 00-8.49970-01-5.37410 00 1.6620D 00 1 4573D 00-1 30160 00

-5.2326D 00 5.45990 01 1.30840 00-1.5516D 00 2.8626D-01-3 70390 01 1.22070 00
-1.5938D 00-1.79200 00 8,18510 01 1 17380 00-1.61130 00 5-94790-01 2.88990 02
1-12700 00-1.46320 00 9.27040 00-1.18460 02 1.08600 00-1.23500 00 5.64550 91-
1 13280 02 1,05100 00-1.00570 00 9.15610 00-1 4624D 02 1 00000 0
1 00000 00 1.50000 00 5.09600 00 4 3765D 00 1.0000D 00 5 0622D-01 0 0000-31
2 48280 02 1.02000 00 6.65040-01 8.88040 00-6.031iD 02 1 03620 00 7 11290-01

-4.80300 JO 2.98320 02 1.0510D 00 6.77270-01 1 6652D 00-4 6267D 01 1 0839D 00
..04410-01-5.11290-01-2.15010 01 1.1368D 00 5.94640-01-2.232000 3.2866D 00
1.17700 00 4.28940-01-1.97300 00-5.98100 00 1.2163 00 3 60820-02-2.93120 00
6 0249D 00 1.19900 00-2.89850-01-2.13990 00 2.24920 01 1 16880 00-3.92220-01

-2.44400-01 5.46480-01 1.12800 00-4 14130-01-1 .89160-01-2 93900 01 1.1036D 00
-4.71010-01-1.83820 00 1.00710 02 1.08950 00-4.8179D-01 1 0986D 00-3.39660 C2
I 07400 00-6.01870-01-9.09800 00 5.6050D 02 1.0540D 00-6 17850-01 8 05330 00

-3 46?40 02 1.03700 00-5 34780-01-2.6920D 00 4 29970 01 1 0000 0 0
0 00000-01 2 50000 00-2 27990 00 2 2460D-01-1 000D 00 8 05130-01 0.000D-01

-3 2357D 02-9 73670-01 5 98150-01-1.15730 01-1 70630 02-9 63410-01 2.91660--01
-1 5445D 01 1.42840 03-9.58290-01 2 92540-01 1 .55260 01-6 0409D 02-9. 3787V-01

3 54510-01-1 28920 01 2 33080 02-9 3083D-01 6 92310-02 5 76220 00-1,0444D 02
-9 1600D-01 1 99000-01-2.46890 00 9 52820 01-8.50500-01 1 02630 00 1.27960 01
-2 46580 01-6.2283D-01 2.4626D 00 9 63910 00 2.2912D 02-3 54580-01 4.11430 00
2.91510 01-8.58090 01 1.95440-01 6.62250 00 2.047?0 01 1 08610 02 6.02460-01
7.94240 00 2.65720 01-7.57380 03 8 14060-01 5.49720 00-I 94280 02 5 20190 03
9.15000-01 2.00890 00-3.81190 01 2.8757D 02 9.60000-01 9 7712D-01-2 93190 01
7 6561D 02 9.80000D-01 4.36160-01-5 59290 00 8 93290 01 1 O000D 00
1.0000D 00 1.50000 00 5.09600 00 4 3765D 00 1.0000D 00 5 06220-01 0 O000D-01
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Table 2 Typical Retrieval File (continued)

2.48280 02 1.0200D 00 6.65040-01 8.88040 00-6.03110 02 1 03620 00 7 1129[-01
-4.80300 00 2.98320 02 1 .0510D 00 6 7727t,-01 I 66520 00-4 626;D 01 1 0839D 00
7.04410-01-5.11290-01-2.SO10 01 1 13680 00 5 94640-01-2 2320D 00 3 2866r 00
1.17700 00 4.28940-01-1 .97300 00-5 98100 00 1.21630 00 3 60820-02-2 9312b 90
6.0249D 00 1. 19900 00-2 .89850-01-2 1598D 00 2.2492P 01 16880 00-3 92221-01 1

-2.44400-01 5.46480-01 1.12800 00-4.14130-01-1 89160-01-2 93900 01 1 :0360 00
-4.71010-01-1.83820 00 ) .00710 02 1.08950 00-4 81790-01 I 09860 00-3 3966, 02

1.0740D 00-6.0187D-01-9.0980D 00 5 60500 02 1 0540D 00-6 1785D-01 8 3533D 00
-3.46740 02 1.0370D 00-5.34780D-01-2 69200 00 4 29970 01 1 00000 00
1.00000 00 1.50000 00 4.72030 00 3.40070 00 1 000D 00 5 96250-01 0 0000,-0
1.14530 02 1.02220 00 6 69510-01 4 09650 00-7 93320 02 1 03690 00 5 58270-01

-1.39020 01 7.43670 02 1.04700 00 4 31640-01 2 22200 00-1 30490 02 1 06,,5[- 0
3.91?90-01-3.91650 00 2.91140 01 1.08880 00 1.71590-01-1 5865[, 00 7 40080 00 I
1.0980D 00 6.95440-02-1.00320 00-6-22590 00 1 09200 00-1 71080-01-2.00070 00
1.71630 01 1.05970 00-2.86550-01 1.96950-01-2.53690 01 1 0334t, 00-3 6177[--Ol

-1.96350 00-4.65670 00 9.86000-01-5 84030-01-2.4342D 00 1 20630 02 9 5295V-01
-5 30720-01 4.33450 00 2.0153D 02 940150-01-3,1864D-01 1 02110 01-2 62950 02
9.34000-01-1.30580-01 2.31740 00 4,00150 02 9 3300D-01 1 27670-01 1 45620 O1
1.02650 01 9.44000-01 5.83880-01 148800 01-2 37660 02 1 O000D 00
0.00000-01 1.0000D 00 4.51430 00 7 02810 00 L 0000 00-2 73140 00 0 00000-01
6.69600 02 9.07410-01-2.30310 00 2 39500 01-4 63420 02 8 60420-01-1 87900 00
1.34360 01-1.52250 02 8.22580-01-1i 6234D 00 1.01350 01-1 99080 01 7 57080-01

-1 16870 00 9.19870 00-7.03460 01 6 87000-01-6 57770-01 3 56900 00-8 14820 00
6.45580-01-4.01800-01 2.92680 00-9 87610 00 6 12000-01-5 96460-02 1 34450 00

-4.3".850 00 6.1387-01 7 70290-02 7.90330-01-9.47810 CO 6 2232D-01 1 09960-01
-1 6820D-02 4.73530 01 6.41500-01 3 5017D-01 ,t 76960 CO-i 07450 01 6 68340-01
6.0088D-01 4.16670 00 3.52520 02 6-8909D-01 8 7226D-01 1 44860 01-3 95810 02
7.20000-01 1.12760 00 2 5641D 00-3.56950 02 7.540O0-01 1 03890 00-8 35840 00
2.38230 03 7.94000-01 1.92390 00 6-5469D 01-1 04570 03 I O000D 00

3
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SECTION IV

FOUNDATIONS OF THE STORAGE RETRIEVAL METHOD

4.1 Choice of the Operating Parameter

The state of static equilibrium of a fluid film journal bearing may be

specified either in terms of a static load vector or a static displacement

vector. Traditionally, the bearing designer tends to work with the dis-

placement vector not only because the eccentricity ratio is an easy to use

design parameter in bearing analysis but also because the bearing designer is

concerned with the minimum film thickness which is directly related to the

eccentricity ratio. A rotor dynamicist, on the other hand, starts with a

known bearing design. Furthermore, the static load condition is usually

known. Therefore; the load parameter, as readily computed according to

Eq. (2), is the natural choice to define the data point in the table.

The complete range of the load parameter should span from zero to infinity.

OCliously it is not possible to treat unbounded numbers in a data table.

A-- a practical matteir, some arbitrary cutoff point is accepted when a table

is being prepared. At the time of data retrieval, if the requested

data point should lie outside the available data range, a judicial extrapo-

lation procedure must be used. The most commonly used extrapolation pro-
cedure is the power l-w, which amounts to a straight line extension of a

log-log plot. The desired retrieval method requires the inclusion of such

an extrapolation procedure which also retains overall smoothness within the

data range.

The graphical extrapolation process can be emulated by a computer program.

The power law extrapolation for an infinitesimal load can be expressed as

The new rotor dynamics software [9] has a feature to calculat-c the load
vector of each bearing.
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Z QW for W<<l (48)

Its log differential form is

dZ _ d.
1 W

Or,

di for 9<i(49)
dwZ

With the differentials replaced by finite differences and (C, Z ) 

approximated by average values, Eq. (49) can be used to calculate s1 from

two data points corresponding to the smallest values of W in the data

- table.

W Similarly, the pr--er law extrapolation for the load parameter tending to

infinity is

Z bW for W>>l (50)

-- Or,

~dZ W t

s) for W>>l (51)
-- -IdW d

s2 can thus be calculated with the two data points which represent the

_ largest values of W in the data table.

The valu s of s1 and s2 as computed numerically can have either sign and

certainly may not always be integers. A illustrated in the -.-film
2 -1/2

short bearing analysis, the factor (1-c ) shows up prominently in

various coefficients. Therefore, the values of sI and z2 are rounded

off to the nearest half-integer.
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Upon fixing sI and s the near-field and far-field data behavior can be

more accurately represented by

ur- s - 2
- = a + alW + a2W} (52)

S 1  
-1 -2

Aim Ws {b + b + b2W (53)

and the coefficients a and b , respectively, can be determined numerically0 0
from three consecutive data points in each end of the data table. The other

coefficients (, a2, b b2) are not explicitly required to define the

extreme field asymptotes which are

lim - -m2 (5
a aW ; Z bW(54)

4.2 Full Range Interpolation

An important requirement for a foolproof full range interpolatLon procedure

is to conform to the asymptotic properties uniformly in both the near field

and in the far field. This very stringent requirement is satisfied by

comparing the data point with a reference function Z which has the

following properties:

(2) lim = 1 (55)

W40 Z

0

(2) lim_ =i(6

(3) Z (O<W<-)>O and is bounded. (57)
0
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Many simple functions can be concocted to satisfy these conditions for a

specific combination of s1 and s2 After some experimentation, the referenceIt--  function is chosen to have one of three forms depending on the relative

values of sI and s

(a) sI > s then

a b ' ( + W)
Z 0 (58a)
0 s+

lao1W + lb IW"

(b) s2 ls s then

5 s+l
jbj 2= Iao Ib o+l -a 1W + lb 1

(58k): Z0
I + I-

~~(c) s2  i. sI ntue

_ sI  s2  i

Z - 0[ +- a0 (58c)

The interpolation operation is then to be performed on the comparison function,

which is simply the ratio between the data point and the rei rence function at

i- the same value of the load parameter; i.e.

Z i (') = Z(W)/Zo(W) (59)

The near-field and far-field values of the comparison function are simply

SZ(W 0) sg{ao; Z (W-) * = sg{b (60)0 c 0

Z is bounded for all values of W. Since Z is everywhere smooth, smooth-
c 0
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I ness, or the lack of it, in the data would be directly reflected by the

comparison function. Because Z has a limited range, its maximum magnitude
c

is usually near unity; its smoothness can be readily verified. Examination

of Z is thus a very effective way to discover inaccuracy in the data table. A
c

Furthe discussion of this question will be pursued in Section 4.4.

Obtaining a Z (W) at discrete points of W, interpolation can still be prob-
c

lematic if the desired value of W exceeds the largest data po.ac. This diffi-

culty is overcome by mapping the semi-infinite range of the load parameter

into a finite domain of a working parameter. To assure one-to-one transfor-

mation between the load parameter and the working parameter, a monotonic dif-

ferential relationship is desired. The selected transformation is

T tan-' (61)T - (W) (61)

The inverse transformation is

W tan(I T) (62)2- 
P

Differentiation of Eq. (61) yields

d_= (2/r) (63)

W 1 + (w) 2

which is always positive and bounded. One may again note the near-

field and far-field asymptotes of Eq. (61) 1
lim 2 - m = 1 (64)

These simple relationships allow one to examine the data points in all

ranges of W.
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With the ai( of Eq. (62), the comparison function can now be described in the

domain 0 1. Z (T) is in fact assured to be bounded and smooth. Es-

tablished numerical interpolation schemes can be readily implemented on it.
The selected approach is the third order spline function [91, which

represents Z (T <1 i ) as
c i i +

Ze = Z (Ti) + ai(t - Ti ) + 1 bi(T - 2 1 3
c c 1 1 2 1 6 )

i spans 1 to N if the full range is divided into N intervals (which may not

be uniform). There is some flexibility in the choice of the coefficients at

each of the end points where one free condition can be specified. The

common convention is to let the outboard second derivative vanish at each

end; i.e.

b =0; and b+( -TN)c = 0
1N N+1 N N

Sometimes, if justified by other arguments, one can elect to null the first

derivative either end; i.e.,

a, = 0; or aN + () - N)b - =0
N+l NN2 N+1

4.3 Correction for L/D Variation

The length to diameter ratio is a major configuration parameter in the design

-of a fluid film bearing. Typically, in industrial practice, it is "n the

range of 0.4 - 0.75; occasionally it may be less than 0.25. Unfortunately,

there is no standardization of its value. If the data bank we-e to include

a range of L/D, its total storage requirement would be very large indeed.

It is, therefore, useful to develop an approach to correct any deviation in

the value of (L/D) from that of an available data table.

The short bearing analysis described in Appendix B contains a scaling law

which is applicable to the dimensionless load as well as the dimensionless

dynamic coefficients:
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1 ; Ketc.; xx etc. (66)

For the plain journal bearing, Lund [12] showed that this scaling yields

reasonable results even for L/D = 1.0 for modest eccentricity ratios (up to

about 0.3). It is also clear that such a scaling law would become increasingly

unsatisfactory as L/D becomes very large since all such coefficients remain

finite for an infinitely long bearing. To improve the situation one re-

quires the scaling factor to assume a finite asymptote as L/D ' and that

a load level dependence be suitably included. A scaling factor which possesses

these two properties can be derived by comparing the "half Sommerfeld" solu-

tion with the short bearing solution. The "half Sommerfeld" solution is

described in Appendix C.

Suppose the scaling factor is defined as

Z WI/W.,(67)

sh

W is the dimensionless load of any L/D and

- lim W (61)
Wsh L/D+0 (LID) 2

The requirements indicated previously are satisfied if Z is to be dependent

on both L/D and W. Thus

E E (L/D, W);

andt

lim = 2
L/D+0"

limlim = <cc (69)
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V= An empirical formula which is consistent with these conditions is

3 [ tanh(aL/D) (70)
2 a(L/D)

It is seen that

lim 3
2 =(71)
2

One can compute, with the aid of Ws and Wi derived in Appendices B and C,

sh

W W

2+e_) 1- {1- (4/IT) }E2
2 22 (72)

2(- 2 ) 1- ti- (2/r) 2

c, in turn can be regarded as a function of W. Since Eq. (70) is intended

to exclude the effect of L/D, Eq. (72) can be construed to define the load

scaling factor

a(W) a((W W)) (73)

as shown in Fig. 5. It is seen that for a wide range of the load parameter,

W, a is hardly distinguishable from unity. Consequently, the value of

a= 1.125 (at W 10.0) should be quite satisfactory; thus

- tanh (1.125 L/D)1

s 23704 -tn( L/) (74)
-- ~ 1.125 (L/D)

W~sh

which would be used to scale the load parameter as well as the dimensionless

dynamic coefficients.
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For instance, if a data table for L/D 0.5 is available, then

(E)table 0.22195

If the design under consideration is 
for L/D 1.0, i.e.,

M design 0.66518

the effective load 
for the available 

table should be

0.22195 - = 0.3367 (

(W)table 0.66518 design design

V which would be used to interpolate 
in the data table to obtain

(K etc.; B, etc.)table

Finally,

(K etc; B , etc.)design

0.*6658 (K etc.; B etc.)

0.22195 xx xx table

= 2.9970 ( etc.; B etc.)table

In this manner, a data table of 
a particular value of L/D can be 

reasonably

used for designs of somewhat different 
L/D. This scaling procedure should

not be used if there is significant 
preloading.

4.4 Data Smoothingy

The full range interpolation procedure 
is sensitive to the presence of

inaccurate data points. Numerically computed data points can 
be inaccurate

for a variety of reasons; the most common ones are:

_--Row- 
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faulty algorithm

improper mesh (or function) setup, and

inadequate convergence control

Unfortunately, such inaccuracies often show up even with "proven" softwares

as run by an "experienced" user. Because the full range interpolation pro-

cedure is sensitive to inaccuracies in the data table, it can be used as the

tool to uncover bad data points which should be adjusted.

Upon compiling a retrieval table, the comparison function and its spline

interpolation coefficients (first, second, and third derivatives with

respect to the working parameter) in each data interval are printed out.

Lack of smoothness can be recognized at a glance by inspection of the sign

of the first derivative. An isolated change of sign or a succession of

sign reversals prominently mark the presence of bad data points.

Very often the inaccuracy associated with each data point is quite modest. Z

But the error may be of alternate signs for a group of such data points in

close range. In this case, the table is readily "fixed" by omitting some

of the origi al data points. In some other instances, neighboring groups I
of data points depict an abrupt change. This is most likely caused by the

necessity of employing a different input setup to obtain the data points

of the two groups. It is then necessary to adjust one or more data polats I

to permit smooth interpolation over the full range.

Fig. 6(a) shows an example of how "ripples" would be generated by the full

range interpolation procedure. In this particular case, a number of data

points of questionable accuracy were contained in the original data table A

as furnished [31 . "Data clutter" in a range of moderately high load

-: level is probably due to loss of accuracy associate.. with the use of

finite difference operation on "trajectory" points to compute the impedance
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coefficients. Removal of "data clutter" by omitting six of the original

seventeen data points permits smootn graphing by interpolation as 
shown

in Fig. 6(b).

A thorough screening of each data table was performed. Adjustments and/or

omissions are made where necessary. Therefore, the retrieval files as

listed in Appendix D no longer correspond fully to the original data tables.

N

I I

7

FA
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APPENDIX A

SAMPLE RUNS

The data retrieval software is designed primarily to prepare dynamic data

of fluid film bearings for use as part of the input for running the Rotor

System Vibrations Program (RSVP) [9]. in addition to extracting the necessary

information from a stored data table, at user's command, it performs the sup-

plementary functions of

shifting the direction of load vector,

- • adjusting the data for any deviation of L/D from that of

the data table, and

incorporation of foundation compliance with allowance for inertia

and dissipation effects.

It may also be used simply to prepare a listing of the data table in either the

dimensional or the dimensionless form in a load range specified by the user. _

The software is coded in FORTRAN and is written in the interactive mode. It can

thus be run on any computer system which provides the FORTRA*, option and can be

commanded from an interactive terminal. The bank of data tables may be located

on either tape or disk type mass storage device. Thirty-one data tables are

listed in Appendix D. The user may install additional data tables according

to the procedure described in Section IV. The format of the data table is

described in Section 3.4. The source listing of the software is given in

Appendix E.

Several sample runs are shown on the following pages. Each sample includes:

" a record of the interactive session with the prompting messages

enclosed in boxes;

. a complete output of bearing data for the applicable operating

condition(s), including file identification, static characteristics,

- table of dynamic characteristics, effective stiffness!dmping

representation with descriptive headings; and 4
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as required, a listing of the data lines suitable for incorporation

into the input setup for running the Rotor System Vibration Program.

The last listing can be punched out i-uto data cards.

Brief descriptions of these sample runs with commentary an notable features are

given below:

Sample 1 Synchronous Data with Anisotropic Foundation Compliance
in Two Speed Groups, L/D Adjustment Accepted, Inclined Load

L/D of specified bearing (0.6667) is different from that of

data table (0.50).

Load vector of bearing is inclined to the vertical direction by

30 degrees.

Foundation data includes inertia (weight) stiffness, and damp-

ing coefficients; the latter have distinct values in vertical

and horizontal planes.

U
Sample 2 Synchronous Data with Rigid Foundation in Two Speed Groups,

No LID Adjustment

Same bearing as Sample I, but L/D adjustment is

suppressed. Load direction coincides with vertical direction.

Same speed points in two groups as Sample I.

Synchronous Data with Rigid Foundation in Two Spe d Grouvs.

LID Adjustment Accepted

By comparison with Sample ii, this sample shows the effect ot

LID adjustment. __

±- 5



IF,

Sample 4 Synchronous Data with Rigid Foundation in Three Speed Groups,
L/D Adjustment Accepted, Inclined Load.

By comparison with Sample III, this sample shows that the

dynamic coefficients vary with the load direction, but the

static characteristics as well as the stiffness/damping

representation are independent of the load direction.

This run also shows the capability of generating data for a third

speed group.

Sample 5 Asynchronous Datc with Rigid Foundation, Two Frequency
Groups at the Same Speed, L/D Matched with Data Table

A single data line of dynamic characteristics is shown for each

frequency group because such data for the bearing on rigid

foundation is independent of frequency. 1

Sample 6 Asynchronous Data with sotropic Foundation Compliance AN

Foundation has an isotropic elastic compliance, (reciprocal

of stiffness) but no inertia and damping effects. The overall

dynamic coefficients become frequency dependent and are thus

generated at each frequency.

I -
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SAM4PLE 1

RECORD OF INTERACTIVE SESSION

[TE HR 7A~ TiAR1,1 HM ]PA-OS-1

FHTFR fllT II F 14M : ITP11T

SELECT: (1> PREPARE 59TA FOR RSVP INFT4P
(2) DIMENSIONA~L TAB8LE

V.)LiMEN1l UNLESS TABLE

ShLLLC (1) SYNtH t-XLU, UK
k.2) 9SYNCH 1-RELY?7

E141ER 13LAKItiU Lh ti t IH ( INI

ENTER UERFING. UIANIER ( IN

I .d i 5.

40.0

750. U__
E NTE R 8EARING C1JElS FILL -T 7 1RSVP

SELCT (1 US EFUT5000

(2) A-DJUST DATA F OR L, D 4 0.1. 667

SEEC: i)LOAD VECTOR IN VEK i I'.L FLAF' R

SELCT (2) INCLINED LOAD VECTOR?

30.03

ELECT: I) PIGIL, iUUNEYHI ION
(2 ) ISOTPOPI C FOUNDATI ON COM'PL IAN. O'RIjI(1) A1ISOTR- ,IC FOUNfDATION OPANE

(2) ANGULAR BEARING?4 ~ ~ETER PEDESTAL WEILGHt(~)J:

2 55+04
E TR PEDESIPL Sf lFFNE-', IN HiURe I UNIRL rLSHE4

(LB/IN4) FOR RADIAL B~rG, OR - 114-LB/PAC! FOR W P -
t . GD +04

ENE EL5 I AL VAMI-~NG IN VEF II UAL ?'LPH."

(LB-oEC/H) FOR RAD 8RG, OR ( IN-LB-SEC/RAD ) FOR ANG BP6

59 (Page 1 of 2)



Sample 1 -Record of Interactive Session (continued)

( L8-SEC/IHN) FOP. RAD BRG, OR ( IN-LB-SEC/RiD ) FOP 01r SP1

ETER LOLI1ESI SPEED (RPM')
60010.0
E HTER HIG~HEST SPEED (RPM)

ETE HUJMBER. OF SPEED POINTS (NOT M'ORE THAN 1)

SELEC (I)ANOTHER SPEED GROUPI~~~ SEEC (2UIT

N i i, OMT PEE kR

ENuu .0 GET PE P
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SAMPLE 2

RECORD OF INTERACTIVE SESSION

-ENTER DATA TABLE NAME: IPJ-05-1
-ENTER OUTPUT FILE NAME: OUTPUT

SELECT: (1> PREPARE DATA FOR RSVP INPUT
(2) DIMENSIONAL TABLE
(3) DIMENSIONLESS TABLE
(4) QUIT

SELECT: (1) SYNCH FREQ, OR
(2) ASYNCH FREQ?

ENTER BEARING LENGTH (IN) I

-~ 1.0
EINER BEARING DIAMETER (IN)-
1 .5
ENTER BEARING CLEARANCE (IN)l
0.001
ENTER VISCOSITY (CENTI-POISE)
40.0
-ENTER BEARING LOAD (LBS)
750.0
ENTER BEARING COEFS FILE NAME:I RSVP
SELECT: (1) USE DEFAULT L/D = P05000(2) ADJUST DATA FOR L/D =1 0.6667

II

(<2) INCLINED LOAD VECTOR?

I

.SELECT: (1) RIGID FOUNDATION

: (2) ISOTROPIC FOUNDATION COM4PLIANCE, OR
(3) ANISOTROPIC FOUNDATION COMPLIANCE?

IENTER LOWEST SPEED (RPM)

6000.0
IENTER HIGHEST SPEED (RPM) I
9000.0
ENTER NUMBER OF SPEED POINTS (NOT MORE THkh 11)1

(Page 1 of 2)
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Sample 2 -Record of Interactive Session (continued)

SEET(1) ANOTHER SPEEDRUP

SE U-(2) QUIT UP

rElitER LOI*EST SPEED (RPM)l

ENTER HIGHESTSPE(RM

12000.0
EINTER NUMiBER OF SPEED POINTS (NGT MORE THAN 11)l
11 I

SELECTTHE SPEED GROP
SEEC -(2) QUIT UP

(Pg2 f2
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SAMPLE 3

RECORD OF INTER.CTIVE SESSION

ENTER DATA TABLE NAME: PJ-05-I
ENTER OUTPUT FILE NAME: OUTPUT

SELECT: (I) PREPARE DATA FOR RSVP IKPUT
(2) DIMENSIONAL TABLE m
(3) DIMfENSIONLESS TABLE

SEECT T I" SYNCH FREQ, OR
(Y SYNCH FREO?

EI4TER BEARING LENGTH (I4)

FE!TER BEARING DIAMETER (IN)-I

EEI TER BEARING CLEARANCE (IN)j
001i

[ENTER VISCOSITY (CENTI-POISE)i  '

E ENTER BEARING LOAD (LBS) I
SENTER BEARIN G COEFS FILE NAME:' RSVP]

SELECT: (1) USE DEFAULT L/D = 5090

(2) ADJUST DATA FOR L/D = 0.66672I
SSELE'CT: (1)' LOAD VECTOR IN VERTICAL PLANE, OF -

_ _ _ _)_INCLINED LOAD VECTOR? I
SELECT: fI) RIGID FOUNDATION

(2) ISOTROPIC FOUNDATION COMPLllHCE4C OpI (31, tIISOTROPIC FOUNDATION COMPLIANCE!

E|TER -. . EST SPEED (RP)

EN'TER FIGHEST SPEE (RPM)

ENTER HUMBER OF SPEED POINTS (NOT HORE T-!N 11)I
S1
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Sample 3 -Record of Interactiva Session (continued)

WEST SPEED (RPM)

SELECT (1) ANOTHER SPEEt RO P
SELET -(2) QUIT GOP

72 (Page 2 of 2)
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SAMPLE 4

F RECORD OF INTERACTIVE SESSION

ENTER DATA TABLE NAME: IPJ-05-1
ENTER OUTPUT FILE NAME, OUTPUT

SELECT: (1) PREPARE DATA FOR RSVP INPUT
- (2) DIMENSIONAL TABLE
- = (3) DIMENSIONLESS TABLE

SEET (1) SYN'CH FREG, OR
--.- (2) ASYNCH FREQ?

I
IENTER BEARING LENGTH (IN)
1.0

[ENTER BEARING DIAMETER (IN)
1.5

SENTER BEARING CLEARANCE (IN)
0.001
ENTER VISCOSITY (CENTI-POISE)
40.0

= ENTER BEARING LOAD (LBS>
750.0

I ENTER BEARING Cl3EFS FILE NAME:- IRSVP
SELECT: (1) USE DEFAULT L/D = .5000

(2) ADJUST DATA FOR L/ = 0.6667

SELECT: (1) LORD VECTOR IN VERTICAL PLANE, OR
(2) INCLINED LOAD VECTOR?

S2 -
ENTER LOAD INCLINATION ANGLE (DEG)?

30. 0

SELECT: (1) RIGID FOUNDATION
(2) ISOTROPIC FOUNDATION COMPLIAICE, OR
(3) ANISOTROPIC FOUNDATION COMPLIANCE?

I

SENTER LOWEST SPEED (RPM)
6030.0

JENTER HIGHEST SPEED ,RPM)]
9000.0

[ENTER NUMBER OF SPEED POINTS (NOT MlORE THAN 11,1'

SELECT - (1) ANOTHER SPEED GROUP

2) QUITI

LENTER LOWEST SPEED .RPII)I
9000.0

IENTER HIGHEST SPEED (RPH)I
12000 0

JENTER NUMBER OF SPEED POINTS kNOT MORE TriAN !ii

(Page 1 of 2)
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S~m~e -Recrd f nteractive Session (continued)

SELECT -(1) ANOTEUPE

()QUIT

ENTE LOESTSPED (RPM)

ENTE HiHES £DED (RPM)

EgTER t41J'EP OF SPEED POINTS (OT MORE TI4R 11)

5

THERSPEIDGROU

=SELEC H~u'
(2) QUI

M

(Page 2of 2)
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SAMPLE 5

ME RECORD OF INTERACIVE SESSION

ENTER D.ATA TABLE NAME: J-05-1
TENER OUTPUT FILE NAME: OUTPUT

SELECT: (1) PREPARE DATA FOR RSVP IHPUT I

(2) DIMENSIONAL TABLE
(3) DIMENSIONLESS TiBIE
'4) QUIT -

SELECT: (1) SYNCH FRED, ORI

(2' ) ASYIHCH FREO?1 ENTER NUMBER OF FREQ GROUPS?
2
JENTER BEARING LENGTH (IN)l
1 0

JENIER BEARING DIAMETER (IN)
2.0
JENTER BEARING CLEARANCE (IH)l
0.001
IENTER VISCOSITY (CENTI-POISE
40.0
JENTER BEARING LOAD (LBS)
800.0

IENTER BEARING COEFS FILE NAME: IRSVP

SELECT: (1) LOAD VECTOR IN VERTICAL PLANE. ORI
EC (2) INCLINED LOAD VECTOR?

SELECT: (1) RIGID FOUNDATION
t2) ISOTROPIC FOUNDATION COMPLIANCE, OR

(3) ANISGTROPIC FOUNDATION COMPLIANCE)

IEHTER LOWEST SPEED (RPM)i
75u02.0

!ENTER HIGHEST SPEED (RPM)
-500.0
IENTER NUMBER OF SPEED POINTS (HOT MORE THAN 11) I

ENT
ENTER FRED DATA (HZ) FOR FRED GROUP I AT 7.50000 03 RPMJ

LOUEST FRED?

25 0
HIGHEST FRED? Is o n _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

NUMBER OF FRED POINTS? 7

* ENTER FRE P DATA (HZ) FOR FRE D GROUP 2 AT 7=5000 03 R P'M I
LOUEST FREQ? F

100GES FEQ0,

LOYEST FPED" l-

HIGHEST rREO)

i NIUIIBER O1 3 REO :..T-

SELECT - I ) ANOTHER SPEED GROUPj
L (2) QUiT I
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SAMPLE 6

RECORD OF INTERACTIVE SESSION

-' ~ N 0 1NA F'pF TA pC 1. fP'

-4C2 DI1O~A ~

I. C j. R f

ElkE L 'Pt I .EiIGTH

EM Ek£F~ BEA.PI!I DIAMIETER ll,

Ep- ~E p iCc'L JT" CEPlT I -N3FOS
40.0

F~tTERE~E RrG LOA L3

fETTER 6Ej4QTHG COEFS F [P'E P A ME. P CSV

FELET 0D VE C C' I V EP TC PL v

SELECT;______ _ I IAILBERN.O
(2 ) ANJGULAR BEA~RING?

[TI4TER PEDESTAL W4EIGHIT LTI

EN4TER PEDESTAL STIFFNESS IHVR CLPL,411
(LB/ IN)f OR RADI AL ERG7 OP 1 *-LP'f FOP R i f F

(LB-SEC/IH? FOR RAO) ERG, TR I Iti- LB -S E CRAt
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i MSample 6 -Record of Interactive Session (continued)

IF E -

L C:~?' ' -4E F $2 P ~ J EP~ Q~?7

~$T

L"FiFIE- T F~rin

~IM. ER 0 F Pu L1T$

%LEC C T W~HE S'ED GROUP

ill T~ a T

ME1

Ell
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APPENDIX B

SHORT JOURNAL BEARING

The short bearing analysis of Dubois and Ccvirk [10] makes available explicit

analytical expressions for the dynamic perturbation coefficients of circular

and journal bearings valid for LID < 0.25. Although these results are not

precise enotigh for direct use at larger values of LID, they still yield valid

qualitative trends between the dynamic perturbation coefficients and static

erating condition. The essential elements of this important work are

summarized here.

Under the assumptions of an isoviscous lubricant and negligible misalign-

ment, the governing equation for the film pressure of a short circular arc

bearing is reduced to

2  23 , + h (B-l) =
2-)-h

3z 2 h 3-e a

The film thickness as illustrated in Fig. B-1, is given by the equation

h = CI-c cos (6-)} (B-2)

Separating static equilibrium and dynamic perturbation parts, one can write
U

= C +c; 6c = o + 6*; h h + 6h
0 0 0

h C{ - c Cos (6- (B-3)

6h -6c cos (0- o) - c 69 sin (0-c)0 0 0 .

Integration of Eq. (B-l) with respect to z twice, one finds I

2p 2 La(-)
S( =,  - t

Integrating over the full bearing length, one obtains
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Figure B-i Description of a Short Circular Arc Bearing
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2 a
pz 36 (- 2 -)h(B)

21

Substituting Eq. (B-3) into Eq. (B-5) and separate static equilibrium and

dynamic perturbation parts, one obtains

q q0 + Sq (B-6B0
si (O4,0) (B-7)

-o 2C [U - Ccos 0- 9,0"
00

6q 0 2 U) 1 + o f 3 )6C. (f2B-of48c)sy

(B-8)

+ (fi SE + f'-ir

sin(0e-ji )Cos (0-*i
f0 0

ff
33 si3±n

C1- Cos C04 )Vj.- C os (0-4,)
0 0 0

aprp 3t linits 0 and .5 That ist

00 *

01 0

Glblefcsaeotie yitgaigoe rjce ra hog

N-: 9prorit 1iis0ad hti



I aB(F F)
8ae

02

(uw-L R (f + c f Cos sin (e- o ) d

C3  1 o3 0 02C3  1

(B-li)

3(F , F@)

eo:i
0

82(IW 3R) IC f)

- CR (f2 - f {cos (e- o), sin (8- o );cd8 (B-12) -
- 2C3 1

a(F€ ,F¢)
r 2F

- --- \ 2 {cos (8-), sin (0- )Id8 (B-13)

c e1

a(FF) Fo

e
0

82

-- 1 f {cos (e- ), sin )Ide (B-14)

31 ( 0)d
qC

Closed form integrals are available:

sin(e-o) cos (84) de

-) {!- £ cos (8 o0 0

1-2 c cos (84)
0 0 (B-15) _2 - {i-1- Cos (O--t

0 0 0
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Sn(e- , dO

, 0 0

___ X sinX cosX (-6

2 (1-c2)/
0

where

v2 tan 1  tan (B-17)1

fcos (O~)de f sin (!p dO _

Cos (-i)(-S

0~ 0-

f2 Cos (6-t Cie

2 / 1
01c 0 0 L -

f sin (e-v' de

1 - 3/ {x - sinx cosxI (B-20)

f3 cos (e-* dO (B-2 1)I

_~~~ 0_9 _ _ _ _ _1-C Cs 0-1



fcos (ot)dO f3 sin (e-ip dO

-(1-E: 2 -5/2 3. (X-sinX cosX) + sin 3 X}(B-22)

31Cos (-p
0

f i 6- G 1-C Cos (0-qi 3 (B-23)
0 .

Consider now the full cylindrical journal bearing. Accepting the Giimbel

cavitation condition and the assumption of film initiation at the maximum

gap, then for the static equilibrium problem,

01 1+q) 6 (B-24)

Consequently,

3 c 3 irI)(ITR o PwL R 0
FR= ~ 2 2 ~ 23/2

C (1-C ) C 4(1-e
0 0

or________

2 02 2
- L2 co 1-c + (4-~ IT

W=r 029 3 tan ()
l-E: 0

0

(B-25)

represent the dimensionless static equilibriua operating parameters previously

defined in Section 2.
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Note that

W (ii)
jITC -*O D' o

F 0

e-~J2 20 1-
0

-- Thus

(r-) WW 0 a D

lim L (it o

lim - 2(-)
o DV~

respectively depict near-field and far-field asymptotic behaviors.

For the perturbation problems, 01 would remain unchanged but 02 would be

s hifted so the sum q + Sq vanishes. Therefore, 
f

82 020 +~2

(-_~-)6 60 2 + (6q) 0  =0
20 20

2 60O ' (B-26)
2 q0/e0 20

From Eqs. (B-8 and B-9), since at 8 = 26

~~2 0 Q 2

3
f (1-C) (B-27)
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6e is zero for perturbations with respect to 6e and 6* and needs to be
2

evaluated only for perturbations with respect to 6& and 6e. Differentiating

Eq. (B-7) with respect to 0, one finds

-3 PL 3 3c sin (0-o)
(__,-- 2h q° = _ )_ 0° [cos(0- o )
2C fl-s cos (0-o) 0 {l-s cos (8-p )}J

0 0 0 0

Therefore,

602 + -6 (B-28)
2 so

Accordingly, allowing for the perturbed shift of 2' from Eq. (B-10, one

finds

3 6022 603

(FR, FT) =_ LR 2 2 0 (B-29)
2C (i-s)

Clearly, in comparison with terms given by Eqs. (B-11) through (B-14), these

are higher order effects and can be omitted from a dynamic perturbation

analysis.

Upon substituting Eq. (B-24) for the limits of integration of Eqs. (B-18)

through (B-23), Eqs. B-11) through (B-14) become
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S L 3 R L 6 F I J C\ * L % 6 ,J

2 2cN~~gi2e "o(1+6o 2  7(1+2zo) 2c
0 0 0 d 7T o d

(1- 2)3 2)5/2wdt 23/2 2 2 : dt41 ) (1-2 1-C
L C 0(l-- 0 0 0

1- i+2 2e

0 0o d + n d 0

1:4(1-C 2)5/2 ( 2? wdt (1-C )2 2 2)3/2 .dt

0 0 2(1- 0

(B-30)

Using the nomenclature and coordinate system defined in Section 2, one obtains

.1 e

{4 L 21
5) ] 'K'short bearing

2e 0(1+c 02 f
cos o sin o o 2 3 co sin-

(,c23 1e2)312; a'
0C 4(1 C 0

0-0- 4(i-o2)5/2 ( o2)2 C

0 0

)4-_ _ _ _ _ _

oj 4(1ee (1-
N0 0B

(B31



I / I

N L g 2(l- o2 ) 3 /
2

in Secio sin4 o 2)5/2 (1tat2 2qiiru cni io s maib Sfixdl y

0 0

One cn def in CO {-i
003 , (- 2 2 2 (1c2 2

:~~ (1-c!1-

0 0

(B-32)

Numerical results for Eqs. (B-25), (B- )and (B-32) are given in Table B-i.

These results can be used to illustrate the natural motion analysis discussed

in Section 2.4. At each static equilibrium condition as may be fixed by

c of W, the set of eight (dimensionless) dynamic perturbation coefficients

i 102

can be used to calculate the stiffness and damping constants (k

as functions of the frequency ratio (v/w). At each 0/0i there are two

sets of (k ,(v/w) b, corresponding to the alternate signs in Eq. (20).

one can define

- - -2
0 0

which may be called the consistent (dimensionless) mass of the natural motion.

Accordingly, one can further define the consistent dimensionless gravitational

acceleration as

2--g W/Tno (vw,) W/k
00 0

M
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Gecmetrical characterization of the natural orbit can be described

in terms of the ratio of the minor radius to the major radius and the

orientation angle of the major axis measured from the static equilibrium

load vector. Tables B-2 (a) and B-2 (b) list results of natural orbit

analysis performed for the short journal bearing at two static equilibrium

conditions. Mode 1 and Mode 2, respectively, correspond to the lower and

upper signs of Eq. (20). Symbols used in the headings of these tables are

defined as follows:

ecc static equilibrium eccentricity, ratio, o
0

freq. v/W

G dimensionless consistent gravitational acceleration,
2

K dimensionless stiffness constant, k C /(vwL R)
03 3

oN*C dimensionless damping constant, vb C /(IzwL R)
b/a minor/major radius ratio

- orient orientation angle in degrees of major axis measured

from load vector

Table B-2 (a) is for E = 0.5. Negative damping is indicated in the range
0

0< <0.5 7'
for Mode 1 which has a positive value of minor/major radius ratio at all

frequencies, indicating a forward whirling mode. A lower bound of consistent

gravitational acceleration for stable operation is

Z0.15 '
-- lower bound I

The corresponding consistent mass is often called the critical mass for

instability. Mode 2 has a positive damping at all frequencies and has a

negative minor/major radius ratio, indicating a backward whirl orbit. Table

B-2 (b) is for c = 0.8. The damping constant is positive at all frequencies.
0

Thus, by static loading, it is possible to suppress instability.
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IAPPENDIX C

THE HALF SOMMERFELD SOLUTION

The classical solution for an infinitely long journal bearing is remembered

by the name of the noted mathematician Sommerfeld [111. The differential

equation to be solved is

__ 
wR'1h 2. dp (-h-)h 0 (C-l)

dO 12V Rde 0

where h C (1-c cosO) = CH. Upon integrating once,

dO c2 H 2  H3 (C-2)

H is the value of the dimensionless gap at the pressure peak. Integrating

again

C 2H 2A j
6pcR 2  2-3/2 __

(-c (x + esinx)

-5/2 2 2 ]

+ H (1-C) 2(i + )X + 2c sinx + e- sin2X + A)
-r4 

.1
where X 2 tan (tan ) A is a second integration constant.

Requiring p to be periodic, orne fifids

2
2 2(1-c (C-3)

2 +2

A is set to zero since it only represents a preshure level. Thus
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2
iwR

2
-12nr sinx (2- + e cosX)

V- .23/2 2

l2zrs (1 + H) sinO (C-4)
2 2

(2 + E ) H

This is seen to be an odd function of e, being positive in the converging

gap but negative in the divergent gap. (;Umbel [18] suggested that the

lubricant film would not sustain the negative pressure 
so that Eq. (C-4) is

valid only in the convergent half of the circumference. This is known as

the half Sommerfeld solution.

Dimensionless force components based on half Sommerfeld 
solution are

MII

2 (0
{p sine - d

ij-it

0 0

=- pr sine-l sinO dO l

u2 2O

10 HI
_6, _) ______ 

- =9



WT2p -sinO dO

H
(-- )ccsO dO

-TH2 H3

2

__ -A~-f (2+c

Or, the dimensionless load and the attitude angle are

2

PWR LD

-\W2 +w=
VR T

2
61Te c 4. 2(-7

2 (l)2I2) l(i2) c C7

= tan (IT i
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1.2432D 03 1.1434D 00 1 1460D 00 2 15310 01-6 07701, 03 1..1630D 00-1 4633D-01
I - 2716D 02 5 3492D 03 1.1288D 00-1 6116D 00 2 21":"5D 0 3 547C U3 " 0 932 01'

-1 8831D 00-4.6982D 01 1.2468D 03 1.0000D 00
0 O0000-01 1 5H00 00 6 8589D 030174. 100 1 000P 00-6 035F.1-f02 0 O0000-O'
-8.0362D00 9.888ID-01-1 .3135D-01-1 0220D 00 1 451L1)1 O 7. G3) I-u:- 65" -01

?780D-01 3.6394D 00 9 5019D-01-1 869203-02 1 0 19E, 00 1 :i 0' 9l. 785001-0*
3 8369D-0! 3.1792D 00-4.6869D 01 1 02600 00 4 ',2D-0-1 61710,D 00 7.46521, b1
I 0630D 00 5 6318D-01 4.1809D 00-1 76'2 02 42 6 00 0 --. 0. 0254[0 00

-7 6214D 02 1 09860 00 3 0689D-02-2 9558D 01 5 75'. 0 2 091 i 9 .j. 5 20327b-0:
- 54820 01 3.9585D 02 1 0727D 00-7 9833D-01 -4 425811 00-8 635q 02 i 0526L 00
-1 1033D 00-2.3372D 01 6.2026D 02 I.O000D P0

5 O000D-01 I O0000 00 5 0850D 00 9 8526D 00 I.O0001) 00-1 075.1 00 0 0000>-0:
-3 2583D 01 8 5942D-01-1.2810D 00-4 1438D 00 t 3685D 02 7 55310-.0-i -741 00
6.8093D 00-1.3815D 01 6.3768D-01 5 8532D-02 3 5074[ 00-, 90790 il 6 7894-01
1.9927-01-2.0290D 00 5.2607D 01 6 981ID-01 2 6709.0-0" 3 354 D 00-i. 10640% 01
7.2732D-01 4.6408D-01 1.7185D 00-1 5518D 02 7 436tD-0: a 282,-0:--3 7500D 00
4.2780D 02 7.6000D-01 5.7197D-01 1 1704D 01-7 0737D 02 7 75770-01 6.4660D-0:

-5.6039D 00 2.92750 03 8.0227D-01 1.6319D 00 7 6159P[ 01-7 9726D 02 8 5501D-01
3 1109D 00 5.8666D 01-1.5569D 03 1.0000D 00
000000-01 2 000D 00-6 8872D 00 2 2470D-01-1 O000D 00 7 892dD-02 0 00000-01
4.3323D 00-9.8848D-01 1.1396D-01 5 5057D-011 1[53, 01,-9 '65901-01 1 9570[,-01
1.4916D 00-7 1466D 00-9.0347D-01 3 48080-01-2 1651[-01 3 1519D 01-8 0487D-0-
8.7811D-01 5.7843D 00 1.3317D 02-6.6094D-01 2 16730 00 1 94120 01 2 93480 02

-4 11150-01 4.5601D 00 4.2205D 01 1 5317D 03-2 1308[-01 6 .9983D 00 9.6179V 01
-2 03370 02 1.0089D-01 1.0340D 01 8.8832D 01-4 6286D 03 369190-0' : 1128D 0:

-2.4421D 01 5 6886D 02 6 7253D-01 I 06680 01-8.5333D 00-! 3925D 04 8 9002D-01
7 1289D 00-3.1407D 02 8.3347D 03 1 0000D 00
0 O000D-01 1.0000D 00-1.3682D 00 8 2632D 00-1 00000 00 6 90571. 00 0 00000-01

-4 16380 02-2.6518D"01 3.5223D 00-5 3208D 01 6 29.6D 02-9 9?.6D-02 1.27,31D 00
-2 8437D 00 6.8432D 00 1.4015D-01 7 9490D-01-1.2081D 00 3 0S86D 01 3 0512D-0
S11247D 00 4.6722D 00-7.6691D 01 4 3097D-01 1 20'-2[" 00-3 1758D 00 : 8445D 0
51613D-01 1.0102D 00-1.7433D 00 6 0376D 02 55505-01 13236D 00 1.9532D 01

-I 04450 03 6.0740D-01 1.34770 00-1.8201D 01 1 13471 03 6 3770D-0: 1 2420D 00
9 5634D 00 3.0065D 03 6.8704D-01 2.68179) 00 1.3532b 01 4 2228D 02 769:30-01
4 8355D 00 1.0280D 02-2.7280D 03 1.0000D 00
0 O000D-01 1.0000D 00 3.4613D 00 1 1466D ol I 0000 00-.3 023ell 00 0.000001-01
1 5621002 6.6905D-01-1.7601D00 1 9867D 01-2.11621 02573721-01-84783D-01-

2.9290D 00-1. 3419D 0 4 4.51690-01'-1 0609D-01 2 i 60837 i0 0 -7' 2 935 1 00 4. 55 15D0-0
7832D-01 1 2197D 00 1.9551D 01 4 8327D-01 4 055OD-01 3 22C4D 00-.6 4221D O1

5. 1946D-01 4 6193D-01-1 7675D 00 4 84 D 02. 5 38:90-01 00-0: 538" 80- 01
3 40iSD 02 5.7616D-01 1.4760D 00 2 7606D 01-2.78. bf 03 6 13730-0: i 3164D 00

-4 06480D 01 6.01 69D 03 6 5649D-01 2 5278D 00 1 2740E 02-1 6485) 02 7 4252P-01
5 2634D CIO 1.2378D 02-3.2849D 03 1 O000D 00

-_ 0.0000D-01 I.O000D 00 1 4701D 01 7 O000D 00 1 0OD 00-3 6385D-0: 0 O000D-01
4 9874D 00 9 55440-01-3.2352D-0! 6 3429D-01-1 775M, 01 9 30060-01-3 2964D-01
-'-7 8713D-01 12372D 01 8 5694D-01-1 64390)-01 2 109P 00- 1 6830D 01 8 456!D-0 1

-5 6295D-02-1.0343D 00 3.37980 01 8.4047,-01 1 .49271-02 2.42431 00-2 27140 01
8 4716D-01 1.3461D-01 6 6024D-01-2 2901D 02 8 50641-01 1 568qD-02-7 40990 00

8 6991D 02 8.5321D-01 3 1563D-01 2 4016D 01-3 247818D 02 86 633D--01 8 0603D-01

<,069D 01-1 4029D 02 9 95600-01 1 2001D 00 1 21511) 0 6 65801 02 9 2603D-01

-.i270D 00 2 6759D 01-7 1012D 02 1,0000)0 00
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RETRIEVAL FILE HO TP4-02-1
FILE SIZE = 15

L/D 0. 2500
ALFA 1. 1250

O.O000D-01 3.7626D-02 8.0970D-02 2 14140-01 3 40!5[1-0. 5 0969[b-01 6 03990-01
7.2553D-01 8.03990-01 8 86620-01 9 0272D-01 9 43 4[-0" 9 - -0" 9 83960-01
I.00000 00
1 50000 00 .O000D-O 3.5558D 00 1 35-,2D 00 1 0000[0 00-' 9 ,9 00 0 03000-01

-3.77620 01 9.2442D-01-2 02660 00-1 4208D 00-3 50.3[ 02 0 3048U-01-2 41770 00
-1.66270 01 3.01520 02 4.7977D-01-1 9584D GO 2 35250 01-1 6512D 02 3.647OD-01
-3.0492D-01 2.7175D 00 4.08220 0.0 3 55370-01 2 14490-01 3 409S.,D 00-1 2234C 01
3.89050-01 4.81620-01 2.25600 00 1 0510D 01 4 6;'39D-0: 8 3342D-Ol 3.53330 00
1.15770 01 5.4459D-01 1.14630 00 4 4416D '00 7 452!1, 01 6 6148D-0i 76770 00
1 05990 01 9 29090 00 6 91320-01 1 9396D 00 1 0749D 01 2 3776D 02 7 81350-01-
2 57020 00 2.04810 01 1 5114D 03 8 6680-01 3 "37D 00 6 2710D O 9 26890 02
9.19730-01 4.60610 00 7.44970 01-4.6446D 03 t 00000 0
0.00000-01 0.00000-01 0 00000-01 0 00000-01 1 O000D 00 0 000D-0- 0.00000-01
0.0000)-01 I.000D 00 0 O000D-01 0 0000D-01 0 00000-01 1 O000D 00 0.0000[-01
0.O000x-Ol 0.0000-01 1O000D 00 0 00000-01 0 0000,-'01 0 0000D-O1 0000D 00
000uuD-01O 0.00001-01 0 00000-01 1 O000D 00 0 O000D-Ol 0 O000D-01 0 00000-01
I.O000D 00 .O000D-O 0 00000-01 0 000D-01 1 0000[. 00 0 00000-01 O.000D-01
O.000D-O I.000D 00 0.00000-01 0 0000[-01 0 0000[-01 I 0000D 00 0 00001-11
O.000D-01 0 O000D-01 I.O000D 00 0 00.OD-01 0 O000-Ol 0 O000D-01 I 000D 00
O.O000D-01 O.000D-01 0 O000D-01 I 0000D 00 0 0000[-01 0 O000D-01 0 00000-01
I 00000 00 0.00000-01 0 000D-01 0 0000-01 1 000 000
0.00000-01 5.00000-01 1.7504D 01 1.2518D 01 1 O000D 00 1 42050 00 0 0000D--01

-1 .38040 02 1.05220 00 1 3228D 00-5 19400 00 1 .25D 02 1 '13690 00 ', 25100 00
1.8820D 00-3 3557D 01 1 2770D 00 1 2041D 00-2 586?D 00 2 23350 00 1 40890 00
8.9590D-01-2 30520 00-3 4137D 00 1 524"D 00 4 5600D-01-2 88400 00-1 0791[0 01
1.5536000 1.3606D-01-3.90150 00-8.9369D 00 1 53860 00-4 041I0-01-4 9877D 00

-6.05550 01 1 48670 00-9 8187D-01-9 7390D 00 2 6225V 01 1 37480 00-: '971D 00

-7.5720D 00-1.14700 03 1.3457D 00-i 96770 00-2 ;041& 01 1 6815D 02 1 ?4640 00
-2 88470 00-1.92290 01-2 03180 03 1.15070 00-4 2201C, 00-7 6:330 01-4 06290 02
1.0907D 00-5.22110 00-8 1299D 01 5 06870 03 1 O000D 00
0 0000-01 O.000D-01 6 47090 00 4 1597D 00 1 90000 00 5 9606D-01 0 00000-01

-8.97090 01 1.02160 00 5 3256D-01-3 37540 00-3 359;'D 0! 1 0411D 00 3 5470D-01

-4.83160 00 4.2300D 01 1,0621D 0 8 6350D-02 8 01340-01-7 02770 00 1 0770D 00
1 31530-01-8 4242D-02 1 50780 00 . 0993D 00 1 3892[,-31 1 7:390-0! ! 27251-02
1.11320 00 1.5514D-01 1.7259D-01-2 46980 00 1 1326D 00 1 5787D-01-: 2757D-01

-1.0779D 00 1.144500 0 1.4455D-01-2 1215D-01-3 98430 Ol 1 1520D 00-9 0011[-03
-3.50440 00-4.7770D 02 1 15100 00-1 2736D-01-1 1196[f 01 5 0018D 02 1 "422, 00
-1.7049D-01 9.06710 00-5 85550 03 1 11960 00-2 21310 00-1 5493D 02 5 3:90 02
1.07910 00-4.1398D 00-1.48100 02 9 23340 03 1 00000 00
5 0000D-01 0.00000-01 1.86180 00 8 95240-01 1 O000D 00-1 7987D 00 0 0000[,-01
6.7335D 02 9.38300-01-1 3221D 00 2 5335D 01-4 0581, 02 8.92906 05:'C-01
7.74620 00-5.8799D 01 8.6425D-01-9 4929D-02--8 3836[-02 1 47880 01 8 5655r-01
1.1916-02 1.77960 00-1 .78020 01 8 6969-01 5 7779E-02-1 2386, 00 3 44980 01
8.74450-01 9 4366D-02 2.01460 00-1 7418D 01 8 95590-01 2 1057[-0:-i 0233[-01

-W 2 0777D 01 9.1347D-01 2.66500-01 1 5279D 00-4 38060 01 3,5¢,D--01 2 432!D-01
1- ~-2.0M1) 00 1.4940D 03 9.41270-01 4 0 3200D- 01 21964b 01-1 S'~.~~ 9& 615 3- - 0

2.48;60-01-2 95940 01 2.86060 03 9 S7360-01 5 41 740-0: 5 0520 0"-6 0;'9D 02
9.?8121-01 1.1351D 00 4.2794D 01-2 6680D 03 1 0000, 0
1 00000 00 1.50000 00 9.0405D-01 1 8884D 00 1 00000 00 6 3'79(- 00 0 00000-01

-8.46960 02 1 23020 00 5 7184D 00-3 18680 01 2 55520 02 1 4$16D 00 '1 577[,0 00
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F7-9

-2 0793D 01 4.6907D 00 1 87e60 00 1 8498D0 O6-2.0168 01 1 0309D 02 1 98590D 00
I165-1-.76 00 1L96eSD 01 1 9203P0 00-8 07381--? 8429D 00 C- 90320 00
I8220D 00-1 13880) 00-3 .18570 00 1 5743D 01 1 i.720t 00-C1 380'D0 GO-862 9E.-31
-1 90D 02 1.55010 00-1.8706D 00-1.1715D 01 2 907";'E 02 38290D 00-1 8460D 00

1::318D0!- 3 426D 03 1 31523D0 00-2 0i9240V 00-4 2 1 "10 01: 9465D 02 ! 24:'2C, 00
-1788, 0f)-1I 07200 01-1 7691D 03 1 1414' u0-4 1 '281, 00- 026 0 .100

108360 00-4 9132D00- 11 l352D0 10000
0 000D-01 I 5000D00198D0 0857E-01 I01D i 97(70-01 00Of00-0:

-6 73770 01 1 03690 00 9 4?380-01-2 97li 00 1 0756D0 02 1 07710 00 9 40 4D-0 I
2 .1270D 00-2 136f,70 01 1 2128D0 00 14 3D 00 -, 18 ;2,r,-01 2 8 4 4 4E 0 1 ' 34760 00
I 16960 00 2 8659D 00-5 86240 01 1 5380 00 8 1295D-01-7 0734D 00 2 50!6D 01
1 58750 00 2.57160-01-4.71440 00-2 63001 1 57610 00-5 101"ID-O1-l 91'290 00

-6 .2779D 01 1 .5067D 00-1 :430 D 0-1 2 e-39 0 01 -2 2 q 09 0 024 133230 00-3 !502D 00
-3 1 355D 01 4 72290 03 1 2bO8D 00-1 4 28 P 00 4 4 95D Cli-I 6 ".S ' 03 1.57D 00
-2 60670 00-2 31bSD 01 4 98f-00D 02 1 0 c5 40 00-3 0600D 00-9 2011 0I - 47.000 [3

I 05530 00-3 2959D0 (0-2 78940 01 1 73910, 0, 1 0000 (0
0 0OO0D-01 1 00000 00 0 00000-01 0 00O'00-01 0 0000f-) 00 100 00 0 0000D-01 A
0 0000-0 000-01 1 0H000 00 0 000-01 0 0000 0: 0 .0001-01 1 000 00 0 DOD01

9OO0000-01 0.00000-01 0 00000-01 1 00000) 00 (3j 0000lb0- 0i O'0i:-0: 0 00000D-01
I00000 00 0. 00 00OD- 01 0 0000D-01 0 Ool0tD-01 1 0 0 D0 00 0 0 06001- C: 0 ODCt0-0 .1

0 00000D-01 1.00000 00 0 0003D-01 0 0@0100- 01 0 0 0 60 D- 0 00001) 00 0 00000-01
0 00000-01 0.0000(1-01 I 00000 00 0 000.00-01 0v O00-OK0 0 000011-01 i 0500 00

0 00000-01 0.00000-01 0 DoooD0o1 I 00Vooo 00 0 OCCIDD-O! 0 ooooo1--O: 0 OfooL -01 '
I 00000 00 0 0000D-01 0 00000-01 0 U00000-01 1 00000D 00
0 00000-01 0.00000-01 0 00000-01 0 00000D-01 1 00 00 0 000010-0! 0 00000-01
0 00000-01 1.00000 00 0.00000-01 0 00C0-01 02 00000OD-O I 0000t, 00 0 ooooo-o: I
0.00000-01 0.00000-01 1 00000 00 0 00000--01 0 0000D-0: 0 00000-01 I 00000 00

0 00--1 0.00-01 0 00-01 100 00000-01 0 00-01 00000

1.00000 00 0.00000-01 0 00000-01 0 0000D-01 t 00000 00 0 0000D-01 0.00O00-01

0 000O0-01 1.0000D 00 0.00000-01 0 00000-01 0 00000-01 1 00000 00 0.00000-01
O.0000-01 0.00000-01 1 .00000 00 0 000001-01 01 00000jr-0 0 0000D-01 a 0000 00 .

0.00000-01 0.00000-01 0.OOOOD-01 I 00000 00 0 00000-01 0 00(300-01 0 00001-9.
1 00000 00 0 0000D-01 0.00000-01 0 009,31-01 1 00000) (0
0.00000-01 0.00000-01 0 00000-01 0 OGO-0l1 00I 00ODO 0 00000D.-O: 0 00000-01

0O00O0-01 1 00000 00 0 00000-01 0 00000-01 0 000IO0;0-0'. 1 00000 00 0 t00-0
0 00000-01 0.00000-01 1 .00000 00 0 00O00-01 0 0000D-01 0 00000-01 00000D 00
0 00000-01 0 000O0-01 0 0000D-01 I 00000r 00 0 00000 -0; 0 00000D-01 0 00000-01
1 00000 00 0.00000-01 0 00000-01 0 0000D-01 I 0600t- 00 0 ooo'm-o:' 0 00000-01

0 00-01 100000.00-01 0.00-01 0 0-0:1 00000000-01
0.0000-0 0.000000 1 000 00OOO 0.0000D- 0 00000-0 0 0000 MO 0000 0 0

0.00000-01 0.00000-01 0.00O001 00000O-01 1 00000 0- 0 00000-01 0 0600D00
0003D-01 0.00000-01 0.00000-01 1 00000, 00 0 00000-0: 0 00u01)[-i 0 00000E-0:

I.OO00D 00 0.00000-01 0 00000-01 0 000 0I-- 01 1 00000, Of"
0.00000-01 1.00000- 0 0 000-01 0 00-100000 00 0000D0-0

0.000010.00001100000 000D-01 0 000D0-00 0 0 0 0001 1 00000 00
0 0000-0 10.0000001 00 0000-01 100 00 00-01 0 00CO-! O000 0 0000-0i
1 00000 00 0.00000-01 0.00000 0 00000-01 0 00000 00 0 000001-01 0 00000-01

HOOD-0 1.00000 0(1 0.00000-0 0 00O0001 O 0 oooo 0000D 0 0 0000D-Di
000-0 00-01 .0000000-01 0* 00-01 0 00-01 0000

0.000O00 0.0000-01 0.00000-01 100 O-00 0 0060D00 0 00000-01 0 00000-01

1.0000D 00 0.00000-01 0 00000-01 0.00000-01 1 00000 00 Z1
1.00000 00 1.50000 00 9.0405D-01 I 88840 00 1 00000 00 6 30790 00 0 00000-01

-8.4696D 02 1.2302D 00 5.7184D 00-3 18680 01 2.55520 02 1 45160 00 4 5771D 00
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-2.07930 01 4.69070 00 1.8786D 00 1 84980 00-2 Oi" 0!0 1\ U2 5 90 O
1 .26850-01-7.17760 00 1.9668D 01 1 92030 00-8 0;' -3 8q29[' 00 C 9693[. O0
1.8280D 00-1 13880 00-3.1857D 00 1 9743D 01 1 6; ,. 380"1, 00-1 8, 29-0:

-1.39290 02 1 55010 00-1.87060 00-1 1;15D 01 2.AL , 02 3829M) 00-, 8460c, 00
1.23110 01-3 42960 03 1 35230 00-2 09240 00-4 'Q130 01 9465D 02 i 24%2b 00

-3.17880 00-1.0720D 01-1.76910 03 1 14140 00-4 281, 00-6 02660( ul 3 21270 02
1 08360 00-4.9132D 00-5 6181D 01 3 5027P 03 1 1A.(11 {'
0.0000i-01 1 5000D 00 1 I1 IOD 00 8 21'2,1.-)1 I 0000C0 C? Q " D 0 , ' , ObOO'--'

-8.29'00 01 1 03720 00 9.50090-01-3 12140 00 1 7 02 C76" 00 9 .5600-.
1.5058D 00-1 6684D 01 1 2056D 00 9 b7£SD-01-7 15 8n-0: 3 7 0: " 32,D 0
1.1273D 00 3 24990 00-6.13970 01 1 52030 00 7.95"-0-01-7 596D 0 2 68.'PD0 0
I 5673D 00 2.40260-01-4.62500 00-2 63420 01 1 55441D 00-5: 639[,-0"-7 82650 DO

-6 02310 01 1.48500 00-1.31590 00-1 25530 01-2 2,29[, 02 " 3"231, 00-3 -88D0 0
-3.10850 01 4.85020 03 1 26140 00-2 990 0 00 4 ?0!- r: 0:- 6f -3 :580 00
-2.64230 00-2 98210 01 1,73140 03 1 07e50 00-2: 79 5 0 l 8 7 Is 0.'- .,f4[, 03

1.04380 00-2.70640 00-4 19770 00 2.6171D 02 1 O000D 00

4.
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RETRIEVAL FILE HO TP4-02-2
FILE SIZE = 17
L/D 0.2500
ALFA = 1.1250

O.O000D-O1 4.3835D-02 8 98320-02 1.84160-01 3.9486D-01 4 87520-01 6 87750-01
7.3399D-01 7.77200-01 8.33900-01 8.67010-01 9.07710-01 9 3995D-01 9.56900-01
9.?055D-Ol 9.85610-01 1.00000 00
1.O000D 00 0.00000-01 7.3446D-01 1 3409D 00 1 000D 00-1 73870 00 0 0000D-01
I 45890 02 9.25830-01-1.59850 00 6 39520 00-7.70900 01 8 592iD-.01-1 38880 0
2.92650 00-5.65010 00 7.39310-01-1 13550 00 2 38790 00 1 0259D 01 5 69060-01

-4.04590-01 4.5495D 00-5 56600 01 5 4372D-01-2.2197[-01-6 0766D-01 2,2702D 01
5.17470-01 1.11460-01 3.93810 00-5 40960 00 5 26740-01 2 87750-01 3 6880D 00
5.6287D 01 5.43390-01 4.99670-01 6 12030 00 1 66330 01 5 82050-01 8.7342D-01
7.06340 00 1.6827D 02 6.15860-01 1 19950 00 1 2634, 0: 8 2098D 01 6 7606D-01
1.7817D 00 1.59760 01 4.52620 02 7 44360-01 2.53230 00 3 05720 01 7 63:90 02

-3 7 9229D-01 3.1601D 00 4.35070 01 3 08710 03 8.40750-01 4 0401D 00 8.56230 01
1.8614D 03 9.12430-01 5.54250 00 1.13670 02-7 90210 03 1 00000 0
0.00000-01 0.00000-01 0 00000-01 0 00000-01 1 000OD 00 0 00000-01 0OODOD-01
O.O000D-O I.00000 00 0.00000-01 0 0000-01 0 00000-01 I 0000D 00 0 0000D-01
0.000D-O 0.000D-O I.000D 00 0.00000-01 0 00000-01 0 0000D-01 100000D 00
0.00000-01 0.000D-O 0.000D-01 1.0000D 00 0 0000D-01 0 00000-01 0 00000-0
I.O000D 00 0.000D-O 0O000D-01 0 0000D-01 1 O00D 00 0 0000D-01 0 00000-01
0.00000-01 I.O000 00 0.00000-01 0 000D-01 0 00000-01 1 O000D 00 0 00000-01 r

0.00000-01 0.0000D-01 1.0000D 00 0.00000-01 0 00000-0: 0 00000-01 000D 0 
O.O000D-O 0.000D-Ol 000000-0: 1 00000 00 0 0000,-01 0 00000-01 0 00000-01
t.00000 00 0.00000-01 0.00000-01 0 0000[-01 1 00000 00 0 0000[,-01 0 00000-01
0.00000-01 1 000D 00 0 O000D-0! 0 00000-01 0 00000-01 1 00001, 00
O.O000b-O1 5.00000-01 2.1777D 01 1 24530 01 1 0000D 00 1 40430 00 0 O000D-01

-!.30010 02 1.05970 00 1.27940 00-5 69920 ;'0 8 99390 01 1:290 00 11400 00 
-1.65220 00-4.2990D 00 1.2110D 00 9 3696D-u,-2 0b20b 00 1 15090 O1 I 3806D 00
7,57970-01 3 6301D-01-2 76SoD 0 1 4481D 00 6 7278[-0"-2 20170 00-8 6152D 00
S1.52770 00 5.9228D-02-3 .92670 00-6 b1200 01 1 S552) C.: 5 9 8-1- 6 98370 00
3.39320 01 1.5108D 00-4 6309D-01-5 514 , 00-1 57rl 02 1 4710D 00-: 02"60 00

-1.4185D 01 1.7553D 02 1.43050 Ou-i 3951D 00-8 3735b 00-3 4637D 02 . 36290 00

-2 02270 00-2 24710 01-2 7428D 02 1 28440 00-2 8900D 00-3 1316b 01-9 0747D 01
1 23090 00-3.4338D 00-3 28540 01-5 8170D 03 1 1785D 00-4 42:30 00-:.12210 02

-1.04940 03 1.09850 00-6 23340 00-1 28020 02 8 89980 03 1 0000D O0
0 O000D-01 0 00000-01 6 0145D 00 3 92830. 00 1 00000) 00 5 14320-0: 0 0000D-01
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-1.20490 03 1.4538D 00 2.3361D 00-2 4720D 01 7 1567D 03 : 4916D 00 2 81880 00

8.67190 01-3.90370 04 1.51100 00 2 49050 00-1 82070 02 9 6:2a[, 03 53660 00
7.6661D-01 2.94240 00-2.4158D 04 1 51960 00-4 09410 00-4 o4620 02-5 6607D 04
1 4653D 00-9 89830 00-9 44440 02 7 71780 04 ! 2452D 00-: 52471. 0 2 57580 02

-5.96370 04 1.1242D 00-1.51270 01-2 28210D 02 2.8911D 04 1 0000D 00
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00000D-01 1.0000D 00 0.O0000D-O 0 00000-01 0 O0000-01 0 000000 0 O000D-01
0.00000-01 1.000000-8 1.0000D 00 0 O000D-01 0 O000D-O 0000D-O0 : O000- 0
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9.03350-01 9.17700-01 9.39710-01 9.4867D-01 9 69210-01 9,84910-01 9,921ID-01
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?.92740 00 6.76000-01-9,0?71-01 2.31990 00-9.61680 00 5,29930-01-,6.06570-01
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RETRIEVAL FILE NO TP5-02-2
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L/DL 0.2500
ALFA = 1.1250
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APPENDIX E

I LISTING OF SOURCE PROGRAM

E. ,  L.t.S (h- &.-2
I T£EF p FNh i6:~ F 112, iF1i %6IIf

.... '.I. Hr'

E';:"CE . - -" . ' 'x. Ni rJ(

tG ,.  F RS-- I'JS, E ... F: h O'ej!,II G .AT. T k ; L

ip Th~

i i !,- :vI £,.

-. 0'- ; - .P

I* " ."-.S' IOTO L.

I R -: -E-'- , 4 )
10(14 FtPvMATi 1 FPOR IN 0F'EIG T 1b'L.EL

iGG :I E b~ OO ) 11I2( 1, 1 1 1 1 ( ! -. + L S', L All=_

' = I-

.. tn~~~~.,,.1 ,OO "LH I 4.1.1'N1.~9 cL

-~~.C H=-g,; F1*

F A,

S; E L E T D AT E:-IT RA C Ti1 ri4 1401-E

10 1 WRITEkl,1010) !
10 10 FORMAT( /41HISELECT; (I PREPARE DAT. FOR RS:, I HPUT. i07, -

, t2 1-), 1M ENSIO1NHAL T A L E i fO ,- .4 i3; 1[E, I I G Hi 1E _ T 8 E X,

READi INSEL
IF (:SEL.EQ. 4 CALL EXI T

WRITE(l , F011 T
I011 FORMAT(128HSELECT; (I) SYNCH FREQ, O/FIE

41GH(2) ASYHCH FREQ?) f

19$=--_=F104 ;F _X h-F 4/I4



READ (1o*) HSYIN
IF (NSYH :0.2) GO TO 1020 I
LFREQ I |

FRRAT =1.0

GO TO 1030
1020 URITE(1,1021)
1021 FORMiAT(51,,28HENTER NUHMBER OF FREO GROUP$L :

=READ *I,*) LFRE12
1030 GO TO (2i00 21002200.1,2) HSEL

GO TO 101
102 CALL EXIT
c
C INPUT BEARING DESIGN DATA

2100 WRRITE(t,210l)
21'01 FORHTi(25HENTER 0E RIiNG LENGTH IN) H

REAL(I*) ALE4
WRITE(!,2102)

2102 FOR A T2 7HEN TER 8EHR i G DIA-lETER dIH,_
READ( ,*)ADIA
URI TE 3 F 2103)

2103 FORMA T2HEN TER PE RI 1G CLEsRANCE .kN
REAV i,*> ACLE
URITE'A 1.2104)

2104 FORIIAT(29HE4TER VISCOSITY (CE!TT-pb:_L ,

REAV(1,) ACPO-
WRITE( I. 2t 05i

2105 FORMAT(24HENTER SEARING LOAD (LES>-
READ(1,*) ALOA
IF( HSELEQ.2) CO TO 2106-
ANSOPNPA(ENT 1=;. PEARI CGEFS F. ,iLE

+FN3,L14, KQJ2)
IF(ANS) 1O TO 2 0_
WRITE 1,31

2131 FORIIATz 7H E'R R IN OPEHt! G 6 E P C!EGi FS F L E-
-- CALL E: I T)N L

SPEED INDEPENDENT SCALINGC COIISTA11T'

2106 COP = 2 O*A L E'AD I A
AL 8=LEt1-'ADM A

ARE2AL EN HD r= ) { REYh1! 450377;40--G -. FPO

ALOAD -REVNiA.REA
SHP=P4/1 18 2 07+iA LCA. D A-ADIP "-CL
AL 11 A L =A -PCO R OR
CP= 4A EL ? ID + 2
IF(LP EQ AL9 G) TO 0L 7

4 .. 40 FORIMAT( 31HEELEc": i USE t.lDP1LT
+ CX.-259-4 2> P ULS T A T P FOR L .'D , .:; - : i

READ( 1, )HAL
IF( HAL. E0_ GO TO 210?

~~WFAC=HOT< L9* At.$AL "
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GO TO 2108
210? UPFit>1.0

ALO=54L9
pis 2108 tALOA=LOA.DWFAC

BLOAD=ALO4O. 0
OST IF=8LOADACL E

BDAMP=ALOADO/ACLE/P4/8. 0
6LOA=ALORB8LOAD
WR:I TE( 1,2109)

2-109 FOPIT!?47HSELECT: k1) LOADO VECTOR IN VERTICAL PLAN1E, OP/lOYX1
+5 H 1"21 C L I HE D L 0 A VECTOR?;.
REAtD (1)HVEC

IF 'HYEC.EO.1) GO TO 3

12 FORMT(5Xv3SHEHTER LOAD IfHCLIt4RTION tiNGLE (DEG)' '-

-- R = WAHG*P219.OD~+01

R 0T I CC*CC,
POT-- C * S f
ROT(3)- O SiSS

2135 CA.LL 8k0SEfNB8,6A,BST,8DA)
L

S PEED LOOP FOR ARCTAN PARAMETER
c

IF( NSEL EQ. 2 tHA=51
2 1 10 1WRITE 12111)

'R:A -0 -iT24HENTER LOtNEST SPEED PM-0

212 MA 1T 50ENTER HIGHEST SPEED eRPH))
RE A D,' RPH2
RI TE 112 113 )H KAX

2 iI Z F OMiT 4 3HEN T ER N Ui4BEP OF S PEED P 0115 HT'eNO T IOR E T HM!4.141

IF( ' LI: fT I GO TO '212

.20 TO 2130

12 *t1 ' ~9P12/F)

-P! KPACE+3

2213 j/i-4P 2201, 8 L .. 4!27H4 r-EPE !E~ LD 0 TO

P C~T b E F AJUL
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lFkiHLS.EO.O) CCT 20
IUF o SIlGRT,, L9, ALS ALF)~

2202 UFAC=1 .

2 253 WP ITE(I ,22 4)
220 4 FOPR"IRTt2? N TER LOW~EST LOAD PARAM1ETER!

TREAfsIV * I

2205 FOP.MAT(28HENTER 4 GHEST LOAD PAPW4ETE ,
REA~D( 1, 102
U U2 U 2 ; UPAC
W I TE( i. 2206)

M'A T R t4.O;

IFPtSG~ GO TO 2207

SPRAT =C /t41, * 0
220 To 1120
c."0 XP 0/ T8

2 2 09 WU=

2300 DO 2330 lTA8=1 1HTA8
IF(14SEL.Eg.3) GO TO 23710

2 310 M TAS )=D-ATP.H; WW '/P2

IF(NSEL.EQ 31 GO TO 23220
XOC ITAB )=RPM
IF CITAB EO.HTAS) GO TO 2330
RPMP=RP1*SPRAT
GO TO 2330

2320 XO( 1TA8)=WW/VFAC
IF kITAO.EQ.NTAB) GO TO 2330
W=WV*SP RHT

2330 CONTINUE
C
C RETRIEVAL LOOP
C

WPITE(lKU 12331 '
331 F8 R ,,AT (//I

KPAGE=KPAGE+4
IF( AL8. EQ. AL9) GO TO 2340
URITE(KU,2333) ALB

2333 FORMAT(37H LO~tD PARAMIETER IS ADJUS$TED' FOR Ub=F04l
KPrAGE=KPAGE+2

2340 MFNSEL.E0.3) GO TO 2350
URITE(KV,2341)

2341 FO R MAT( 5X,3H RPI1OX, 7H ECC e I H N.5Y 9HATT k "MuL E, 31"?r~~
*4X,lOfIO-REQ(GPII),3X, IIHQ-LOST(GPiO)
GO TO 2360

2350 URITE(gv,2351)
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35 f' A- TiC X tc i

1,~US FLOW OO

A Rr2 L 0 ,~,l*2~Y

C y X, - 1 f 4r1R

IF 4E Q3)GO TO 23

2372 Y C LGPtRt

2 GO O -2375J

2380 CCA T INUE

2381 FORMAT(6(lX,iP012.4)
KPAGE=KPAPE-
IF(VPAGE.LT.61.OR.iTA8 E0.l4TAiB GO TO '2-,att
IPAGE=i i
WRITE(YI'2382)

'2:3 82 FO0R M A T I i
IF(NSEL..E§.3) GO TO 2390
WRITE(KkI1 2341 )
GO TO 2400

2390 fgRITE(KV,23!51)
2400 CONTINIUE
c
c DYNAIIIC PARAMETERS

IF(ALO.EQ.AL9) GO TO 2420
iiRITECKY-2412) ALS

2412 FORMAT(////484 LOAD AND DYNIAMIC COEFFICIENTS -ARE ADJUSTEfb FOR -

a-StL/D =,F8.4/IH
__ KPAGE = KPAGE.6

IF (KPAGE.GT.60) KPRGE =KPAGE-60I
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GO TO 2415
2420 WRITE(KiJ,2331)

KPfAGE = KPAGE.4
IF (KPAGE.GT.60) KP~iE IKPAGE-60

-=2415 IF (HSVN.EQ.2) GO TO 2445
IF (NSEL.E0.3) GO TO 2430
WRITE(KU..421)

2421 FO H T X H P1, A '' v - 11 .- j x

GO TO 2440
2430 WRITE(KV.2431)
2431 FORMA(T( 2X, 4HL0(iDj 7 4PK(-XX, 6 X, 4H H-X, X. -ISK -Y, i.; -44e"-:Y~

+4HIK-YN, 6X, 4HB-YX, COX, 4HKi-Y?. 6'., 4i;5-7%
244 0 KPAGE = KPjAGE+1
2445 DO 2480 L1=6:13

L=LI-5

LL=2*L2

C RCTN LOOP1 7f

C

DO 2480 ITA8=1,1T~AB

XXYX=XX( ITASB)
HI=NPLAiCE( ITABj

I 1 E~ f 3T02

GO TO 2470

2460 YVYY/;iFAC
2470 *aO L - 1, A8 )Y Y

I F L N E. G 0 TO 24-80

2'F 4, 3 0 VON=Y

DF (l 4 0' 1 T A 60 A

IJ 'OL T~'

3 00 CC tvT Ii'

~~~~F~~ T O ! J TE
IF i2VWiC E-

IF CHSEL E3 Q' 3-
FF A
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GO TO 5060
5000 13PF = 1-0

GO TO 5060
5 50 10 IP (HSEL.EO.3) GO A4 4010

WR ITEU iL4001 XO( ITAS)
41301 FOPH4ATOHI141-6H RPH =,PPMO 3)

GO TO 4020
4ZilO Uk IITE(U4002 '6(I!TAB)

40 f::ATt IHi,7H L'ThD 1=,I&03

*4HK-Yl' 6< 4HB-7~ h"X' 4M.-; Y -: 4qB-Y8
K? GE=
IF iN3L.E0 3n C0 CO 5015

U& PI TE-(:I . 5D12) KFFp XO(lITnB ;-
50: FORmT5.35MENTER FREQ Eufg (HZ; J.P N'Ei GROUP,15, 3H AT,IP01 2 .4,

-- '44 R-t;10.9,12HL0WEST FREQ?)
GO TO 50 20

5015 ! TE:502 (7fOA V( I Th-S
$01 6 FflDMaTe- 5- 3OHEHTER FREQ DATA FOR FRFQ,0 G?3.J'P i5.9H AiT LOAD

t!PR4EfE R =1lqiO1$LaETFREO. R.4CIO?)

5 02 0 PEflD IflFRE9l
I F NlS ELEO). 3 GO TO r 5 02
FP F 4- O AF RE I

IO2 PP F FEQI
502 iF 14EAE3 URTTE(1,502-3) V

I1F ( NSE L EQ 31 :RITEI;150230'
C:23 FO24tiTi i ,X, )H 1984EST F RE 0 RnTif

R E it E. I F RE@02
V R i Th( E024

24 FPn RpT.- 5*M,22HrN4IfL2M9E~ kF FF:EO ITS?-'
PD 4k. NFRE

IF (NSEL-EQl 3) GO0 TO 5040
a ti NF KE9 L E T 0 TO i_

P I fO/(NF rE- 1
FPRAT P (PEZ0TF:REI 2 UP
C0 TO $06 0

~0O F FRAT=1.
GO TO 5060bl

500 iF (HRE LE.A) GO TO D505
&L-FR E -= {F E0 2-PREQ21 S 1iFE-t
CO0 TO 5060

5 GtO 00 5 20 I FRE=IA4FRE
w FtH&ti E . 2) DHOX T 2P~

D00 O, t

I F flB- 0 E1 A ID N SYU EO 2 9~ FE CT - -

IF (N'.EQ 1) G To 5080j
__ GAL GOOTFF.ZEPIHDv.8:AS B&-
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-00 IF (NSE £0j E , r:1 r

IF7 F 0 141

*i0 i; TO5ff

1= -O:5 IF: Uii." £0 2 .

T 0~

it s E 32 ;-

tip cflT. I-

9 F iP A iE 
7!f

5f2 F KPFE LT 7-

I E -t1 F. ;j -

FF 6 ntfl*Frw,

515 IF (H2i £0 2 I5FEz s

' 4 4 0 I rT. 1.V 01

0,01 F0 10 M 519370 ASY ; S

5 10 HP~G 11TH = M D 4
5200 H FRITWEQUNYSIF~c

IFS (NH DAM EL - T0T OC-
IKHGE 1 5?A &G TE &3

FF = 1(FE

6020 COTIU

2492IF (SEL 0 3)00 1 2219
FF = 0D+O~FENE

40 TO 249



!FI

IF (KPAGE-GE.57) GO TO f6025
WRITE(KU,2331 )
KPAGE =KPAGE+4
GO TO 6030

6025 URITE0(Ul,2382)
KPAGE 0

6030 CONTINUE
IF (HSYNLEQ 1) GO TO '2490
IF (KPAGE LT.61 0R.ITAS. EG.KTA) GO TO 2490
WRITE (KU..2382
IF (NSEL EO.3) GO TO 6031

ve! WRITE (KW,2421)
GO TO 6032

6031 WRITE(KU.,2431)
6032 KPAGE =KPRGE~i
2490 CONTINUE

IF (HSY~N EQ.2) GO TO ?000
IF (KPAGE LT.5?) GO TO 6035
WRITE (KW,2382)
I(PAGF = 0
GO TO 6040

6035 WRITE (KW,2331>f
KPAGE =KPAGE44

6040 URITECKW,2495)
2495 FO RIAT( I X, 15(1 H*. 25 HSYNCH SRG CHRRAC T ERI'ST C S,, 5k 1JH*'

+21HSTASILITY PAPANETERS)
IF (NSEL EQ.3) GO TO 2497
WRITE(KW..2496)

2496 FOPMAT( 55$i RPM 111 $1 STI FF .1111 4 DAMP fMAj STIFFr M~qi DfAMP.
+22H CR MAiSS F RAiT10"
GO TO 2499

2497 WRITEtKW,249G)
2498 FORIAT( 55H L 0 M H ~IF F (1 jT 1, F

+ '22 H CR MkISS F RIHTIL.
249S9 KPAGE =IPIGE+2

D0 2500 ITAB=1,r$TAB
FF = XO(ITR83
CALL STAB( ZEP ,FF, HNSEL. NSYii, B. K w, 1. F i E

2500 CONTINUE
7000 IF(NSEL.HE.1) GO TO 2510

WRILTE( i,25o1":
2501 FORtMAl(/33H SELECT - 1) HNOTHER SPEE( GOUP/FY1X.8u. 2~ OiIT)

READ(1* t4CASE
I F ( NCA;E .EQ. 2) GO TO 25i0
ANS=R~tlD$A(KU3)
READ(KT, 1002)(FN2( I),I=i, 16).NNAL9,ALF

URITE(KU,2382)
KPAGE = 0
GO TO 2110

2510 ANS=CLOS$A(KWI*.
IF(AHS) GO TO 2520
WRITE(I,2511) KWI

2511 FORMAT( 'ERROR IN CLOSINiG FILE ON UNIT' ,I5)

222
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IC71
C
C

SUBROUTINE STAB(YO..RP,NS,NY IT,KW,KPAGE)

C CALCULATION OF
C SYNS11 SYNS2 MINOR AND MIAJOR STIFFNESS COEFFICIENTS

C SYNB1,SYN82 MINOR AND 1RJOR CRITICAL DA14PING FACTORS

C CRMA CRITICAL MIASS FOR INSTABILITY
C FRRT FREQUENCY RATIO OF INSTABILITY
C FOR SYNCHRONOUS DATA (NY.EQI)
C
C EE(K) :INOR/MAJOR RADIUS RATIO
C OO(K> ORIENTATION ANGLE OF MIAJOR AXIS
C FOR ASYNCHRONOUS DATA (MY.EO.2)
C

IMPLICIT REAL*9 (A-II,O-Z)
DIMENSION YO(8, 1),Y(8),EE(2),OO(2)
PI =OATAN(1.OD-00)*4.O0
I F (NS.EQ.3) GO TO 1000
F F =PI/3.OD.O1*RP
GO0 TO I

1000 I F (NY.EQ.1) GO TO 1010
FF = RP '
GO TO 1I

1010 FF = 1.0
1 DO 10 I=2,8,2

J 1
Y( J) = YO(J, IT)

1o Y( I) = FF*YO(1, IT)
Y34 = Y(3)**2+Y(4)**2
IF (Y34) 20, 40, 20

20 Y56 = S**Y6)2
IF (Y56 ) 30, 40,30

C COEFFICIENTS FOR PRINCIPAL MODE ANALYSIS[

C
30 SKPA = Y(I)+Y(7)

WBA = Y(2)+Y(8)
DKPA =Y%-')-Y(7)
DOPA =Y(2)-Y(8)
XK8 = Y(3)*Y(6)+Y(4)*Y(5)

XKK = YC3)*Y(5) '
DKKaDKPA*DKPA+4 .O*XKK

088=OBP*DKPA*D+4sXBB
DK8.2B.0*DKPA+4. 0*XK8
CALL PRINCE(DKK..DKB,DBBZK.,ZB)
SYNSI=(SKPA-ZK)/2 .0
SYNS2=SYHS1+ZK. I
SY4Bl=( S8PA-ZB)'2 .0
SYNB2=SYN8I+ZB
SYNB~nSYMBI/DABS(SYNS1 )/2.0 V
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SY HB2=SY H82/DABS( SYNS2 )/2. 0
IF (HY.EQ.2) GO TO 100
CRMA =(Y(1)*Y(8)+Y(7)*Y(2)-XKB)/SBPA
IF (CRI1A.LE.O.0) GO TO 60
F2 = ((Y1 )-CRMA)*(Y(?)-CR)-XKK)/(Y'(2)*Y(8)-XB8)
IF (F2.LT.O.O) GO TO 60
CRMA = CRMAeF2/386.4
FRAT = DSORT(F2)
GOTO 50

40 SYHSI =Y(7)
SYNBi= Y(8)
SYNS2 = Y(l)
SYN482 = Y(2)
IF CHY.EQ.2) GO TO 200

60 WRITE(KU,6001) RPS'?NS1,SYNB1,SYNS2,SYMB2
GO TO 55

s0 WRITE(KV,5002) RP1 SYNSI ,SYNB1, SYHS2,SYNB2, CR1A, FRAT
5002 FORMAT(IPDII.4,2(2D11.4,1X).2D1.4)
5010 KPAGE=KPAGE.11-

IF(KPAGE.LT.61) GO TO 70!]
WRITE(KU,!5050)

55 KPAGE=i
5050 FORMAT(II
6001 FOFRNAT(1PDII.4,2(2D11.4p1X).23H UNCONDITIONALLY STABLE)
70 RETURNa
c ASNYCHRONOUS M~OAL DATA PRINTOUT OF THE ANISOTROPIC CASE
100 K I

KK 1 -
GXI = (DKPA+ZK)/2.O
GX2 = (DBPA+ZB)/2.O
GYl = Y(3)
GY2 = Yi(4) I

105 UO = DSORT(GYI*GYI4GY2*GY2)
110 YO =DSQRT(GXI*GXI+GX2*GX2)

Y= GXI*UO+GY1*VO
XX =GX2*UP-GY2*VO

AA DATAN2( YY, XX) r
SS = OSIN(AA)
XI = tJO*CC 4
X2 = UO*SS fg
vi a vO*CC3
Y2 =-VO*SS
CALL WNIRL(UI,U2,V11 V2,X1 .X2oY1,Y2)
CALL SHAPE(E1 0#U11 U2,V1,V2)
IF (E.CT.1.O) GO TO 150
EE(K) a E
00( K) a 1. $Et02*(1I.O+0/PI)
IF ('KK.EQ.2) GO TO 266
IF (K.E9.2) GO TO 130

CKl a GXI-ZK
GX2 a CX2-ZB i
GO TO 110
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130 IF (NS.NE.3) FF =RP/6.OO+01
WRITE(KW,5100) FF1 SYN'tS,SYB1.-EE(l),00(1 >,SYNtS2,S~tB2,EE(2),00(2)

5100 FORMIAT(IVX, 1P9D0. 3)
GO TO 5010

150 WRITE(KU1 5110)
5110 F0RMAT(19H FAIULTY MODAL SHAPE)

Cs8LL EXIIT
C ASYNCHRONOUS MODAL DATA PRINTOUT OF THE ISOTROPIC CASE
200 IF (Y34.NE.0.0.OR.Y56.NE.O.O) GO TO 250

EE(l) = 0.0
00(1) = 9.00+01
EE(2) = 0.0
00(2) = 0.0
GO TO 130

250 IF (Y(1).NE.Y(7).OR.Y(2).NE.Y(8)) GO TO 2460
EE(1) = 0.0
00(f) = 0.0
IF (NS.HE.3) FF = RP/6.OD+01
URITE(KVPS200) FF,SYNS1,SYNBl,EE(l-),00(1)'

5200 FORMAT(1X,1P4D1O.3,1611 DEGENiERA~TE NlODE)

GO TO 5010
260 KK =2

IF (Y34.EQ.0.0) CO TO 270

K I
GXI Y(3)
GX2 = Y4
GYI = Y(1)-Y(?)
GY2 = Y(2)-Y(8)
GO TO 105

266 IF (K.EQ.2) GO TO 130
EE(2) =0.0
00<2) =0.0
GO TO 130

270 EEC I) = 0.0
00(1) = 9.00+01
= 2

G91 = Y(7)-YUl)
GX2 = Y(S)-Y(2)
GYl Y(5)
GY2 Y(fi)
GO TO 105
END
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C
C
C

SUBROUTINE PRINCE(O D~KKB,09BZKU1 3)
IMPLICIT REOL*S (A-HsO-Z)
ORE a OKK-DB8
DIN * KB
DONP = SORT(DRE*DRE+DItI*0IN)
GO TO 40

30 DAPVP - OABS(DKK)
ORE = OKK
DIN a 0.0

40 DARG =DATAH2(DIN,DRE)
AMIP a SQRT(DAMP)
ARC = DARC/2.O
ZK aAtP*DCOS(ARG)
ZB =ANP*DSIN(ARC)
RETURN

END
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C
C
C

SUBROUTINE UVIRL(UlU2,VI,Y2,XIX2,YI.Y2)
IMPLICIT REAL*8 (A-H10-Z)

C TRANSFORMS COMPLEX CARTESION REPRESENTATION (XIsX2),(Y~IY2)
C INTO COMPLEX ROTATING REPRESENTATION (U1,U2).(V1.jY2)

UI = (XI-Y2)/2.O
U2 = (X2.Y1)/2.0IV2 U2-YI
RETURN
END
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_______

C
C

S U R U IECA E E O U , 2 V , 2
IMPLIOITNE SHAPE(E,OUU,1 1 2
MCALCLTEL* H (O/A4 ADU RTO N OINTTONFOMCMPE

C WALCL RTE CIOMO AISRNITS OIHAIO RMCOPE
C U UIRL CMPONNTS

VU = IJ*Y1+U2*V2
vu = VI*Y+V 2*
UV = UU/VV
YI = UU/V
IF UV.TIO 0 GOTO1
IF (YV.LT.1.OD-20) GO TO 10
IF= (YU.LT.1ODU OTO2
U = DSORT(UU)
VAl DSQTAN( U2 U
A2 DATAH2( V2,U1)
02 ( A-A2(2.0l
0V = AIA)/.
UV (U+V/
rE (I T(U-V40

10 IF (VU.LT.1.OD-20) GO TO 30

15 0 =-4.O*DATAN2(1.OD-OO)
too '10 *lj

20 IF (UW.LT.1.OD-2O) CO TO 30
E 1.0
GO TO 15

30 E 2.0
40 RETURN

END
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6- i CTI h34 OTC L T AD,ALF)

A-:2=AL F ALF; 3 .0
KTI HE =I
X=ALF4(ALT

to XvX=2. O*X
YY=DEdP( -XX)
T=(1.O-yy)/( I3VY

IF(VKTItIE E12.2) GO TO 2o

KT 1 HE=2
X=ALF*ALD
GO TO 10
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C
C

F FUNCTION NUNERE(XX1 X,NN)
IMPLICIT REAL*8 (A-HO-Z)
DIMENSION X(1)
NI-O N

00 10 1=2,MM
Y=XX-X( I)
IF(Y.GT.0.O) GO TO 10
N1=I-1
MM= I

1o CONTINUE
IF(NI.EQO0) NI=MM
NUHERE=NI
RETURN
END
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C

C

FIJHCTIGN SPL(ZZiylDXiN)
IMPLICIT REAL*8 (A-H,B-Z)
DitlEHSXON ZZ(X),Y1(3,1)

RETURN
END
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C
C

FUNCTION REFER (AA,881 S11 S2..U)
C CALCULATES REFERENCE FUNCTION

INPLICIT REAL*8 (A-H1 0-Z)
IF (S1.LT.O.O) GO TO 100
V1=OABS(AA)
U2=DABS(BB)

-- IF(V.EO.O.O) GO TO 30
!vI=U1*(U**S1)
V2=V2*( J**S2)
S3=S1-S2
IF.(S3.GT.O.0) GO TO~ 10
IF(S3.GT.-1.00-O0) V2=U2*V
REFER=I +V2
IF(S3.LE.-1..OD-O0) GO TO 20
REFER=REFER/( 1.OD-OO+W)

SGO TO 20
10 REFER = U1*v2*(1.00-00+u)/(V*g1+u2)
20 RETURN
30 IF(S1.GT.O.0) GO TO 40

REFER = 01
GO TO 20

40 REFER = 0.0
GO TO 20

100 VRITE(1,1001)
1001 FORMAT(/35H FAULTY DATA. NEAR FIELD EXPONENT =,IPDl2..4)

CALL EXIT
= END
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c
C
c

SUBROUJTINE TILT(Y,ROT, IT)

C ROTATIONA~L TRANSFROMATION OF IMPEDANCE MA~TRIX

IMtPLICIT REAL*8 (A-H,O-Z)
DIM'ENSIONI ROT(1 ),Y(8,1)
YK11 Y(11 1T)
YBI Y(2,IT)
YK22 = 'f(7,IT)
Y822 = Y(8,1T)
YK12 = Y(3,IT)
Y912 = Y(4,IT)
YK21 = Y5IT)
YE21 = Y(6,IT)
DKPA =YKII-YK22
DBPA = YBII-YB22

SKXX = Y.Kl2+YK21
s8xx = Y812+Y821

Y(?,IT) -Y(1,IT)-YK1l+YK22

Y(8,IT) =-Y(2,IT)+YBIl+Y822
RETURN
END
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C _

C
C

-- iUOROU!TINE BASE(MBA,BPIABST,BDA)
C PEDESTAL PROPEIRTIES

IMIPLICIT REAL*R (A-H,C-Z)
DIME4S101 BHA(1 ),BST( ),BDA( 1),BIN(2),R2(2)

1001 FORMAT(i29HSELECT: (1) RIGID FOUNDATI8N/9X,13H(2) ISOTROPIC,
+26H4 FOUNIDATION4 COMPLIANC~E. OR/9X.2714(3) ANISOTROPIC FOUiNDATION
+ I1HCO MPL lANCE? )
READ (1,*) NBA
IF (NBA.EQ.l) GO TO 1220

1002 FORMAT(/3lHSrELECT, (1) RADIAL BEARING, ORr19X,1 2H(2) AHGtLAR
QHIBEARING?)
READ (1,.) Nly
VRITE(11I03

1003 FORMAT(5^X,2?HEHTER PEDESTQL WIEIG-HT (Lg)?)
READ I1* BVT
IF (NTY-EQ.2) GO TO 105
BMA(1) = BVT/386.4
BMA(2) = BIIA(I)
GO TO 120

105 YRITE(I11G04)
1004 FORMAT(5X.324ETER CG OFFSET OF PEDESTAL (I%/X6AILx

+21I.VERTICAL? HORIZONTAL?)
= READ (1,.) OZ.OX,OY

RRX = OZ*0Z
RRY = OZ*OZ
IF (HBA..EQ..2) GO TO 106

RRX =RRXOX*eX
RRY = RRY+OY*OY

106 R2(1) = RRX"81dT
R2(2) = RRY*BPJT

-= URITE(11 1005)
1005 FORMAT(5X,49HENTER MOtiENT :IF INERTIA IN VER! PLANE (L-Q-SO IN)f?,

READ (1,*) 8114(1)
IF (NBA.EQ.3) GO TO 1006

= 81H4(2) = 8114(l)
GO TO 1010

1006 WRITE(13 1007)
100? FOR1IAT(SX1 5OHENTER MOMlENT OF INERTIA IN HORIZ PLANE (LB-SO IN)))

READ (1',*) 8114(2)
1010 DO 110 1=1,2

BRAlf) =(BIt4(I)+R2(I))/386.4
110 CONTINUE
120 URITE(1,1201)
1201 FtORMAT(SX.43HENTER PEDESTAL ;TIFFNESS 'AN VERTICAL PLANiE"'

VRITE(1. 1202)
1202 FORMRT(5X,5OH(L8/IN) FOR RADIAL BRG, OR (IN-LS/RAD) FOR AlfG BRG)

READ (1,*) BST(1)
IF (148A.EQ.3) GO TO 1203
BST(2) BST(1)
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GO TO 1210
1203 IWRITE(1,1204)
120 FORMAT(5X,45HEHTER PEDESTAL STIFFNESS IN HORIZ0NTI L PLANE?)

WR ITE( 1, 1202)
READ (1,*) BST(2)

1210 WRITE(1,1211)
1l'11 FORMAT(5X1 4I1HEHTER PEDESTAL DAMPING IN VERTICAL PLANE?)

1212 FORMAT(5X#52H(LB-SEC'IN) FOR RAD BRG, OR (IN-L8-SECIRAD) FOR ANG
+3HBRG)
READ (1,*) BDA(1)
IF (NBA.EQ.3) GO TO 1213
BDA(2) = 8DA(l)
GO TO 1220

1213 WRITE( 1,1214>
1214 F0RHAT(5Xo43HENTER PEDESTAL DAMPING IN HORIZONTAL PLANE?)

WRITE(C1, 1212)
READ (1,*) BDA(2)

1220 RETURN
END
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o7~

C

SUBROUTINE GOAT(FFA,IFREBM.8S, 1)
C SUMMATION OF BEARING AND PEDETAL COMPLIA4NCES

IMPLICIT REAL*8 (A-H,O-Z)
DIMENSION Y(8 I1 ),BM( 1),BS(I ),BD( 1)IDIMENSION AB(2,2),BB(2,2jBZI( 2),.8Z2(2 ),DZI(2),0Z2(2)
DIMENSION C8(21 2).DB(2,2)oEB(2,2),FB(2,2 )C ASSEMBLE BEARING IMPEDANCE

C
RP = FF*DA)'AN(1.OD-OO)/7.5D-OO

DO 10 I=1,2
00 10 J1,s2
K =K+l
KK = 2*K
KI = KK-1
CB( IJ) = Y(K1,IFRE)
DB( 1,J) = Y(KK,IFRE)*RP

10 CONTINUE
C CALCULATE PE&2STAL IMPEDANCE ELEM4ENTS

- C
RP2 = RP*RP

-= DO 20 I=1,2
BZ1(I) = 85(I)-BM(I)*RP2
822(1) = BD(I)*RP

20 CONTINUE
C COMBINE PEDESTAL AND BRG IMPEDANCES
C

DO 30 lr1,2
DO 30 J=1,.2
IF (I.EJI.J) GO TO 25
ABC 11J) = CBCI1 J)
88(1,J) =DB(I,J)
GO TO 36

25 AB(I,J) = CB(IJ)+BZ1(1)
8B(1,J) = DB(I,J)+8Z2(l)

30 CONTINUE
C INVERT
C

DDI = AB(1, 1 )*AB(2#2)-BB( Li )*88(2,2)

DD2 = AB(1,1)*BB(2,2)+B8(1,1>)*A8(2,2)
+ -AB( 1 2)*8B( 2,1 )-88( 1, 2)*AB( 2, 1
DD = DDI*DDI+DD2*DD2
DDI = 001/DO
002 =-DD2/DD
DO 40 I=1,2
K a 3-1
EB(1,I) - DD1*AB(K,K)-DD2*88(K,K)
FB(1,I) -DDI*BD(K,K)+0D2*AB(K,K)
EB(IK) =-DDI*AB( I,K).002*B8(I,K)
FB(11 K) =-DD1*BB( I,K)-DD2*AB(I,K)
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40 CONTIN4UE
C POST MULTIPLY BY BRG IMPEDANCE
C

DO 50 I=1,2
DO 50 J=1,2
AB(1,J) 0.0
88( 1,J = 0. 0

DO 50 K=1,2
AB(IJ) = AB(I,J)+EB(I,K)*CB(K,J)-FB(I,K)*DB(K,J)
88(1,1) = BB(1,J)+EB(I,K)*DB(K,J)+FB(I,K)*CB(K,J)

50 CONTINUE

C PRE MULTIPLY BY PEDESTAL IMPEDANCE AND RESTORE Y
K =0
DO 60 1-1,2
DO 60 J=1,2

K= K+I
KK = 2*K
KI = KK-1
Y(KIIFRE) = BZVI()*AB(I,J)-BZ2(I )BB(IJ)
Y(KK,IFRE) = (BZI(1)*BB(I,J)+BZ2(1)*AS(I,J))/RP

60 CONTINUE
RETURN
END
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