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CHAPTER 1

INTRODUCTION

Modern turbomachines are highly complex systems. Current
design trends are producing machines that consist of several
process stages joined together. The rotors in these machines
are highly flexible shafts, often mounted in more than two bear-
ings, that rotate at very high speeds. It is not uncommon to
see machines that operate above the second critical speed. As
a result the system dynamics are very complicated.

One of the major problems encountered in these machines is
instability produced by aerodynamic forces on impeller wheels,

friction in the stressed rotor and hydrodynamic forces in the

bearings. The instability is characterized by large amplitude
whirl orbits and often results in bearing or total machine failure.
It is often aggravated by unbalance and other external forces
transmitted to the machine. Production losses from failed machines
are very high and it may take many months to repair or replace the
failed unit. In addition operator safety is jeopardized when
machines fail and occasional loss of life occurs.

From the earliest investigations of rotor instability, it has
been known that the use of flexible, damped supports has an effect
on instability and can eliminate it or alter the speed at which
it occurs. Recent research has produced a large body of knowledge
on the use of these supports and their’effect on instability.

The squeeze film damper bearing is one type of flexible



support that is currently being investigated. This study ex-
amines the squeeze bearing and through computer simulation shows
its effects on several rotor—-bearing systems. The equations for
the hydrodynamic bearing forces are developed in both fixed and
rotating coordinate systems. The use of two coordinate systems
allows for both steady-state and transient analysis of bearing
performance. This results in more efficient bearing analysis
and a savings in time and money when experimental testing of the
bearings is conducted,

The steady-state behavior of the bearing results in the for-
mulation of bearing stiffness and damping coefficients which can
be used to set the bearing configuration. This is accomplished
by comparing the coefficients with required values obtained from
a stability analysis of the rotor-bearing system. Several methods
of determining the system stability are discussed. The effects of
end seals and cavitation of the fluid film are also included in
the steady-state coefficients.

The transient analysis is very useful 1in determining the
bearing response to particular forms of external and internal
forces as noted previously. Also the effect of bearing retainer
springs and fluid film cavitation can be found. The tramsient re—
sponse is found by tracking the journal motion forward in time
by integrating the equations of motion under the influence of the
system forces.

The limitations of and assumptions 'used in deriving the

steady-state and transient equations are discussed in order to

2



obtain meaningful interpretation of the results and to es-
tablish useful design criteria.
Dr. R. Gordon Kirk developed the computer programs used

to perform the transient analysis in this report.



CHAPTER 2

THEORETICAL ANALYSIS

2.1 REYNOLDS EQUATION

The configuration of the squeeze film damper bearihg
is shown in Figure (2-1) where the clearance has been exag-~
gerated. Both fixed and rotating coordinate systems are shown,
and the bearing equations are derived for both systems. The
definitions of the various parameters are listed in the nomen-
clature section of this report.

The basic bearing equation is the Reynolds equation which
is derived from the Navier-Stokes equations for incompressible
flow. With the proper bearing parameters the equation for the
fluid film forces are derived. [1]

The Reynolds equation for the short, plain journal bearing
is given in both fixed and rotating coordinates by:

Fixed coordinates:

2 |h® 3R | _ 3h , 2 3h 2-1

ﬁ[ﬁﬁ]"‘“’b*“’j) 56 T ot (2-1)
Rotating coordinates:

3 |hn®ap| _ sy dh 3h (2-2)

3% [eu ‘az] = lop * oy - 20) gar o+ 2 5

As shown in Figure (2-1), the angle 6 in the fixed coor-
dinate expression is measured from the positive x-axis in the
direction of rotation whereas the angle 6' in the rotating co-

ordinate expression is measured from the line of centers in the
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direction of rotation. The assumptions used in the derivation
of equations (1) and (2) include:
1. The fluid inertia terms in the Navieg;Stdkes equations
have been neglected due to their small magnitude.
2. Body forces in the fluid film have been neglected.
3. The fluid viscosity is constant.
4. The flow in the radial direction has been\neglected,
that is, the short bearing approximation has been used.
Figure (2.2) shows a comparison of the short bearing sol-
ution an& the generéi solution of the Reynolds equation solved
by a finite difference technique for the plain journal bearing
under steady state conditions. It can be seen that the short
bearing solution is highly accurate for a wide range of eccent-
ricities for L/D < 1/4 and is acceptable for L/D values up to 1
if the eccentricy ratio is low. The normal design range of the
squeeze film bearings will be L/D < 1/2 and eccentricity ratios
< 0.4.
By assuming the bearing is perfectly aligned (h not a-
function of Z) equations (1) and (2) are integrated‘di:ectly tb'

yield expressions for the fluid film forces.

2.2 BEARING FORCES -IN FIXED COORDINATES

For the plain bearing with full end leakage the appropriate

boundary conditions are:

| (2-3)
P(6,0) = P(6,L) =0
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In the fixed coordinate system the film thickness, h, is given
by:

h=c-xcos 6 -~y sin 6 (2-8)

Substituting into equation (2~1) and integrating yields:

w, + W oah +2 %h
P(6,2) = i—% [22 - LZ] [( b ]) 55 5‘{] (2-5)

Differentiation of equation (2-4) yields:

dh _ .
36 T ¥ S1n 6 - y cos ¢ (2-6)
3h .

ot T T X C0s 6 - y sin ¢ (2-7)

The incremental force acting on the journal is:

Rr = -p(8,2)Rd0az |n_ (2-8)

The relationship between the unit vectors in the fixed and

rotating reference frames is:

T > ~
= o - 3 2'-9

1 cos © ]nr sin 6 rﬁe 29)

+ L]

J = sin [Kr + cos 6 Iﬁe (2-10)

> >

I?xr = cos 6 i + sin 0 7 (2-11)

> . T M

Ny = -sin & i + cos 6 j (2-12)



Substituting equation (2-11) into equation (2-8) yields:
2 + : 7
AF = - P(0,2)Rd6dZ(cos 8 1 - sin 6 3) (2-13)
The elemental x and y force components may be found by

taking the dot product of equation (2-13) with unit vectors in

the x and j directions.

-
Ai‘)x = (AF * -{)-{ = -(P(6,Z)RA64Z cos 0) i (2-14)
R % 1 _ . +
= * = -(F(0,2)RA042 ]
AF, = (8F * 3)3 (B (8,%) sin 8) j (2-15)

The total force components in the x and y directions are found by

integrating equations (2-14) and (2-15) over the entire journal

surface.
2m L
Fx = - //P(G,Z)R cos 6 4z 46 (2-16)
: 0
21 1,
(2-17)
F = - P(8,Z)R sin 6 dZ 46
Y 09
» oh . 9h
Substituting the expressions for 38 and 3t into the pressure
equation and integrating around the bearing circumference gives:
27

F =-u1;~L3 | (wb+wj) (xsinb-ycos6) -2 (}'{co'seﬂ'rsine)lcos 6] de (2-18)
F -
Y

(c - X cos 8 -y sin 6)3 1s1n 0



The above equation is applicable to the evaluation of
the forces developed in the plain journal bearing as well as
the squeeze film damper bearing for arbitrary values of journal
dispacement, velocity, and shaft and bearing housing angular
velocities. Hence the analysis can also be used for the general
floating bush bearing with rotatiom.

For the case of the squeeze film damper where the journal and
housing are constrained from rotating, (mb=mj = 0), the force

expressions become

27
Fx = -uRL? -2(% cos 6 + v sin 9) C?s 0]1d4e (2-19)
Fy 2 (c - x cos 8 -y sin 8)? |sin ©

These non-linear fluid film forces are easily combined with
the rotor-bearing system dynamical equations providing a complete
non-linear dynamical analysis of the system, Because the bear~-
ing force equations are written in fixed Cartesian coordinates
a transformation from one coordinate system to'another is not
required. This is very important for conservation of computation
time since the bearing pressure profile must be integrated at

each time step of the system motion.

2.3 BEARING CAVITATION

If the complete pressure profile is calculated without re-
gard to cavitation or rupture of the film, then the bearing pressure
will be similar to Figure (2.3). This figure represents the three
dimensional pressure generated in the bearing.

The exact mechanism causing cavitation in fluids is not

10
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fully known. It is known that film rupture is influenced by gas
and solid content of the fluid. Recent investigations have
shown that a fluid may stand large tensile stresses- [2],
and its ability to withstand rupture is dependent on its past
history, In this investigation it is assumed that cavitation
occurs when the pressure in the film drops below ambient pressure.
The cavitated film then extends over only a section of the bear-
ing circumference as shown in Figure (2-4). Recent experimental
‘research has shown that cavitation in the squeeze bearing occurs
in streamers of bubbles which extend around the entire bearing
[3]. These streamers initially appear at the center of the bear-
ing and extend outward as the rotor speed increases. It is be-
yond the scope of this present research to analyze this type of
cavitation effect. Therefore the conventional cavitated film
is assumed to occur when P<Pc where PE is the assumed cavitation
pressure.

When evaluating the integral of equation (2-19), negative
pressures are equated to zero if the film is assumed to cavitate.
If the oil supply pressure is sufficiently high and suitable

operating conditions exist the film does not cavitate.
2.4 BEARING FORCES IN ROTATING COORDINATES

The Reynolds equation in rotating coordinates was given
by equation (2-2). Assuming steady-state ciréular synchronous
precession of the journal about the bearing center and no axial
misalignment, equation (2-2) can be integrated in closed form.
The resulting equations for the bearing forces give the equivalent
stiffness and damping of the bearing.

12
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Applying the boundary conditions:

P(6,0) = P(§,L) = 0 (2-20)

and integrating equation (2-2) yields:

P(0,2) = 3L | _24sn . 2 oh [[z2- 1z (2-21)
h? 30" 3t

where 6' is measured from the line of centers in the direction of
rotation as shown in Figure (2-1).

In rotating coordinates the film thickness, h, is given by:

h=cll+c¢ cos 6')

(2-22)
where the eccentricty ratio, €, is defined as:
e = & (2-23)
e
Differentiation of equation (2-22) gives:
sh _ . (2-24)
35!~ ~C € sin @'
and
T‘E = C& cos B!

Substituting the expressions for h and its derivitives into

equation (2-21) and integrating gives the fluid film force:
]
02

# = _MRL® (6 € sin 8' + € cos 6') de"' lﬁr (2-26)
c? (L + € cos 08")°

'
0;

14



-> -+
The transformation into the n,, 1rg coordinates is

no= - ' 3 —sin ' o 2-27
Inr cos 8 n_ -sin ¢ ng ( )

The components of the fluid film force in the radial and
tangential directions, ;i and ;é are found by taking the dot
product of the force with unit vectors in the radial and tan-

gential directions. Thus:

(2-28)

and

F,. = (F .
) ( ne) ne
and the force components are:
1
02
F 3 ° . .
Fr = “URL” ¥ (¢ € sin 8' + € cos 08') Jcos 6'ldas' (2~30)
) c? )

(L + € cos 8'")° sin 0*
]
01
The limits of integration, 6] and 6}, define the area over
which a positive pressure profile exists and are dependent on
the type of journal motion and whether or not cavitation occurs.
It is assumed that the jourmal is precessing in steady-

state circular motion about the origin. Therefore € = 0 ant

the pressure expression, equation (2-21) becomes:

(2-31)

c?(1 + € cos 0')3

15



The maximum pressure in the axial direction occurs at Z = L/2

and equation (2-31) is rewritten as:

P(6',L/2) = -3uL%we sin 0"
2c?(1 + € cos 8")3 (2-32)

By differentiating equation (2-32) with respect to 6' and
equating to zero, the tangential location of the maximum pressure
may be found. The angle, 8' max., where the pressure is maximum

is given by:

2-33)
(L + € cos 8 ' in2 9! = (
max’) €OS 8 max T 3 € sin® @ max = 0
The angie 8pax Vvaries with e and shifts from
' - ﬁ ., =
emax =3 when € = 0
to
8’ = 7 when € =1
max
and the maximum pressure is given by:
- 2 in 8¢
. _ 3pL“we sin 6 max 236
max 2 . 3 2-
2¢*(1 + € cos 6' )

The pressure expressed by equation (2~32) is positive over
the region 8' = 7 to 6' = 27 and for the cavitated fluid film

the limits of integration in equation (2-30) are:

6} =, ) = 2m (2-35)

16



The radial and tangential components of the fluid film force

are given by:

F 27
- 3 .
= THRL ew / sin 6' cos 6'| de’ (2-36)
2
6 c (L + € cos 8')? |sin 6!

ar

The integrals in equation (2-36) were integrated using Booker's

method {4]. The resulting force components are:

p = "2URL’cwe (2-37)
r c3 (l - E2)2
and
= - 3
FB = —-uRL°mew (2-38)

2¢c3 (1 - 62) 3/ 2

The force in equation (2-37) appears as a stiffness coefficient
times a displacement acting in line of the displacement towards

the bearing center. The equivalent bearing stiffness is:

K. = 2HRL%eq (2-39)
cd(1 - g2)2

Since the journal is precessing and not rotating, every point in
the journal has a velocity equal to'ew. The force in equation (2-38)
therefore appears as a damping coefficient times a velocity acting
in the direction oppesite the journal motion.

The equivalent bearing damping is:

C. = URL? T (2-40)
0 2c®(1 - g2)3/2

17



For the uncavitated film the limits of integration in

equation (2-36) become:

6] =0, 8 = 2r (2-41)

Integrating and evaluating at those limits yields force

components  given by:

Fo=0 (2-42)

P o= -uRL37mew . (2-43)
03(1 - 82)3' 2

It is therefore evident that a complete fluid film does not
produce an equivalent bearing stiffness but doubles the damping
of the cavitated film.

Although the equations for the bearing characteristics were
derived for a plain bearing with no circumferential oil groove
they are applicable to other bearing configurations. For ex~
ample Figure (2~5a)represents a plain bearing with circumferential
0il groove and full end leakage.

The total length of the bearing, L, corresponds to the
length df the plain bearing with no oil groove. The bearing
in Figure (2.5a) consists of two plain bearings without an oil
groove whose length is L/2. Thus the bearing parameter L in
the equations may be replaced by L/2 and the equations multiplied
by 2 to obtain the total effect of the two half bearings. The

net effect is to decrease the maximum pressure by a factor of 2:

18



(2-44)

LA .
]
NOf b=

L

Similarly the damping and stiffness values are decreased by

a factor of 4:

(2-45)

N
tl N
=
1]
E

The bearing represented in Figure (2.5b) is a plain bearing
with circumferential oil groove and end seals to prevent end leak-

age. If there is no end leakage the boundary conditions are:

L2 =0 2-46
9% z = 0,L (2-46)

and the net effect leaves the pressure and bearing characteristic

equations unchanged.

— B —
veerum R A—

Shaft/\ B_L- _— \, §

]

Figure 2-5 a, Axial Pressure-Distribution of Bearing With
Circumferential 0il Groove
b. Axial Pressure Distribution of Bearing With End
Seals -and Circumferential 0il Groove
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The bearing equations derived in this section are summarized
in Table (2-1). Also included in the table are the equations for
pure radial squeeze motion. For this type of operation $ = 0 and
results from a purely unidirectional load on the journal. The
radial and tangential force components are derived from equation
(2-30) where only the term containing € in the. integral is re-
tained. The pressure equation is also modified to include only
the ¢ term. The maximum pressure occurs at 6 =1 for all values
of journal eccentricity. Examination of the pressure equation
reveals that the hydrodynamic pressure is positive only in
il 3w

2_.to o These values ofke' are the limits of

integration in equation (2-30) for the cavitated film.,

the region ' =

The table also shows that for purely radial motion no bearing
stiffness is obtained in either the cavitated or uncavitated
bearing. Thus if this type of motion exists retainer springs
must be included to provide support flexibility.

For the case of circular journal precession, the table
shows the stiffness and démping of the cavitated film and damp-
ing of the uncavitated film remain essentially constant for low
eccentricity ratios. As the eccentricity ratio increases above
0.4 there is a rapid increase in these properties and they approach
infinity as ¢ approaches 1. This variation of stiffness in the
cavitated film is very important. As the eccentricity becomes
large the support becpmes more rigid with a corresponding in-
crease in the rotor critical speed. If the rotor critical speed

is increased above the operating speed, the phase angle between the
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TYPE OF MOTION

MAXIMUM PRESSURE

EQUIVALENT DAMPING

EQUIVALENT DAMPING

Ko (1b/in) Co (1b-sec/in)
CIRCULAR SYNCHRONOUS 2
PRECESSION ~3uLwe sin 8 ,
2uRL°ew 3
2¢2(1 + € cos 0 )3 3 212 PRL L
& = w, e=20 m . C (l -E‘) 2C3(1 . Ez)
CAVITATED FILM where em is given by:
(1+ecoseu?cosem+3eain26 =0 uRL3. 7 ,
UNCAVITATED FILM m i 23 2
0 Cc (l - £ )
PURE RADIAL SQUEEZE . 1
MOTION ¢ 5 HRL3[m-cos” (g);(?.ez-i-l)
«3ul“e cos em 0 3 (- e2)5 2
. N 2 3
§=0,¢#0 2¢4(1 + € cos em)
CAVITATED FILM
6 =
m uRL37 (2e2 + 1)
UNCAVITATED FILM 0 31 - e2)5/2

Table 2-1.

for Squeeze Film Damper Bearings.

Summary of Equivalent Stiffness and Damping Coefficients




rotor unbalance vector and amplitude vector becomes less than

90°. When this condition occurs the force transmitted through

the support structure will always be greater than the unbalance
load. With an ﬁncavitated film this problem does not occur because
no bearing stiffness is generated. To obtain the stiffness re-
quired to stabilize a rotor (see Chapter 3) it is necessary to

use retainer springs in the support bearings.

One of the most significant parameters affecting damper per-
formance is the length to clearance ratio. The stiffness and
damping coefficients vary as (L/C)3 and therefore ejither doubling
the bearing length or decreasing the clearance by 1/2 will in-

crease .the coefficients by a factor of 8.
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CHAPTER 3

ROTOR-BEARING STABILITY AND :STEADY-STATE ANALYSIS

3.1 ROTOR-BEARING STABILITY

After Jeffcott's [5] analysis in 1919 of the singie mass
flexible rotor on rigid bearings, manufacturers began produciﬁg
Tight, flexible rotors operating above the first critical séeed.
However ,some manufacturefs encountered severe operating diffi-
culties with some of their designs. These machines underwent
violent whirling while running above the critical speed and often
failed.

Experimental and analytical investigations by Newkirk and
Kimball [6] [7] revealed that the whirl instability was not caused
by unbalance in the rotor, but by internal shaft effects such as
internal friction. Kimball theorized that forces normal to the
plane of the deflected rotor could be produced by alternating
stresses in the metal fibers of the shaft, In light of this theory,
Newkirk concluded also that the same normal forces could be pro-
duced by shrink fits on the rotor shaft, By incorporating these
forces in Jeffcott's model Newkirk showed that the rotor was un-
stable above twice the rotor critical speed.

Further investigation'by Newkirk showed cases of rotor in-
stability which were not produced by shaft effects but By effects
in the journal bearings. [8] One cause of journal bearing in-
stability was later shown to be due to lack of radial stiffness

in the bearing and the instability occured at twice the rotor
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critical speedf These instabilities were especially common in
lightly loaded rotors and larger bearing loads tended to promote
stability. The effect of the larger loads is to cause cavitation
of the fluid film which results in a radial stiffness component
of the bearing forces being produced. [9], [10], [11]

In 1965 Alford reported on the effects of aerodynamic forces
on rotors [12]. Hé showed that these forces couple the rotor
equations of motion and can produce instability. He also noted
that labyrinth seals and balance pistons also produce forces that
can promote instability.

Recent investigators including Gunter, Kirk and Choudhury
[13] [14][15] have analyzed the effects of support flexibility
and damping on reducing rotor instability produced by the forces
just described. As a result they have derived stability criteria
for determining the necessary support characteristics.

One of the most general methods for determining rotor
stability is to derive the characteristic frequency equation of
the system. The stability is given by the roots of this equation.
The real part of the root corresponds to an exponentially in-
creasing or decreasing function of time. Thus a positive real
part indicates instdbility whereas a negative real part in-
dicates a stable system. Thils type of stability analysis of a
rotor-bearing system therefore requires that the characteristic
equation be known. This equation is not always easy to obtain.

The characteristic equation is derived from the homogeneous

second order differential equations of motion of the system [15].
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By assuming solutions of the form

x, = A, e° =1, 2, sees n

and differentiating, the equations are substituted béck into the
equations of motion. This produces a matrix known as the character-
istic matrix. The determinant of this matrix gives the characteristic
equation, a polynomial of degreee 2n in ), where n is the number
of degrees of freedom of the system.

The computer program SDSTB [16] was used to produce the
stability maps shown in this chapter. The program calculates
the characteristié.: equation for a three-mass symmetric flexible
rotor mounted in journal bearings and supported in squeeze film
damper bearings. The rotor-bearing model is shown in Figure (3—1).
The rotor is assumed to remain stationary in the axial direction
so the rotor has six degrees of freedom and the ;haracteristic
equation is therefore of degree twelve. The characteristic matrix
is shown in Figure (3—2). The determinant of thi§ matrix gives
the characteristic équation. The unknown variable in this
‘equation is A, the natural frequency of the syétem. An examina-
tion of the characteristic matrix shows that the coefficients
of A ﬁre functions of the rotor and bearing propefties as well as in-
ternal shaft friction, absolute rotor damping and aerodynamic cross
coupling;‘ The natural frequencies and stability of the system
are found by finding the roots of this equation.

The journal and support bearing characteristics can either be

inserted directly as linear coefficients or they may be calculated
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in the program from the bearing parameters by solving for the
equilibrium positions of the journal and support. These charac-
teristics are non-linear functions of the journal eccentricity.
The stability maps in this chapter were produced with the linear-
ized journal and support bearing characteristics given as input
data to the program. The assumption of linear bearing charac-
teristics is useful:because for low eccentricity the characteristics
do not vary greatly with changes in eccentricity. This assumption
allows a large savings in computer time. If the non-linear charac-
teristics are calculated, the amount of computer time ipcreases
because an iterative procedure is used to find the equilibrium
-position.

As an example of how a stability map is prodiced, consider
the following system:

ROTOR CHARACTERISTICS

ROTOR WEIGHT 675 1bs
JOURNAL WEIGHT 312 1bs .(each)
SUPPORT WEIGHT 15 1bs (each)
SHAFT STIFFNESS 280000 1b/in
SHAFT DAMPING .10 lb-sec/in
INTERNAL DAMPING 0.0 1b-sec/in
ROTOR SPEED 10000 RPM

BEARING CHARACTCRISTICS

k 1.287 x 10% 1b/in
XX .

k 1.428 x 106 1b/in
Yy

C 1200 lb-sec/in
XX .
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T 1290 1b-sec/in
Jy /

k =k 0.0 1b/in

Xy yX

cC =T 0.0 lb-sec/in
Xy vX

Two values of aerodynamic cross coupling were selected, Q =
20000 1b/in and Q = 100,000 1b/in. For each value of Q, several
values of support stiffness were selected ranging from.S0,000
1b/in to 500,000 1b/in.  For each value of support stiffness a
range of support damping values from 0 to 10000 lb-sec/in was
used. Using this method a stability contour was found for a
given value of aerodynaﬁic cross coupling and support stiffness.
The rotor and bearing characteristics remained unchanged.

Figures (3-3) and (3-4) show the stability maps for the
above system for the two values of aerodynamic cross coupling.
There is an intermediate range of support damping values for which
the sytem is stable for a given-'value of the support.stiffness.

As the stiffness is increased the system becomes less stable.:
with Q = 20000 1b/inrthe optimum amount of damping ranges from
500 to 2500 lb-sec/in as the stiffness increases from 50000 to
500000 1b/in. For damping less than 100 lb-sec/in the system is
unstable for all values of stiffness. The same is true if the
damping exceeds 10000 lb-sec/in.

For Q = 100000 1b/in the optimum damping is 1000 lb-sec/in
and does not shift over the stiffness range selected. When the
stiffness reaches 250000 1b/in the system ‘is unstable for all values

of damping.
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Figure 3~3 Stability of a Flexible Rotor With Aerodynamic Cross
Coupling (Q = 20,000 Ib/in., N = 10,000 RPM)
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The stability calculation depends upon the accuracy of the
root solving technique applied to the characteristic equation.
For symmetric bearing and support characteristics repeated roots
of the equation occur and many root solving routines break down
under this condition. Although no cases have been encountered
where the root solving routine has failed, 1t is possible that
some combinations of rotor-bearing properties might cause this
to happen. However because root solving routines are generally
easy to obtain it would be easy to replace the one currently
in SDSTB if such a situation arose.

The amount of computer time required to solve the character-
istic equation depends ‘upon the root solving technique and the
order of the characteristic equation. Many studies do not re-
quire extensive stability maps and it is only necessary to de-
termine whether the system is stable and not how stable. 1In
these cases application of the Routh stability criteria [15] gives
the required information without solving for the roots of the
characteristic equation. This results in a savings of computer
time. The option of using only ﬁhe Routh stability criterial
is available in SDSTB.

The method of determining the stability of the system from
the characteristic equation becomes less practical when the order
of the system is large. The elements of the characteristic matrix
must be found from the equations of motion and unless the deter-
minant is found by a computer routine, the characteristic equation

must be expanded by hand. Therefore complicated systems may re-
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quire a prohibitive amount of formulation time.

Recent research in transfer matrix and finite element
techniques for determining the stability and natural frequencies
of rotor bearing systems has been directed toward overcoming
these difficulties [17] [18]. However, because iterative pro-
cedures are required in the solution, higher order modes may be
expensive to obtain from the standpoint of computer time. The
type of method used will depend on the amount of computer funds
available and the availability of programs using the various

techniques.
3.2 STEADY~-STATE ANALYSIS

The steady-state stability maps just discussed provide in-
formation on the support characteristics needed to promote
stability in a given rotor-bearing system, There remains the
problem of relating these characteristics to the actual support
bearing. The squeeze bearing equations derived in Chapter 2 in
rotating coordinates are used to determine the preliminary
bearing design. As noted in Chapter 2, these equations were de-
rived assuming steady-state circular, synchronous precession of
the journal.

The bearing characteristics, stiffness, damping and pressure
are functions of the amplitude of the journal orbit, fluid vis-
cosity and bearing geometry. The addition of oil supply grooves,
end seéls and cavitation affect the bearing cha;acteristics.

The steady-state equations have been programmed on a digital
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computer. This program, SQFDAMP, analyzes three basic bearing
configurations:

1. Plain bearing, no oil supply groove or end seals.

2. Bearing with oil supply groove but without end seals.

3. Bearing with both oil supply groove and end seals.
Both cavitated and uncavitated fluid films can be analyzed. A

listing of the program with a description of the input data re-

quirements and sample output are contained in Appendix A.

The program calculates the bearing characteristics and plots
them as functions of the journal eccentricity ratio, €. By
varying the bearing parameters the designer is able to determine
the bearing characteristics and select a bearing configuration
that will provide the stability requirements of the system under
consideration.

Figures (3-5) -~ (3-7) show the characteristics for a bearing
being considered for the 675 1b rotor system described earlier.
The bearing has an oil supply groove and end seals, and the fluid
film 1s assumed to be cavitated. The bearing parameters are,
length, 1.0 inches, radius, 1.2 inches and fluid viscosity 10
microreyns. For the case where Q = 20000 1b/in it was determined
that the optimum support damping is about 500 lb-sec/in and
the support stiffness should be less than 100000 1b/in. Because
it is desirable to keep the eccentricity ratio of ‘the journal
low, Figures (3-5) and (3-6) reveal that this bearing will provide
the necessary stiffness and damping characteristics with a clear-

ance of about 4 mils at an eccentricity ratio of ¢ = .10 to .20,
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This corresponds to a journal orbit of 0.4 to 0.8 mils amplitude.
The maximum hydrodynamic pressure in the bearing is about 100
psi for this clearance. If the fluid film cavitates, the re-
sulting characteristics are shown in Figures (3-8) and (3-9).

A slightly larger clearance, 5.0 mils, will produce the optimum
damping. However, because the uncavitated film does not produce
an equivalent stiffness, retainer springs must be incorporated
in the bearing. If the end seals are flexible the required
spring rate may be obtained from them.

One advantage of the uncavitated film is that if the journal
eccentricity ratio should become very large, there is no rise in
stiffness that could cause the system to become unstable or
raise the critical speed above the operating speed., Figures (3-5)
and (3-8) indicate that even at eccentricity ratios of 0.9 the
damping value still remains acceptable. For the cavitated film
at € = .9, the stiffness exceeds 2,000,000 1b/in and the system
would be bordering on instability. For both films the maximum
pressure exceeds 70000 psi. at € = 0.9 and this large a rotating
pressure field could result in bearing failure.

If Q = 100000 1b/in, the bearing characteristic graphs
reveal that for a cavitated‘film the clearance must be as small
as possible because of the limitations on stiffness shown in
Figure (3-4). With a 3.0 mil clearance, the stiffness is 250000
1b/in at € = 0.23 and this stiffness will produce system in-
stability. For Q = 100000 1b/in it is desirable to study other

bearing lengths and radii to obtain a cavitated bearing which pro-

38



SQUEEZE FILM DAMPER

w  OIL . SUPPLY GROOVE AND SEALS
o .
d NG CAVITATION
-
=] "
o X
L |
>
v—l: ~
z -
= o
B -
S 7 -
& o
(Vg 1 .
I o _|
i N
o X
e |
1 25 »
[ Qi =
Q) -t -
G 3 E
= -4 b
- . .
o ]
o] [
E R
) 4 L
—f
>
- "
E N= 10000.0 RPM. F
i R= 1.20 IN. 0
-] L= 1.00 IN. B
o PS= 0.0000 PSE. |
o NU=10.000 HICROREYNS |
-~ : } } } } } } } }
".g - .s

Figure 3-8.

Damping Coefficient for Squeeze Film Bearing
with Uncavitated Film ~ End Seals and 0il

Supply Groove Included

39

-y 8 1.0
ECCENTRICITY - (DIM)



SQUEEZE FILM DAMPER

o (OIL SUPPLY GROOVE AND SEALS
o
o NG CAVITATION
—
; :
w -
o B
-d -
><
i o -
3 -
-ﬁ -
. »
E -
=] N
H - e
€31 :
i _
- -
TR -
o -
S 3 -
o .
= -
o .. =N
oo
— 5
= >¢
s R 18 |
£ =
H -
> — -
a »
= 3 o
o N
o B
— A
<
i -
3 N= 10000.0 RPM. E
3 R= 1.20 IN. a2
- t= 1.00 IN. -
o PS= 0.0000 PSI. B
;2"' HU=10.000 MICROREYNY [
= —t
-.0 o -4 .6 .8 1.0
ECCENTRICITY - (DIM)
Figure 3-9. Maximum Pressure for Squeeze Film Bearing

with Uncavitated Film - End Seals and 0il

Supply Groove Included.

40




duces the required damping at low eccentricity ratios and also
produces a stiffness of 100000 1b/in or less. For an uncavitated
film a 3.0 mil clearance provides adequate damping.

The steady-state bearing characteristic equations used in
conjunction with the stability analysis based on steady-state
motion provide an excellent means of determining bearing con-
figurations. Using the methods just described, good preliminary
designs can be obtained which can be more thoroughly analyzed.

The steady-state analysis described here and the transient analysis
described in the mnext chapter provide bearing design criteria
which will eliminate the experimental testing of unsuitable de-
signs. The costs of the analysis more than offset the experimental
losses when designs are tested that result in bearing or machine

failure.
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CHAPTER 4

TRANSIENT ANALYSIS
4.1 INTRODUCTION

There are a number of operating conditions in which the
squeeze bearing journal does not orbit the bearing center in
circular synchronous precession. These conditions can occur when
there is a unidirectional load on the rotor or when there is a
suddenly applied load such as the application of unbalance when
blade loss occurs. Intermittent or cyclic forces transmitted
to the machine from nearby equipment can also result in non-
linear orbiting. Under these conditions the bearing stiffness
and damping coefficients developed in Chapter 2 are no longer
applicable and a time—~transient analysis of the bearing is
necessary to determine the squeeze bearing support's ability to
restablize the system.

The equation for the squeeze film damper fluid film forces,
in fixed coordinates, equation (2-19) provides a useful means of
determining the time dependent transient behavior of a rotor
bearing system. The force equations have been programmed omn a
digital computer and combined with the journal equations of motion.
The resulting program, BRGTRAN [19] .tracks the journal motion
forward in time under the influence of the bearing forces, journal
weight and unbalance. The program is capable of including the
effects of retainer springs and cavitation.

Because both the bearing pressure equation and the journal
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equations of motion must be integrated, the accuracy of the sim-
ulation depends upon the numerical integration method used. Two
integration methods, Adam-Bashforth-Moulton Predictor-Corrector,
and 4th Order Runge- Kutta, are provided as options in BRGTRAN
Although the 4th Order Runge~Kutta method is highly accurate,
four functional evaluations of the pressure equation are required
for each step in time. Even though the required time step size
may be larger using the Runge-Kutta method, the total computer

time required is still greater than other methods because of the

many functional evaluations.

The Adams—~Bashforth-Moulton method has been found to be
sufficiently accurate for most cases run if the time step has
been made sufficiently small, or about 0.01 cycles. At low
eccentricities no problems are encountered in the integration
process and the solutions are accurate for both methods. The
changes in the bearing forces are relatively small from one time
step to the next and even a wery simple integration method such
as the Modified Euler Method provides reasonable accuracy. However
at high eccentricities the bearing forces change drastically with
even a very small c¢hange in eccentricity. Even the more sophisti-
cated integration schemes lose accuracy when the eccentricity is
high unless the time step is made very small. The amount of
computer time and core storage required for a small time step
becomes prohibitive. This is especially true in light of the
fact that at high eccentricities the validity of the short bear-

ing approximation used in reducing the Reynolds equation is
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doubtful. 1In using the short bearing approximation it was
assumed that the pressure gradient in the tangential direction
is small, and this assumption may be violated at high eccent-
ricities.

It was also shown in Chapters 2 and 3 that at high eccent-
ricities the bearing stiffness becomes very large. This can
result in system instability as indicated in the stability maps,
Figures (3-~3) and (3-4), or in raising the system critical speed
above the operating speed causing large forces to be transmitted
to the machine structure. For these reasons the design criteria
of €<0.4 was established and it is unnecessary to use excessive
computer time to obtain greater accuracy at higher eccentricites,
The information provided at these eccentricites is very useful
in showing trends in the ability of a bearing to perform adequate-
ly and should be used with this restriction kept in mind. Also
recent transient analysis has been performed using hybrid com-
puter simulation thereby avoiding the difficulties inherent in

numerical integrationm. [20]

4.2 ANALYSIS

Using a time transient bearing program, a design engineer can
make an analysis of the bearing effects without resorting to
either a complete time-transient analysis of the entire rotor-
bearing system or a costly experimental program during the

preliminary design stage. During later design stages when the
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bearing configuration has been tentatively fixed, a more com-
plete theoretical and experimental analysis of the entire

system may be performed. The bearing force calculations have
also been incorporated as a subroutine in a computer program
which analyzes the transient behavior of certain rotor-bearing
models [21]. By using these programs to determine the bearing
parameters experimental verification of the bearing effects

can be performed with more assurance that the design is feasible,
and costly and time consuming machine prototype failures can be
reduced.

The computer program BRGTRAN was receptly used as part of
an analysis of an existing turbomachine which had suffered
frequent bearing failures. The manufacturer had decided to use
a squeeze film damper bearing to reduce the vibration amplitudes
at the failing bearings. Without performing a complete analysis
of the bearing effects, an experimental program was initiated
where various bearing configurations were installed on a test
machine. The damper bearings used did not dampen:out the vibrations
and much time and money was lost during the project.

The following discussion of the computer simulation of this
system shows the effect of varying the rotor-bearing parameters
including bearing length, unbalance, cavitation and retainer springs.

In this study of the problem, the analysis made using BRGTRAN
showed why the bearings used were unable to reduce vibration am-

plitudes. Figure (4-1) shows the journal orbit in a cavitated
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SQUEEZE FILM BEARING
CAVITATED FILM
HORIZONTAL  ocw. -  some

H = 73.7 LBS N = 16800 RPM

L = .U50 IN R = 2.550 IN

c = 4.00 MILS MU = .382 MICROREYNS
PS = 0.00 PSI FMAX=  7405.4 LBS

WX = 0.00 LBS HY = 0.00 LBS

FU = 1181.91 LBS EMU = .50

KRX = 0 LB/IN KRY = 0 LB/IN

TRD = 6.27 PMAX= 13668.37 PSI

Figure 4-1. Unbalanced Rotor in Cavitated Squeeze Film
Bearing - L = 0.45 IN. - Unbalance Eccentricity
= 0.002 IN. - No Retainer Spring.
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film during the first 10 cycles of transient motion. The bear-

ing parameters are:

LENGTH - 0.45 inches
RADIUS - 2.55 inches
CLEARANCE -~ 0.004 dinches
FLUID VISCOSITY - 0.38 X 10-6
JOURNAL WEIGHT --74 1bs.

UNBALANCE ECCENTRICITY

1

0.002 inches

RETAINER SPRING RATE

Kxx - 0 1b/in
Kyy - 0 1b/in
N - 16800 RPM

In the tramnsient orbit figures a standard right-hand co~
ordinate system has been adopted with positive journal rotation
in the counterclockwise direction. The:asterisk on the orbit
represents the poéoint where the maximum force is generated.

The small dots represent timing marks denoting one Eevolution
of shaft motion, These marks can be used to determine the re-
lative location of the unbalance with respect to the amplitude
in the x-direction. The timing mark sensor is assumed to be
located on the positive x—-axis, and the phase angle is measured
from the x-axis to the timing mark in the clockwise direction.

Returning to Figure (4~1), it is seen that the journal very
quickly spirals out tO an eccentricity ratio € = 0.95, where a

limit cycle is formed due to the non-linearity of the bearing

forces. The maximum force transmitted through the support
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structure is 7405 lbs, which is over 6 times the rotating un-
balance load of 1181 1lbs. as shown by the parameter TRD
Figure (4-1). This large rotating force will eventually lead
to bearing failure and is therefore undesirable.

The phase angle between the maximum amplitude in the x
direction and the timing mark is approximately 30°, and this
indicates that the precession rate is less than the natural
frequency of the bearing. This has been caused by the large
stiffness developed in the bearing. Figure (4-2) shows that
the stiffness is approximately 487,000 1b/in. The damping is
given in Figure (4-3) as 71.5 lb-sec/in.

One possible design change considered was to increase
the bearing length. Figure (4~4) shows the effect of increas-
ing the bearing length of 0.90 inches, all other parameters
remaining the same, The journal still spirals outward, how-
ever the limit cycle is produced at an eccentricity ratio, € =
0.88. This results in a reduction in the force transmitted to
the support from 7405 to 3371 1lbs., but it is still greater
than the rotating unbalance load, and is undesirable since bear-
ing failure will result. The phase angle has shifted from
30° to 60° and this would have been accompanied by an increase
in the force transmitted except that the stiffness and damping
values have also changed with the net effect being a reduction in
the transmissability. The stiffness and damping coefficients are

shown in Figures (4-5) and (4-6) to be 880000 1b/in and 22 1b-
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SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL e 1. e
H = 73.4 LBS N = 16800 RPM
L = .900 IN R = 2.550 IN
c = 4.00 MILS MU = .382 MICROREYNS
PS = 0.00 PSI FMAX=  3371.8 LBS
WX = 0.00 LBS WYy = 0.00 LBS
FU = 1177.10 LBS EMU = .50
KRX = 0 LB/IN KRY = 0 LB7IN
TRD = 2.66 PMAX= 3828.76 PSI

Figure 4~4. Unbalanced Rotor in Cavitated Squeeze Film Bear-
ing L = 0.90 IN. - Unbalance Eccentricity =
0.002 IN. - No Retainer Spring.
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sec/in respectively.

Figure (4~7) shows the first 10 cycles of motion for the
bearing configuration of Figure (4-1) with the addition of re-
tainer springs with a stiffness of 123000 1b/in. Only a very
slight improvement in force transmission results, and the bearing
is still unacceptable,

The effect of changing the rotating unbalance load is
shown in Figure (4-8). The bearing configuration is the same
as Figure (4-4) except the unbalance has been reduced by one
half. The journal orbit has been greatly reduced and the force
transmitted to the support structure is reduced to only 80% of
the unbalance load. The journal is now precessing about a point
offset from the bearing center.

By adding :retainer. springs to the bearing of Figure (4-8)
the motion in Figure (4-9) results. The retainer spring rate
is 123,000 1b/in. The journal is orbiting about the center of
the bearing at an eccentricity ratio of € = 0.35. The journal

motion is stabilizing more quickly than without the retainer

springs and the journal is precessing synchronously as indicated
by the small dots on the or bit which represents one cycle of
motion. The transmitted force has been further reduced to omnly
657 of the unbalance load. From the standpoint of producing
a small amplitude orbit and attenuating the unbalance load such
a bearing configuration is desirable.

If the unbalance eccentricity is again increased to 0.002

inches, the bearing configuration of Figure (4-9) is no longer
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SQUEEZE FILM BEARING
CAVITATED FILM

HBRIZONTAL e v, -
W= 73.7 LBS N = 16800 RPM
L = .450 IN R =  2.550 IN
C = 4.00 MILS MU = .382 MICROREYNS
PS = 0.00 PSI FMAX=  7331.9 LBS
WX = 0.00 L35 W =  0.00 LBS
FU = 1161.91 LBS EMU ~ .50
KRX = 123000 LB/IN KRY = 123000 LB/IN
TRD = 6.20 PMAY= 12510.22 PSI

Figure 4-7. Unbalanced Rotor in Cavitated Squeeze Film Bear-
ing = L = 0.45 IN. - Unbalance Eccentricity =
0.002 IN. - Retainer Spring Stiffness, KR =
123,000 LB/IN.
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SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL e 4. p—
H = 73.7 LBS N = 16800 RPM
L = .900 IN R = 2.550 IN
c = Y.00 MILS MU = .382 MICROREYNS
PS = 0.00 PSI FMAX= 470.0 LBS '
KX = 0.00 LBS WY = 0.00 LBS
FU = 590.36 LBS EMU = .25
KRX = 0 LB/IN KRY = 0 LB/IN
TRD = .80 PMAX= 52.28 PsSI

Figure 4-8. Unbalanced Rotor in Cavitated Squeeze Film Bear-
ing - L = 0.90 IN. - Unbalance Eccentricity =
0.001 IN. - No Retainer Spring
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SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL e . —
W = 73.7 LBS N = 16800 RPM
L = -900 IN R = 2.550 IN
cC = 4.00 MILS MU - -382 MICROREYNS
PS = 0.00 PSI FMAX= 365.4 LBS
WX = 0.00 LBS HY = 0.00 LBS
FU = 530.96 LBS EMU = .25
KRX = 123000 LB/IN KRY = 123000 LB/IN
TRD = .65 PMAX= uc.03 PSI

Figure 4-9. Unbalanced Rotor in Cavitated Squeeze Film Bear-
ing - L = 0.90 IN - Unbalance Eccentricity =
0.001 IN. - Retainer Spring Stiffness, KR =
123,000 LB/IN.
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acceptable. The resulting motion is shown in Figure (4-10)

and a large amplitude limit cycle with 1arge force transmission
again occurs. :Howevéghif the fluid fi1m does not cavitate the
bearing performancé iﬁproves and is marginally acceptable as-
shown in Figufe (4-11). The journal is orbiting at € = 0.65
and the transmitted force is only 5% less than the un-

balance load.

Although this particular analysis includes only the journal
welght and the unbalance loading, it shows the usefulness of
this program in.determining the bearing effects with different
bearing parameters. The ability to perform the analysis without
extensive preliminary experimental work provides a great ‘savings
in time and money. By-systematic¢ally varying the bearing para-
meters design guidelines are established,

For instance Figures (4-12 - (4-15) shows the effect of
varying the unbalance on a 675 1b. journal operating in a squeeze
bearing with a 7 mil clearance, The unbalance eccentricity is
increased from 1.75 to 3.5 mils with an accompanying increase
in the journal amplitude and the force transmitted to the suﬁport
structure. Although the exact unbalance may not be known pre-
cisely for a given rotor, a design estimate can be made based on
the effect of a suddenly applied known unbalance due to blade loss
or loss of chemical deposits from the blade surfaces. Prior to
the Suddeﬁ‘pnbalance phg\ro;g;‘isfassumed to be perfectly balanced.

The ability of the bearing to reduce the amplitude to tolerable
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SQUEEZE FILM BEARING
CAVITATED FILM

 HORIZONTAL e e
W = 73.7 LBS N = 16800 RPM
L =  .300 IN R = 2550 IN ~
C =  4.00 MILS MU =  .382 MICROREYNS
PS =  0.00 PSI FMAX=  3641.9 LBS
WX =  0.00 LBS W =  0.00 LBS
FU = 11B1.91 LBS EMU = .50
KRX = 123000 LB/IN KRY = 123000 LB/IN
TRO = 3.08 PMAX= 333u.52 PSI

Figure 4-10. Unbalanced Rotor in Cavitated Squeeze Film Bear-
' ~ing - L = 0.90 IN. - Unbalance Eccentricity =
- 0.002 IN. - Retainer Spring Stiffness, KR =
123,000 LB/IN. P
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SQUEEZE FILM BEARING
UNCAVITATED FILM

HORIZONTAL cor ve. o

W = 73.7 LBS N = 16800 RPM

L = .00 IN R = 2.550 IN

C =  4.00 MILS MU = .32 MICROREYNS
PS = 4000.00 PSI FMAX=  1123.5 LBS

WX =  0.00 LBS WY =  0.00 LBS

FU = 1181.91 LBS EMY = .50

KRX = 123000 LB/IN KRY = 123000 LB/IN

TRO = .95 PMAX=  390.37 PSI

Figure 4-11. Unbalanced Rotor in Uncavitated Squeeze Film Bear-
ing = L = 0.90 IN. - Unbalance Eccentricity =
0.002 IN. - Retainer Spring Stiffness, KR =
123,000 LB/IN.
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SQUEEZE FILM BEARING
CAVITATED FILM

VERTICAL i ot
W =  E75.0 L8S N = 10500 RPM
L = 2.000 IN R = 3.500 IN |
C = 7.00 MILS MU =  2.4S0 MICRGREYNS
PS = 0.00 PSI FMAX=  2725.1 LBS
WX = 0.00 LB8S WY = 0.00 LBS
FU = 3699.90 LBS EMU = .25
KRX =  SO000 LB/IN KRY = 50000 LB/IN
TRO = .74 PMAX=  131.98 PSI

Figure 4-12. Vertical Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Unbalance Magnitude - Unbalance
Ecdentricity = 1.75 Mils
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SQUEEZE FILM BEARING
CAVITATED FILM

VERTICAL e, ons
W =  675.0 LBS N = 10500 RPM
L = 2.000 IN R, = 3.500 IN
C =  7.00 MILS MU =  2.430 MICROREYNS
PS =  0.00 PSI FMAX=  4368.2 LBS
WX =  0.00 LBS WY =  0.00 LBS
FU = 4439.88 LBS EMU = .30
KRX = 50000 LB/IN KRY = 50000 LB/IN
TRD = 98 PMAX=  181.61 PSI

Figure 4-13. Vertical Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Unbalance Magnitude - Unbalance

Eccentricity = 2.10 Mils.
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SQUEEZE FILM BEARING
CAVITATED FILM

VERTICAL oot e, wonz
W =  675.0 LBS N = 10500 RPM
L =  2.000 IN R = 3.500 IN
C =  7.00 MILS MU =  2.4S0 MICROREYNS
PS =  0.00 PSI FMAX=  6287.7 LBS
WX =  0.00 LBS WY =  0.00 LBS
FU = 5179.86 LBS EMU = .35
KRX = 50000 LB/IN KRY = 50000 LB/IN
TRD = 1.21 PMAX=  270.45 PSI

Figure 4-14. Vertical Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Unbalance Magnitude - Unbalance

Eccentricity = 2.45 Mils.
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SQUEEZE FILM BEARING

CAVITATED FILM

HORIZONTAL
H = 675.0 LBS N =
L = 2.000 IN R =
c = 7.00 MILS MU =
PS = 0.00 PSI FMAX=
WX - 0.00 LBS WY =
FU = 7393.81 LBS EMU =
KRX = 50000 LB/IN KRY =
TRD = 2.15 PMAX=

cASe 1.
10500
3.500
2.430
15891.4
0.00
.50
50000

U633. 92

SN
RPM
IN
MICROREYNS
LBS
LBS

LB/IN
PSI

Figure 4-15. Vertical Unbalanced Rotor in Squeeze Film Bear—
ing — Effect of Unbalance Magnitude — Unbalance

Eccentricity = 3.50 Mils.
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levels until the machine is shut down or its operating conditions
changed can be determined. Note the shift in phase angle from
180° to 90° as the eccentricity increases.,

It has been shown that retainer springs help center the
journal and reduce the vibration amplitude. They may also be
used to prevent oil leakage from the end of the bearing if they
are of the 0 ring type. As noted in Chapter 2, the uncavitated
film provides no equivalent stiffness when the journal is operat-
ing in synchronous precession about the bearing center. In this
case the use of a retainer spring to provide a restoring force
in the bearing is necessary. Although an increase in stiffness
results in centering the journal in the bearing, (see Figures (4-16)
(4-19) the magnitude of the transmitted force is minimized for some
intermediate value of stiffness which depends on the bearing para-
meters and loading. Also the ability of the jourmal to quickly
return to a stable, steady state operating condition.is impaired
with increasing stiffness. Both of these operating conditions
were indicated by the stability maps in Chapter 3,

After the preliminary bearing design, a more thorough
analytic study .may be made by incorporating the damper bearing
effects into a program which includes the dynamic effects of the
entire system. Although such programs are not readily available
for many complex systems, one has been developed for a three mass
rotor in journal bearings on a squeeze film bearing support as
noted earlier. The rotor bearing model is shown in Figure (3-1).

This program may be used to calculate the ability of squeeze

65



SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL —— J—
W = 675.0 LBS N = 10500 RPM
L = 2.000 IN R = 3.500 IN
cC = 15.00 MILS MU = 2.430 MICROREYNS
PS = 0.00 PSI FMAX=  1867.2 LBS
WX = 0.00 LBS WY = 0.00 LBS
FU = 951.40 LBS EMU = .03
KRX = 0 LB/IN KRY = 0 LB/IN
TRD = 1.36 PMAX=  381.39 PSI

Figure 4-16. Horizontal Unbalanced Rotor in Squeeze Film Bear-
ing ~ Effect of Retainer Springs - Retainer
Spring Stiffness, KR = 0 LB/IN.
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SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL I J—
H = 675.0 LBS N = 10500 RPM
L = 2.000 IN R = 3.500 IN
c = 15.00 MILS MU = 2.430 MICROREYNS
PS = 0.00 PSI FMAX=  1054.1 LBS
WX = 0.00 LBS WY = 0.00 LBS
FU = $851.u0 LBS EMU = .03
KRX = 50000 LB/IN KRY = 50000 LB/IN
TRD = 1.11 PMAX= 93.41 PSI

Figure 4-17. Horizontal Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Retainer Springs - Retainer
Spring Stiffness, KR = 50,000 LB/IN.
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W = 675.0
L = 2.000
c = 15.00
PS = 0.00
WX = 0.00
FU = 3851.40
KRX = 100000
TRD = .98

SQUEEZE FILM BEARING
CAVITATED FILM

HORIZONTAL —— o
LBS N = 10500 RPM
IN R = 3.500 IN
MILS MU = 2.450 MICROREYNS
PSI FMAX= 936.7 LBS
LBS HY = 0.00 LBS
LBS EMU = .03
LB/IN KRY = 100000 LB/IN
PMAX= 6.10 PSI

Figure 4-18. Horizontal Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Retainer Springs - Retainer
Spring Stiffness, KR = 100,000 LB/IN.
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‘SQUEEZE FILM BEARING
CAVITATED FILM

HBRIZONTAL case Mo R
W = 675.0 LBS N = 10500 RPM
L = 2.000 IN R = 3.500 IN
c = 15.00 MILS MU = 2.4S0 MICRBREYNS
PS = 0.00 PSI FMAX=  1029.3 LBS
WX = 0.00 LBS WY = 0.00 LBS
FU = 951.U0 LBS EMU = .03
KRX = 200000 LB/IN KRY = 200000 LB/IN
TRO = 1.08 PMAX= 9.18 PSI

Figure 4-19. Horizontal Unbalanced Rotor in Squeeze Film Bear-
ing - Effect of Retainer Springs - Retainer
Spring Stiffness, KR = 200,000 LB/IN.
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£ilm bearings to stabilize a multi-mass rotor. In addtion, in-
formation may be obtained to verify the stability maps obtained
by other means (see Chapter 3). Because the bearing is initially
designed using the criteria derived from a stability analysis
such verification is useful in judging the overall worth and
limitations of the analytical désign process. Using these analy-
tical methods leads to a more efficient testing program because

unacceptable bearing designs are eliminated before testing begins.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The problem of rotor stability is of current importance
because of the high speeds and complex dynamics of modern rotor
bearing systems. Damped flexible supports have a great effect

on the ability of a system to suppress unstable whirl., There-

fore there is a need for methods of predicting rotor instability
and obtaining bearing designs that provide the necessary support

characteristics.

5.1 PREDICTING ROTOR INSTABILITY

Methods for ﬂetermining the stability of rotor bearing systems

include:

1. Using the rotor~bearing system equations of motion in-
cluding the effects of aerodynamic forces, shaft damp-
ing and internal friction to obtain the system
characteristic equation. The roots of this equation
show the stability and natural frequencies of the
system,

2. Using finite element and transfer matrix methods to
obtain the system stability and natural frequencies.

3. Applying Routh stability criterion to the system
cbaracteristic equation.

The third method does not yield information on relative

stability but only determines whether or not the system is absolutely
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stable. The first two methods provide relative stability in-
formation that can be used to plot stability contours as funct-
ions of the support characteristics. The stability maps pre-
sented show that for a given value of support stiffness there
is a range of damping values which will stabilize the system.
If the support stiffness becomes too large, the system will be
unstable for all values of support damping. The optimum
stiffness and damping values for a particular system depend
upon the rotor-bearing properties and the nature and magnitude

of the forces acting on the system that produce instability.

5.2 DETERMINING THE STIFFNESS AND DAMPING COEFFICIENTS OF

THE SQUEEZE FILM DAMPER BEARING

The assumption of steady state circular synchronous pre-
cession of the jourmal and the use of a rotating coordinate
system allow the bearing forces to be equated to equivalent
stiffness and damping forces. This establishes stiffness
and damping coefficients for the bearing. These coefficients
are functions of the bearing geometry, the use of end seals and
cavitation of the fluid film. The coefficients obtained from
the steady state bearing analysis are compared with the values
from the stability maps to determine a bearing configuration
that promotes system stability.

The stiffness and damping coefficients are non-linear
functions of the journal eccentricity. However for €<0.4 the co-

efficients do npt change appreciably with changes in eccentricity.
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For values of €>0.4 a rapid increase in the coefficients
‘occurs. The high stiffness developed can cause system in-
stability or raise the system critical speed above the operat-
ing speed resulting in force transmissabilities greater than

1. For these reasons a design criteria of e€<0.4 has been es-—
tablished. If the fluid film does not cavitate a radial stiff-

ness is not developed and must be supplied by retainer springs.
5.3 TRANSIENT ANALYSIS

The bearings designed using steady state analysis are
further analyzed using transient response programs. The motion
of a system under the influence of unbalance and other external
forces is monitored. Effect of retainer springs to preload the
bearing can be determined and the bearing design further refined.
The accuracy of transient response programs are dependent
on the accuracy of the numerical integration methods employed.
At high-eccentricities very small integration step sizes are re-~
quired to retain high accuracy in the solution because of the
rapid variation in the bearing forces. The cost of obtaining high
accuracy at high eccentricity does not justify using small time
steps or complicated integration methods requiring many functional
evaluations because optimum bearing design requires operation at
low eccentricities. The information provided by simpler inte-
gration methods is sufficient to indicate trends in bearing operation

at high eccentricities.

73



5.4 ADVANTAGES OF BEARING SIMULATION

The analytic simulation of the squeeze film damper bearing
eliminates many bearing designs that would result in bearing
or machine failure in a test installation. Because{the cost of
constructing and instrumenting a test rig is very high, prevent-
ing the failure of these machines is important. The time involved
in manufacturing and testing bearings is also great and the elim-
ination of unsuitable designs by analytic procedures results in
a substantial savings in time and money.

A good test program is essential, however, to determine the
actual rotor-bearing response under various conditions. The ana-
lytic simulation provides a means of interpreting the test data.
Often the nature of the actual system excitation is unknown and
the actual system response must be used to infer the nature of these ex-
citations. Where it is possible to systematically vary the ex-
citation the experimental results provide a check on the accuracy

and limitations of the analytic simulation.

5.5 LIMITATIONS OF ANALYTICAL INVESTIGATIONS

In any analytical investigation it is very important to know
the assumptions made in analyzing the problem, In deriving the
bearing equations for this study several assumptions were made.
To obtain the Reynolds equation from the Navier-Stokes equations
it was assumed that:

1. The viscosity is constant

2. The flow is steady state

3. The fluid inertia terms are negligibly small
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4. The density is constant

5. There is no flow in the radial direction

6. There is no pressure gradient in the radial direction

The Reynolds eguation obtained was modified by using the
short bearing_approximation. The assumption made was that the
pressure gradient in the tangential direction is small and when
multiplied by h3 it is very small in comparison to other terms
containing only h. This assumption is valid only if the tan-
gential pressure gradient is small, and at high eccentricity
ratios this assumption may not be valid. For this reason the
design criterion is that the eccentricity ratio be less than 0.4.
In addition the short bearing approximation is valid for %-< 0.5.
For ratios greater than this the axial pressure gradient is not
large compared to the tangential gradient. For-%-> 0.5 either
the long bearing approximation or finite bearing techniques
should be used.

The conditions under which cavitation occurs must be modified
in light of the current experimental results. In thisstudy cav-
itation conditions were assumed to be the same in squeeze bearings
as in journal bearings.

5.6 RECOMMENDATIONS FOR FUTURE RESEARCH
1. Construct an experimental rotor with squeeze damper
supports to provide data to verify the analytic squeeze
bearing model.

2. Conduct analytic and experimental research into the con-

ditions under which the squeeze bearing fluid film cavitates
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and to determine how cavitation propagates through
the film.

Investigate the heat transfer characteristics of the
bearings and provide modifications to the bearing pro-
grams to account for vériable viscosity of the lubri-

cant.

76



BIBLIOGRAPHY

Kirk, R. G. and E. J. Gunter, "Transient Journal Bearing
Analysis", NASA CR-1549, 1970.

Apfel, R, E., "The Tensile Strength of Liquids", Scientific
American, December, 1972, p. 58.

White, D. C. "Squeeze Film Journal Bearings', Ph.D. Disser-
tation, Cambridge University, 1970.

Booker, J. F., "A Table of the Journal Bearing Integral",
ASME, Jour. of Basic Engineering, June, 1965, p. 533.

Jeffcott, H. H., "The Lateral Vibrations of Loaded Shafts
in the Neighborhood of a Whirling Speed -  the
Efféct of Want of Balance", Phil. Mag. Series 6, Vol.
37, 1919, p. 304,

Newkirk, B.L., 'Shaft Whipping'", Gen. Elec. Rev., Vol 27,
1924, p. 169,

Kimball, A.L., "Internal Friction as a Cause of Shaft Whirling',
Phil. Mag., Vol, 49, 1925, pp 724-727.

Newkirk, B.L, and H. D, Taylor, "Shaft Whipping Due to 0il
Action in Journal Bearing', Gen. Elec. Rev., Vol. 28,
1925, pp. 559-568.

Robertson, D., "Whirling of a Journal in a Sleeve Bearing",
Phil. Mag., Series 7, Vol, 15, 1933, pp. 113-130.

Poritsky, H., "Contribution to the Theory of 0il Whip",
" Trans. ASME, August 1953, pp. 1153-1161.

Pinkus, 0., and B. Sternlicht, Theory of Hydrodynamic Lub-
brication, McGraw Hill, New York, 1961.

Alford, J. S., "Protecting Turbomachinery From Self-Excited
Rotor Whirl", ASME Jour. of Engr. for Power, Vol. 87,
October 1965, pp. 333-344.

Kirk, R. G. and E. J. Gunter, "The Influence of Damper Supports
on the Dynamic Response of a Single Mass Flexible Rotor-
Part I, Linear Systems', RLES, No. ME-4040-105-71U, March
1971, University of Virginia for NASA Lewis Research Center.

Gunter, E. J,, "Dynamic Stability of Rotor-Bearing Systems'",
NASA SP-113, 1966,

77



15. Choudhury, P.De, "Dynamic Stability of Flexible Rotor-Bearing
Systems', Ph.D. Dissertation, University of Virginia,
June, 1971.

16. Kirk, R. G. and E. J. Gunter, '"SDSTB'", Computer program,
University of Virginia.

17. Ruhl, R, L., "Dynamics of Distributed Parameter Rotor Systems:
Transfer Matrix and.Fini;e Element Techniques'", Ph.D.
Dissertation, Cornell University, 1970.

18. Bansal, P.N., "Application of Transfer Matrix Method for the
Stability Analysis of Multi-Mass Flexible Rotors",
University of Virginia,

19. Barrett, L. E. and E. J. Gunter, "BRGTRAN", Computer program
University of Virginia.

20. Mohan, S. and E. Hahn, "Squeeze Film Bearing Simulation and
Design Considerations'", RLES REport No. ME-4040-107-
720, University of Virginia, June 1972.

21, Kirk, R. G. and E. J. Gunter "TMASSNL", Computer Program,
University of Virginia,

78



APPENDIX A

DESCRIPTION OF PROGRAM SQFDAMP

This program analyzes the stiffness, damping and pressure
characteristics of the squeeze film damper bearing. Three bearing
configurations may be analyzed:

1. Plain bearing without end seals or circumferential oil supply

groove, ;

2. Bearing without end seals but with circumferential oil supply

groove.,

3. Bearing with both end seals and circumferential oil supply

groove,

In addition the fluid film may be assumed to be cavitated or un-
cavitated, If cavitated the film extends from 0 = %- to e=\%ﬂu If un-
cavitated it extends from 8 = o to 8 = 2r. The 6 is measured from the
line of centers of the bearing in the direction of journal precession.
The evaluation of the bearing characteristics assumes that the journal
precesses synchronously about the bearing center in a circular orbit.

The following is a description of the program input data:

CARD 1  ~80 column free-field comment card.

CARD 2 ~80 column free~field comment card.

CARD 3  ~Namelist/BRGTYPE/ TYP, CAV, PS

TYP

0 for bearing type 1 (see above)
- 1 for bearing type 2 (see above)
- 2 for bearing type 3 (see above)
CAV - O for uncavitated film

- 1 for cavitated film
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CARD 4

CARD "5

CARD 6

CARD 7

Ps -

0il supply pressure, psi.

Namelist/BEARING/ L,R, MU, N

L -

R -

MU -

N =

Bearing length, in.
Bearing radius, in.
Lubricant viscosity, microreyns

Rotor speed (journal precession rate), RPM

Namelist/ECRATIO/ES,EF

ES -~

EF -

initial journal eccentricity ratio ES>0

final journal eccentricity ratio  EF<1l

Namelist/CLEARNC/ C(I), NC

C(I) -~ clearance

NC

Number of clearance values

Namelist/PLOTSEM/ CS, PC, PK, PP

cs -

PCcC -

PR -

PP -~

Sample input data.

CARD

1

Plot control, .T. if plot desired, otherwise .F.
.T. if damping plot desired, otherwise .F.

.T. if stiffness plot desired, otherwise .F.
(if CAV=0, PK = .F.)

.T. if pressure plot desired, otherwise .F,.

DATA

SAMPLE DATA FOR SQFDAMP

1 MARCH 1973

$BRGTYP TYP = 0 , CAV = 1, PS = 0.0$
SBEARING L = 0.90, R = 2.55, MU = 0.382,
N = 16800.0%

$ECRATIO ES = 0.1, EF = 0.9%
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6 $CLEARANC C(1) = .003, C(2) = .004, C(3) = .005
C(4) = .006, NC = 4§

7 $PLOTSEM CS = nTu, PC = .Ta, PK = .Tn, BP = -'T.s

The following is a listing of the program and a sample output.

81



——_ PROGRAM_SQEDAMP (INFUT,0LTPUT,TAPES=INPUT, TAPE6=QUIPUT,TAPEL) __ SOFD0100__
c

SQF0DD0110
C VERSION = 13 MARCH 1973 . SQFD0120
c SQF00130
— REAL_ L MUsKO,N . ___SQFDO140
LOGICAL CRING,4CS4PC,PK,;PF SQFD00150
e INTEGER_COMENTL sCOVMENTR2,TYE SQFD016Q
INTEGER CAV ) SQFD0170
. DIMENSIOM £0(135),C0(135) ,K0(135),PHAX(135) ,THETAM(135) ,C(5), __ SOFD0180 _
1COMENT1(8),CCMENT2 (8) SQFD0190
o NAMELIST/BRGTYPE/ TYPSCAV,FS SQFB0200__
NAMELIST/BEARING/ LyRyMU4N SQFDo210
o NAMELIST/ECRATIO/_ES.EF SGFD0220
NAVELIST/CLEARNC/ C4NC SQFDO0230
o NAMELIST/PLOTSEM/ .,C_S. s PC s PK PP SQFDG240 __
COMMCN NEO ) SQFDD250
C : SQFD0260__
Cc READ DATA SGFD0270
C SAUF00288
K=1 SQFDG2910
_...800 __READ(5,1) _COMENTYL SQFDG300
1 FORNMAT (8A10) ) SQFDO0310
e XF (ECF $.5)_9999,2_ : -~ SQF00320_
2 REAGC(5451) COMENTZ2 ' SGFD0332
READ(S.BRGTYPE) _ SQED0340__
READ (5, BEARING) ' SQFG0350
e READ(S5,ECRATIO). —_— : SQFDD360 .
READ (5, CLEARNC) SQF00370
—— . READ(5,FLOTSEN) __ - v _ SQFD0380 __
IF(.NOT. CS) GOTO 3 SQFD0390
e JF (KeEQ.0) _GOTO 3 SQFD0400
CALL CALCOMP (1) SQFDo410
C : - SQF00420
C SET UP NEW BLOCK AMNC MOVE GRIGIN SGFD0%30
ChLL PLCT(2.030,5,-3) SQFDO04 40
c SQFDGLS5T
_._c_~___thI_IE,.EB,Q§B AV _DESCKIPIIGN SGFDG460_ _
) SQFDGLT70
___3_~__ WRITE(E4) - B __SCFDO480 . _
4 FORFAT (1H1, 35X, 27H""SCLEEZE FILH DAMFER“"/) SQF00430
— HRIJE(6,5) ’ SQFD050G0 |
5 FORMAT (1X, SQFDC510

———____1SBHTHIS. FROGRAM ANALYZES THE_STIEFNESS, DAMPING AND PRESSURE_/1X, SOFD0520 _
258HCHARACTERISTICS CF THE SQUEEZE FILM CAMPER BEARING. THREE /1X, SQFD0530
&~ _358BHBEARING_CCNFIGURATIONS MAY BE ANALYZED~ __ e/ AX s _SQFDCS4D .
458H 0 ~ PLAIN BEARING WITFCUT END LEAKAGE SEALS GR CIRCUK- /1X, SCFD0550
. _B558H______FERENTIAL CIL SUPFLY GRCOVE  _ - . __.{1Xy SQFDD560
€58H 1 =~ BEARING WITHCUT END LEAKAGE SEALS BUT KITH CIRCUM= /1X, SQF0G570
158H FERENTIAL CIL_SUPPLY_GRGOVE __ ___ ___ /1X, SQFDG580_
858H 2 - BEARING WITH BCTH END LEAKAGE SEALS AND SIRCUHFER- 71X, SQFD0590
e .©®58H___._ ENTIAL OIL SUPFLY GROOVE __ /71X, SGFDO600
158HIN ADCITION, THE FILM MAY BE ASSUMED TO BE EITHER CAVI-~ 71X, SQFDG610
258HTATEC OR UNCAVITATED. IF CAVITATED THE FILM IS ASSUMED _ _/iX, SQF00620
358KHT0 EXTEND FROM THETA=FI/2 TO THETA=3FI/2, WHERE THETA /71X, SQFD0630
4SB8HIS MEASURED FROM THE. LIKE CF._ CENTERS IN THE DIRECTION OF _/1X,_ SQFD0640
558HJOURNAL PRECESSICN., THE EVALUATION CF THE BEARING CHARAC- /1X, SOFDu65J
e ESBHTERISIICS ASSUMES. THAT. THE .JCLRNAL FRECESSES SYNCHRONOUS= /1Xs SQFDC660_
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7S8HLY ABCUT THE BEARING CENTER.

71X,

sanna7u

e BSBHIHE. FCLLOWING IS_A DESCRIPTICM CF_THE INPUY_PARAMETERS-___//) ..SQFD0680 ..

HRITE(646) SQFD06S0
b FORMATAXRy e SQFD0700 _
158HCARD 1. =80 COLUMN FREE-FIELD CCMMENT CARD /1x, SQF007190
——— Z258HCARD . 2...~80. . COLUFN FREE-FIELD CCHMENT CARD . _._.________ /1Xy SQFD0720. _
ISBHCARD 3. =~NAMELIST/BRGTYPE/ TYF,CAV,PS f/1Xy SGFDG730
458H JYP - 0 FCR BEARING_TYPE_O0 (SEE ABOVE).. . ___ /71X, SQFDO740. _
E58H 1 FCR EEARING TYPE 1 (SEE ASOVE) /1X, SQFD0750
€S8H__ 2_FCR._BEARING TYBE 2 _(SEE_ABOVE) —l SQFDG760 .
HRITE(6,8) SQFD0770
b _FORMAT(1X, — SQFDO780 _
158H CAV = & FCR UNCAVITATED FILM /71X, SQFDG790
258H 1 FCR_CAVITAJEO_FILYM Z1Xs SQFDOBOD . .
358H IF CAV=0 PK=.F. (SEE CARD 7) /1Xs; SQFD081D
458H PS__= 0IL_SUFPLY.  PRESSURE, PSI /1Xy SQFD0820___.
758HCARD 4. =NAMELIST/BEARING/ L,R,MU,N /71Xy SQFD0830
e 858H.__ L = BEARING LENGTHs_INe . £1X,_ SQFDOB4D._ .
SS8H R - BEARING RADIUS, IN. /71X, SQFDUL850
158H MU.__= LUBRICANT VISCOSITY, MICROREYNS ____ /21X, SQFD0860___
2568H N - RCTCR SPEED (JOURMAL PRECESSICN RATE,RPM)/1X, SQFD0870

— . .358HCARD 5. =NAMELISI/ECRATIO/ ES,Ef_ ____ . . - .

_/1Xy .SQFD08BO.___

458H ES = INITIAL JCURMAL ECCENTRICITY RATIO, ES>0./1X, SGFDO890

S58H EF.__= FINAL JOURNAL ECCENTRICITY RATIO, EF<i.0 /1X, SQFD0S00 __
€58HCARD 6. =NAMELIST/CLEBRAC/ C(I),NC /71X, SQFD0S91Q

758H C(I)= CLEARANCE VALUES,_Ihs__0<I<S £1iX, SQFOG920_
858H NC - NUMEER OF CLEARANCE VALUES ) SQFD0S30

HRITE(6,7) SQEDDS40
7 FORMAT (1 X, SQFD0950

e 358HCARD 7, -NAMELIST/FLCTSEM/ _CS;PCsPKLFP _ /11X, SGFDCS6D0___
258H CS -~ PLOT CONTROL, .T. IF PLOT BESIRED, /71X, SQFD0970

358H OTHERWISE. oF.e_ IiX.,_._SGED_O.‘?O g___
458H PC - 1. IF DAMP FLOT CESIRED, OTHERWISE .F. 71X, SGFODG9SD

558H PK_ = »T.. . IF STIFF. FLOT_ DESIRED, CTHERWISE oFs/1X, SCFD1000_ .
€58H PP -~ oT. IF FRESS PLOT DESIRED, OTHERWISE .F. /71X, SQFD1010

i TS58HSAMPLE DATA /31Xy SQFD1020 __
E58HCCMMENT CARD 1 fiXy SGFD1030

e85 8HCCMMENT . CARD_ 2 __ _{1Xs SGFD1040_.
158H $BRGTYPE TYP=0,CAV=1,FS=0.08% /71X, SQFD10650

o _25BH_SBEARING L=0.904R=2.55,MU=0,382,N=16800¢% /31Xy SQFD1060 ___
358H S$ECRATIO ES=0.1,EF=0.9% /iXs SQFD1070

e 458H_$CLEARNC_C(1)=4003,C(2)=.004,C(3)=.005,C(4)=.006,NC=48 __ /1X, SQFD1080 __
558H SPLOTSEM CS=aTeyPC=aTasPK=aTesFP=.T,.8 } SQF0109g

c SQF01100_
c WRITE OUT INPUT CATA SCFD1110

c — - SQFD1120 __
X HRITE(6,25) COMENT1,CCMENT2 SGFD1130

25  FORMAT(1H1,1X,2(8A20/71X)) SQFD1140 __
IFCTYPLEC.D) WRITE(6,27) SQF01150

e IFA(TYPWeEGCel) _KRITE(6,281] SQFD1160.__
IF(TYP.EQ.2) HWRITE(E,29) SQFD1170

e IF (CAV 2. EGa 0).. NRITE (6,31) SQFD1184Q _
IF(CAV.EC.1) HRITE(6,32) SQFD1199

27 FORMAT (/A o SQFD1200 _
158HPLAIN BEARING, NG ENC SEALS OR OIL SLPPLY GROQVE /) SQF01210

28 FORKAT(/1X, _SQF01220___
158HEEARING WITH -NO ENC QEALS BUT KWITH OIL SUPPLY GROOVE /) SQFD1233 -

—29 . __FORMAT(/1X, : SQFO01240___
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158HEEARING WITH ENLC SEALS AND DIL SUPFLY GROCOVE SQF 01250
31 FORFAT(1X,L&HUNCAVITATEC FILM/) SQFD12640_
32 FORMAT (1X, 1 4HCAVITATED FILMNM/) SQFD1270
e WRITE(6310) LyRyNyFUsPS,ES,EF,NC B . SQF01280 __
i0 FORFAT(////iX,15HEEARINC LENGTH—,FB Z, SQFD1290
.128H _INCHES _____BEARING RADIUST,F8.2,12H INCHES _  __ _ _....SQFD1300 _
21X, 15HN= sFB8.1, SQFDi310
328H__ RPN MU sF8e35,12H HMICROREYNS/Z SQFD41320_
41X ,15HPS= sF8a1y SQF01330
528H__PSI ES= 3F8.3/ . SQF01340__
61X, 15HEF= 9F8,3y SQFD1350
_m—__.“_?ZBH NC= 3218/47) __SQFD1360__
HRITE(6,11) (C(J),J= 1,?\CL SQFD1370
11 FORVAT (S8 X.LIQ.HCL_EP RANCES = INCHES//S5{64XsFT.5/)////) SQFD13806
C SQFD1390
O INITIALIZE CONSTANTS SQFD1400
c SQFD1410
_NED=25 _ SQFD1420 _
DELE=(EF=-ES)/(NEO-1) SQFD1430
PI=3455/1,13 SOFOL440_
H=N¥0.10472 SQFD1452d
HMU=MU*1.0E=6 SQFD1460__
Cc SGFD14740
N o OUTER LCCP _FOR CLEARANCE VALUES SQF01488
C SQF 01490
e 00_100_II=1NG SQFD1500
HRITE(6,12) C(II) SQF 01510
12 ___ FORMAT(IRK1;13X,6H C=  F10.4,4H IN.// _ SQFD1520 _
14X ,94H EQ co KG SQFD1538
2 EMAX THETAZ SQFD1540
31Ky, 97H (DIM) LB~ SEC/Ih LB/IN SQF 01558
4 LB/ZIN®%2 DEGREES) SQF 01560
C R SQFD1573
G TNNER LOCP FOR_ECCENTRICITY RANGE ....__SQFD1580__
c SQFD1590
c SQFD1600
D0 20 I=1,NEC SQFD1i610
KK=I+(I=£)% (NC=4)4IT1=1 _ SQFD1620 _
EO(KK)=(I-1)¥DELE + ES SGFD1630
IF(CAV.EC.0) GOTO 26__ _ __ __SQFD1640_
CO(KK) = (HU*(L*'3)'R/(2.’(C(II)"3))) SGFD1650
CO(KKY=CO(KK)I®*(PI/((1.~EC{KK)**2))*¥%(3,72.)) _ __SaQFDie60_ _
KO (KK) = (2. FMU*H*R* ((LL/C(II))**3)¥ECQ(KK)) SQFD1670
KOLKKI=KO(KK) Z{ {1~ (EQLKK)}I*¥2)**(2)) SQFD16840
26 THETAM(KK)=2706 443 - 1941, 831*E0(KK) + 218. 223*(E0(KK)‘*23 SQFD1690
__THETAM(KK)=THETAM(KK) = 1314.803*(EC(KK)**3) SGFD1700_ .
THETA=THETAM(KK) /57, 2°577751 SQFD1710
_PHAX(KKY=~1o5%((L/CLIT) ) **2) *MUTH¥EQ(KK) *SIN(THETA) SQFD17290_ _
PMAX (KK) =PMAX(KK) /7 ((1,+EG(KK)*COS(THETAR) ) **3) SQFD1730
IF(CAV.EGC,1)_ GOYO_40 - SQFD1740 _
KO(KK)=0.0 SQFD1750
_CO(KK)=ML*((L/C(IT))**3)*R*PI  _ SQFD1760
CO(KKI=CC(KKI/Z ((L.~EQ(KK)**2) ¥* (3.72.)) SQFD1770
D JFCTYP.NE.1)_ GOTO 20 SQFD1780
PMAX (KK)=PMAX(KK) /2 SOFD1790
- ___COL(KK)I=COLKKI /4, _._SGFDi8suD _
KO (KK) =KO(KK) /& o -SQFD1840
20 _CONTINUE SQFD1820_ _
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300  NN=NEO*NC T saF01630

— DD_30_III=TI,NN,NC. . e SOFD18 40 .
I=T11 SQFD1850
e HRITE(6313)_EOCI) sCC(I) yKQ(I) yPHAX(TI) yTHETANCIY. . . .. SQFD1860
13 FORMAT (5 (5X,F12.3,5%)) SQFD16870

_30_____ CONTINUE . _._SQFD1880 __
100 CONTINUE SQF 01890

e IF(.NOT.._€S)_GOIO _1000 e e et e - ——SQF 01900 _
NP1=NC*NEO+1 ' SQFD01910

e NP2=NC*AEQ+NC _ e —eee _SQFD1920. ..
DO 400 I=NPi,NP2 SQF01930

. 40D EO(I)=0.0. . . _SQFD1940 __
NP1=NP1+NC ‘ .SQFD1950

e NP2 NP2 NG SQFD196d._.
DO 500 I=NPi,NP2 ' SQFD1970

_ 500 _EO0(I)=.0.16667 -—SQF01980..__
NP=NC*NEGC ' SQFD1990

— CALL_PLCITER(NP ;L ¢RyMUy Ky PS;ORING, COMENTA,COMENT24NC,Cy . SQFD2000._.
1E0,C03KO,PMAXyPC4FKyPPy TYF,CAV) SQFD2010

K=0 . SQFD2020.__
1600 GOTO 900 SQF020340

—.999S__STOP SQFD2040 .
END SQFD2050
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oo SUBRCUT IRE PLOTTER(NP,L 4Ry MU, N,y PS,0RING,COMENT1,COMENT2,NCyG,..._ . SQFD2060 __

1E0,C0,KO0,PHAXsPCyPK, PPy TYP,CAV) SQFD2070

L S .. SQFD2080. _.
c THIS SULROUTINE FLCTS CO,KC,AND FHAX AS FUNCTIONS OF EO SCF02090

O EACH.SET.OF. CLEARANCE.VALUES REGUIRES.CNE BLOCK . ... . . _SGFD2100 .
c SQFD2114d

DIMENSICM. C(5) , COMENT1¢8) yCOMENTZ (8),CLABEL(2) . _ .. .. ____SGFD2120___
INTEGER COMENTL,COMENT2,CLABEL, TYP SQF02130
________ JINTEGER CAV__ _ e ___SQFD2140
REAL L, ML,N,KO,MU1 SQFD2159

. L OGICAL. CRING,PCsPK,PP__ . - _SGFDB2160___
DIMENSICH E0(135),C0(135),K0(135),PMAX(135) - SQFD2170

e COMMON_ XEO_ __.SQFD2180 ___

DATA. CLABEL (1) ,CLAEEL(2)/ SQFD2190 .

e 340HCE M 1OHILS / SQFD2200._ _
c o SQFD2210

e HNNESKP/NG_. SQFD2220 .
DELE=(EC(NP)~EOQ (1) )/NKP SQFD2230

e NEG=NNP __.SQFD2240___
MU1=MU*31,.0E6 SQFD2250

IF (. NOT.._PC) _GOTO 101 SQFD2260_._
c SQFD2273

€ . PLOT CO SQFD2280. _
c SQF02290

— JAXTISE1 SQED2300__
CALL GRIDIL jRyNyMU1,PSyCCMENT1, CCHMENT2 5 JAXIS,EOQ,CCyKO,PMAX, SQFD2313

— _ANP,TYP,CAV).. SQFD2320 _
NPL=NC*KEO+1 SQFD2336

— _NP2=NC® REO+NC _SQED2340 __
DO 400 I=NP1,NP2 , SQFD2350

400 COLTY=0..0 -._SQFp2360 ___
NP1=KP1+AC SQFD2370

— o __NP2=NP24NC SQFD2380 ___
DO 500 I=NP1,NP2 SQF02330

500 __COLI)=1.0 _SQFD2460. _
DO 30 I=1,NC. SQFD2410

—— o CALL L INE(EO(T) 4GOI gNNENC,0,.0) SQED2420 ___
g : : SQF02430

. C_.._ DECIDE WHETHER L ABELING. SHOULD BE OVER CURVE_OR _ _SQED2440 _ _
c AT END OF CURVE. IF FAXIMUM ECCENTRICITY { 0.7 SQF02450

. PLACE LABELING OVER .GURVE, OTHERKISE AT END__ . __SGFD2460 __

c SQFD2470

e IF{ECANE) oGE. B.7) GCTO_60 SGFD2488 ._
R R i SQFD2490

G __DETERMINE THE X_ANL_Y CCCRCINATES .OF_THE. LOHWER. SGFD250Q__
c LEFT HAND CORNER CF THE LABELING AND THE ANGLE SQFD2510

G IT MAKES HITH_THE_X=AXIS : SQFD2523 ...
~C SGFD2530

e XX=(EG(AE)/0. 1seaza_¢_n 1 SQFD2540 .
III=hP-KC+I ' SQFB2550

—__XY=CO{IXI} .4 B 1~_"h.-“"__ SQFD2560
. THETA=ATAN( (CO(TIII )~ cc(111-104NC))/<(50(Irr» EQ(III~10*NC)?*6.0)) SQFD2570

~——— THETAL=THETA¥57,2658 ... ... .. _ . SQFD2580 . _
CALL SYMEOL (XXyYY,0e1sCLABEL, THETAL,13) SQFD2590

c SQFD26G0_
c DETERMINE THE X ANC ¥ CGGRDINATES OF THE LOWER SQFD2610

SQFED2620.

c LEET_HAND.CORNER.CF _ThE CLEARANCE. VALUE _TO_BE
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c PLOTTED SQFD2630
c SQFD2640
XX=XX+0.26YCOS(THETA) SQFD2650
e YYSYY40.26*SIN{THETA) _ SQFD2660
CV=1C00,0%C (1) SQFD2670
e _CALL_NUFMEER(XX9YYs0:1,CVyTHETAL, 4HF5.2) .. SQFD2683 ___
GOTO 30 SGFD2690
(4 - - SQFED2700__
c DETERMINE THE X ANC Y CCCRCINATES OF THE LOWER SQFD271d
. C._.___LEFT_HAND CORNER OF THE LAEELING_AND_THE ANGLE SQFD2720 __
c IT MAKES HITH THE X-AXIS SQFD2730
c - N o __SQFD2740 __
60 XX=EC(NC*((NEQ~1)/2)+1} ¥6.0 SQFD2750
e TII=(ANEC=1)22) *NCHI ™ SGFD2760
YY=CO(III) + 0.4 SQFD2770
— o IP=(JFIX(0,13129/DELE)) *NC_+III _ SQFD2780
THETA=ATAN((CO(IP)=CO(III))I/Z((EQO(IF)~ EO(III))'E.O)) SQFD2790
THETAL=THETA*57.2958 SQFD2800
CALL SYMBOL (XX, YYs 0. 1,CLABEL,THETA1,13) SQFD2810
C SQF02820
c DETERMINE THE X ANC Y COORCINATES OF THE LOWER SQFD2830
€& LEFY WAND CORNER OF THE _GLEARANCE_VALUE T0_ BE SQFD2840__
c PLOGTED SQFD2850
[ SQFD2860
XX=XX+ 0.26%COS(THETA) SQFD2870
YY=YY + G.26*SIN(THETA) SQFD2880
CV=1000.0%C(I) SCFD2890
_ CALL NUMBER(XXsYYs0,1,CV;THETAL 4HF5,2) SQFD2900_ __
30 CONTINUE SQFDZ2910
CALYL PLCY(€15.040,04-6) SQF82920
101 IF(.NOT. PK) GOTO Zo1 SGFD2930
e JAXIS=2 SGF02940
CALL GRIC(L,R, N,HUi,PS,CGMENTi,CCMENTZ,JAXIS,EO,CO,KO,PHAX, SQFD2950
__ANP,TYP,CAV) SQFD29e0___
NP1=NC*NEO+1 SQFD2970
— NP2=NC*NEQ+ NG SQFD2983__
DO 401 I=NP1,NP2 SQFD29940
— 401  KO(I)=0.,0 SQFD308d_
NP1=NP1+KC SGFD3010
NP2=NP2+NC _ SQFD3020
DO 561 I=NP1,NP2 SQFD3030
501 _KO(I)=1.0__ __ SQFD3040_
00 40 I=1,NC SCFD3050
CALL_LIMECEQ(L} sKOLI) ,NAE ;NC2.05.0) SQFD3060___
IF(EQ(NF) +GEe 8.7) GOTO 78 SQFD3370
XX=EC(NF)*6,0 _+0.1 SQFD3080
III=AP-NC+I SQFD3090
_YY=KO{III) + 001 __ Y SOFD3100__
THETA=ATANC (KO(III)-KC(III-10*NC)) /((EO(III)~ EO(III-lG*NC))'G.a)) SQFD3110
_THETAL=THETA*57.2%58 _ . SQFD3120 _
CALL SYMBOL (XXyYYyColyCLABEL, THETA1,13) SQFD3130
— __XX=XX+ B8.26¥COS(THETA) __ _ SQF03140  _
YY=YY + 0c26%SIN(THETA) SQFD3150
. .CV=1000.0%C(I) SGFD3160
CALL NUMEER (XXyYYy0e1,CVyTHETAL J4HF5.2) SQFD3170
— e GOTQ GO _ . SQFD3180. __
70 XX=EC(NC* ((NEO-1)/2)+1) *6.0 SGFD3190
e IITECANEC=1)/72) *NCHT . SGFD3200_ _
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IP=(IFIX(0.13129/0ELE)) *NC +III

SQFD3210
e XYSKOLIII)40.1_. SQFD03220 __
THETA=ATAN((KO(IP)-KO(III))/((EQ(IP)-EC(III))*640)) SQFD3230
- _THETAL=THETA*57.2958__ . SGFD3240 _ _
CALL SYMBOL (XX, YYs0.1,CLABEL, THETA1,13) SGFD3250
XX=XX+0.26*COS{THETA). SQFD3260_..
YY=YY+0,.26% SIN(THETA) soﬁggzru
CV=1000.0%CA(L) .. .. , e o e e SQF0D 3280
CALL NUMBER(XX»YY30.1,CV, THETAL 4HF5,.2) SQFD3290
__40___ CONTINUE , SQFD3300___
CALL PLCT(15.0,0.0,-6) SQF03310
201 ___TIF(eNOT._ PPY_RETURN SQFD3320
JAXIS=3 SQFD3330
e OALL GRIB(L,R,N,HUi.PS,&CFENIi,CCHENIZqJAXIS;EO CO,KO.4PEAXy . _SQFD3340. __
iNP, TYP,CAV) SGFD3350
NP1= NG*NEO+1 SQFD3360___
NP2=NC*NEO+NC SQFD3370
_DD_4G2 _ISNP1i,NP2 SQFD3380 __
402  PMAX(I)=0.0 SGQF03390
o NP1=NP14\C SQED3400.__
NP2=NP2+NC SQFD3410
. D0.502_I=NPi,NP2 SQF034%20
502 PMAX(I)=1.0 SQFD3430
00.50_I=1,NC SOFD3440__
CALL LIAE(EO(I),PMAX(I),th,Nc,ﬂ,n) SQFD3450
IE(EO(NE) .GE« .047)_GOTO_80 : SQF03460..
XX=ECI(NF)*6 .0 +0.1 SOFD3470
e JIXI=NP=NC_+ 1. .SQFD3&80___
YY=PMAX(ITII) + 0.1 SQFD3490
____“_~__THETA'ATAN&AFHAX(III):PVAX(III~10'NC))I SQF03500__
1((EO(ITIII-EC(III-10¥NC) ) *¥6.0)) SQFD3510
THETA1=THETA®¥57.2958 . SQFD3520.
CALL SYMBOL (XX, YY,0, 1,CLABEL,THETA1,13) SQFD3530
XXfXX+0-;6'CGS(THETA) __.SQFD3549___
YY=YY+0 . 26*SIN(THETA) SQFD3550
e CN=1000.0%C(I) _SGFD3560__ _
CALL NUMBER(XXsYY, 0. i,CV,THETAl,kHFS 2) SQF03570
GOY0 50" SQFD3580 ___
80 XX=EO(NC*¥((NEO~1)/2)+1) *6.0 SQFD3598
—  IXI=(ANEC=1)72)*NCsI _SGFD3600___
YY=PMAX (III)+0.1 SGFo3610
e TP=(IFIX(0.13129/DELE)) *NC 4IIX . ____ _ ——.__SQFD3520__
THETA-ATAN((PMAX(IF)-FMAX(III))/((EO(IF)-ED(III))*G o)) SQFD3630
e THEIAI=THETA®57.2958 SGED3640
CALL SYMBOL(XX,YY;0. 1,CLABEL,1HETA1 13) SQFD3650
—XX=XX+0.26*COS(THETA) ___ __ SQFD3660 _ _
YY=YY+0.26*SIN(THETA) SQFD3670
_CV=1000.0%*C(I). . . _ SQFD3680 __
CALL NUVEER (XX, YY,0e 1,cv,1HETA1,«HF5 2) SGFD3690
B0 _CONTINUE. . . SQFD3700__.
CALL PLCT(15. o,o 0,-6) SQFB3710
—_RETURN SQFD3720 __
END SGFD3730
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e SUBRCUT I ME_GRID (Lo Ry Ny MUL, FSy COMENTJ.,CCI‘ENTZ,JAXIS,EO,CO KO,PHAX, SGFD3740...

INP,TYP, CAV) SQFD3750
c e e e ....SQFD3760 __
c THIS SUBROUTINE PLCTS THE GRID AND LABELS THE PLOTS SQFD3770
[ S e e e _.__ SQFD37890
DINENSICM COMENTA(8),COMENT2(B) yEO(135),C0(135) ,KC(135) 5 SGFD379¢0
—_1PMAX (135) ,LEGENDL1(2) ,LEGEND2(2) yLEGEND3(2) ,LEGEND4 (2) ,LEGEND5 (3) 5. SQFD380Q _.
ZHEADERl(c),HEADERZ(B),XLABEL(Z),YLABEL1(3),YLABEL2(3), SOF03810
__3YLABEL3(3) — e i __SQFD3820 __
REAL LyN,MU14KO SQFD3830
_g__“___INTEGER CAw_mw-_p S SGFD3840 _
INTEGER TYP,HEADERZ(3), HEADER4(3) yHEADERS (2) y HEADERG (2) SQFD3850
e INTEGER. coueuri.ccrsntz LEGENDL ,LEGEND2 ,LEGEND3,LEGENDY, . __ SQFD3860__
1LEGEhDS,HEADER1,HEADERZ,XLABEL,YLAEELi YUABELZ,YLABEL3 SQFD3870
_COMMCON . NEO__. N . — __SQFD3880__
DATA LEGEND1 (1) ,LEGENDL (2) LEGENC2(1) yLEGENDZ(2) SQFD3890
e ALEGEND3.(1) ,LEGEND3.(2) ,LEGENDY (1) ;LEGEND4(Z) ,LEGENDS (1) 5. SQFD3900 __
ZLEGENDS (2) , LEGENDS (3) HEADER1 (1) ,HEADERLI(2) SQFD3910
___,___JHEADERZ(1),HEADER2(2),HEADERZ(S) XLABEL (1) p XLABEL (2} SQFD3920__
YLABEL1(1) 4 YLABEL1(2) ,YLABEL1(3) s YLABEL2(1), SQFD3930
_______4XLAEEL212L,!LABELZ(S),YLABEL3(1),YLAEEL3(2),YLABELB(3)/“_~m_______SQEDaakﬂ_~
610HN= s10H RPHM,. s10HR= I;10HN. ° . SQFD3950
710HL= .piﬂH'\ e -9 L OHPS= o3 X0H_ PSIe ____ ’._____.________..SQFD3960_ .
810HMU= 9s10H FICROREYN,;10HS s10HSQUEEZE FI, SGFD3970
.___m___ﬂinHLﬂNDAKEERw410HNCHSEALS“c,iﬁHR_QILUSUEF,inﬂLY_"GROOVEL_m______NSQFD398Q__
410HECCENTRICI 1 0HTY = (DIM),10HCAMFING, ,10HCO - (LB~S;" SQFD3990
— 21 0HEC/IN).. _ 31 O0HSTIFFNESSss210H KO = (LE/yLOHIN) s SQFD4D00___
3LO0HMAXIMUM PR,10HESSURE - (,10HPST) / ' SQFD4010
_DATA _HEACER3{1) yHEACERZ (Z) sHEADER3(3) ,HEADER4{1) 5 _ __SQFD4d2a___
{HEADERL (Z); HEADERG (3) ,HEADER5 (1) yHEADERS(2) SQF 040630
e _2HEADERG6.(1) , HEADERG.(2)./. . _SQFD404D___
310HCIL SUPPLYy10H GROCVE - =4,10H NO SEALS,10HOIL —SUPPL, - - - ---SQFD4050
430HY. _GRCOVE_,40H AND-SEALS,10H. _ NO_CAV,10HITATION _ . ,__ . . SQFD4060__.
5410H CAVIT;10HATION / SGFD407)
e ICYCLES=D ' : SQFD4080
LOEXP=0 SQF04090
- GO_TO0 (100,200, 300).,JAXIS _SQFD4100 _
100  CALL LOGSCAL(CO,NP,i,B.O,LCEXP,ICYCLES,hP&Z) SQFD41410
.. GOTO 150 . . SQFDM4120.
200 CALL LOGSCAL(KO,NP,l,B.D,LCEXP.ICYCLES,AP+2) SQFD4130
—ee 6GOT0A56 : e ... SQFDL140
300 CALL LOGSCAL (PMAXyNFsdy840,L0EXP,ICYCLES ,NP+2) SQFD4150
460 CONTINUE . . SQFD&160.
NNC=(NP/NEO) +1 SAFD4170
CALL . AXIS1(0e0,0.0,XLABEL 4=2046.040, 0.£G(NP+1),E0(NP+ANC),16 667) SQFD4185
GO 10(1c1,za1,3a1),JAxIs SQFD4130
o104 _CALL LOGAXIS(0.0,0a u,vLAEEL1,26,+a 0590.0,L0EXP,ICYCLES) ______ SQF0&200 _
GOTO 160 SOQFDL210
204 CALL_LOGAXIS(Oe0,000,Y AEEL2,23,48.0,30.0,L0EXP,ICYCLES)_______ _ _SOFD4220___
GOTO 160 SQFD42340
301 .. _CALL LDGAXIS(De0,0.0,YLABEL3,24,+8. u,gu D LOEXP,ICYCLES)“_,_"_“,"_SQFDAZ#O
160 CALL PLCT(0.058.0,3) SQFD4250
e CALL PLCT(6e03B D92 o . SQFD4260
CALL LOGAXIS(6e050e092H 305+8+0,-90.0,L0EXP,ICYCLES) SQFD4270
c . SQFD4280 __
C ° PLOT LEGENDS AND HEADINGS ‘ SQF 04290
o _

SQFD4300._ _
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CALL SYFEBOL (1.29,8.96,0+21,HEADERL ;040,19

SQFD4310

o JIF(IYP,EQs0) CALL _SYMEOL (0430,8457,0.21,HEADER2,0,0,30)_____ SQF04320
IF(TYP.EGe1) CALL SYMEOL (0430,8.57,0.21,HEADER350.0,30) SQF 04330
— IF(TYP.EC.2} GALL SYMBOL(0.30,8.57,0.24,HEADERG,0,0,30) ____ __ SQFD4340 __
IF(CAV.EGe0) CALL SYMEOL(1.20,8.18,0.21,HEADERS,040,20) SGFD4350
o _IF(CAV.EG.1) CALL SYMEOL(1.20,8.18,0.21,HEADERG40.0,20) ____ ___ SQFD43I60__
CALL SYNMBOL (4+0651.5,0.10,LEGEND1,0.0,16) SQFD4370
— e CALL SYMEOL (4.0 ,0.8;0,10,LEGEND2,0485,12)__ SQFD&380
CALL SYMBOL (4408,0.6y0410,LEGEND3,0.0,512) SQFD4390
e CALL SYMEOL(4,0,0.4,0.10,LEGENDY,0.0,16) ____SGCFDL4GO
CALL SYMBOL (440 ,04Z5001G,LEGENDS,0.0,21) SQFDL4410
e GALL_NUVEER(%4:2631¢050010,K30,034HF841) _ SQFD4420
CALL NUMBER (442630085 0¢ 105Ry04034HF542) SQFD4430
e CALL _NUMBER (40265006300 105L 5060 ,4HF5,2) SQF0444LD
CALL NUMBER(442630 44900 105PSy00s0,4HF7 o4) SQFD4450
oo GALL NUMEER(442650.250010,MU1,0.0,4HF6.3) ___ SQFDA460
CALL SYVNEDL (=De43,~0475,0.10,COMENT1,0.0,80) SQFD4470
S GALL SYMEOL (-0.43,-0490 y0+10,CONENT2,0.0,80) SQF 046480
RETURN ’ SQFD449)
END SCFD4500
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—ee SUBRCUTINE LOGSCALLY,Ns Ky SsLOsCYCLES,NN)

SQFD4510

c SQFD4520
__C____THIS SUBRCUTINE TAKES AN_ARRAY_OF DATA *Y* AND SCALES_ITS VALUES FOSGFD4530_
c A LOGARITHMIC PLOT. THERE ARE TWO ENTRIS--- SQFD4540

c LOGSCAL_IS _USEGC_IF_THE RANGE OF DATA VALUES ARE_UNKNOWN_ _ __ SQFD4550
c SQFD4560
___g_-.________LQ,G CYC IS USED _XF _THE RANGE_ _OF DATA ARE_KNOWN AND CAN BE PROVISQFO4570 _
SQFD4580
_C____INPUT PARAMETERS_FOR BCTH ROUTINES*Fre¥¥¥¥rrsvssravssssrssssrsssxsss SQF04530  _
c Y= THE ARRAY IN KHICH THE GATA TO BE SCALED IS STORED SQFD4600
——C____N=THE NUMBER OF THE EQINTS IN THE ARRAY__ SQFD4610__
c S= THE LENGTH OF THE AXIS IN INCHES SQF 04624
& _K=A _REPETITION FACTCR_FOR_ACCESSING DATA IN_Y_ ____SQFD4630 ___
c INPUT PARAMETERS FCF LCGCYC BUT OUTPUT PARAMETERS OF LOGSCAL SCFD4640
C __ CYCLES_=TFE NUMBER CF CYCLES OF REPETITIOAS OF THE GRAPH . SCFD4550
c LO=THE LOWKEST EXPONENT OF CF THE GATA SQFD4660
c IT_IS AN _CUTFUT PARAMETER OFLCGSCAL ***INPUT FOR LOGCYC SQFD4670 _
c IE THE DIFFERENCE BETWEEN HIGHEST AND LOWEST EXPONENTS + ONE SQFD4683
< JE. JIF_Y(I) IS GREATER THAN 1.0*10%**4 THEN LO =4 SQFD4690
c INTERNAL VARIABLES SQFDL700
_C____KI =THE_MAXIMUN_VALLE CF_THE DATA _ SQFD4710___
c AHI AND ALO ARE REAL VALUES FOR INTEGER HI AND LO SQFD4720
——C_ __CL.=A_SCALE FACTOR. _SQFD4730___

c L2 IR XTSRS LSRR E R .A‘ L X Q:#Uli*ll l!ll#!l!l!!44¥!#!ll! "l-&ll-i'-l't&*!&(QFDt,?l*ﬂ
- INIEGER BRI, CYCLES __SQFD4750 _
DIVEXSICN Y INN) SQFD4760
AHI==10,%%321 __SQFD4770.__
ALO=10,%*%321 SQFD4780
< —_ SQFOu790
[ FIND THE MAXIWMUM OF THE CATA SQFD4800
C. SQFD481d
5 DO 10 I=1,N,K SQFD4B20
AHI=AMAX1(ARI, Y(I)) ___SQFDu830___
ALO=AMIN1(ALG, Y(D)) SQFD484Q
__ 10 CONTINUE SQFD4850_
[ . SQF 04860
c COMPUTE 1.C HI ANDO GCYCLES __SQFD4870
¢ SQFULBBY .
—ALO=ALOG10(ALO) SGFD4890 _
AHI=ALOG10(AHI) SGFD4900
LO=IFIX(ALQY _ . SOFD4910 - -
IF(ALO.LT.0.0) LO=LC-1 SQFD&920
HI=IFIX (AHI)+1 SQF 04930
CYCLES=HI-LQ SCFD4940
- 6010 11 ___SQFD4950___
C SQFD4960
. € ___THIS_ENTIRY POINT_IS_USED WHEN LO_AND_CYCLES ARE KNGHN SCFD4970.
c - ' SQFD4989
_ENTRY..LCGCYC SOFD4990
11 CL=S/CYCLES SQFD5060
— _00_20--I=1; Ns. K. SGFD5640 _
c SGFD5020
,;nm__;sﬁtmxpsmjn_qfﬂrﬂﬁnpAJA"ANB_ADJUST_IG_scALgm_ SQFDS030
: SQF 05840
_m_.,w"mmuwnzf( XY(I)+LEWDe) PRINT. 30 SGF 05050 _
30 FORPAT(iX,‘NEGATIVE OR § VALUES HAVE BEEN ACGESSED BY THE SCALING SCFD5060
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1ED FOR FLOTTING PURFOSES) , " SqFD5080

YAI)=ALOG1O (AES (Y.AL))) . - __SCFD5090. .

20 Y(I)=(Y (I)~LC)*C SQF05100
YAN$1)=C .0 . SQFD5110 _
Y(N+2)=1.0 SQFD5120
RETURN \ : _ SCFD5130 __
END SQF05140
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o SUEROUTIME .LOGAXISAXjy._Yy IBCD,.NCHy. .SZ, THTA, LOEXP, ICYCLES). ____SOFD5i50__
C . THIS ROUTINE CREATES R LCGARITHNIC AXIS WHICH MAY EE HORIZCONTAL SQFDS5160

—C . _(ALCNG. THE LENGHTH CF_THE _PAFER_, OR THTA=0.0) OR _VERTICAL ._.__SQF0S5170 _
C (ACROSS THE HWIOTH OF THE PAPER OR THTA =90.0), OR AT ANY SQFD5180
*_c____u___.otﬂsh ANGLE . FURTHER_IFE. AXIS_CAN_BE DRAWN HITH_DESIRED LABELISQFDS190 _

PRINTED SQFDS200
___c_-_._VARIABLEs "('""11!'_7'.!." - —— . SQFD5210. _

C INPUT PARAMETERS SQFD5220
B XsY=THE. COORDINATES OF.THE BEGINMING FCINT. . OF THE AXIS_. _ _______SQFD5230 _
Cc IBCD=AN ARRAY OF HOLLRITH CHARACTERS PRINTED-AS LABELING SAFD5240
b _NCHAR-NUNMBER. OF . CHARACTERS.IN IBCD.TO0_FLOL _ SQFD5250. .
C SIZE = THE LENGYH OF THE AXIS IN INCHES ’ SQFD5260

B _THETA = THE ANGLE_ AT WHICH.THE AXIS..IS DRAHN SQFpS270 __.
c LOEXP-MINIMUM EXPONENT(FCHER OF TEN) CF ANY VALUE TO BE PLOTTED SGFD52810
L . ICYCLES-NUMBER.QF_ REPITITICNS OF THE AXIS YO _BE. _PLATIED SQFDS5290__
c INTERNAL VYARIABLES SQFD5360
R o} EINE_QETERMINES FINE OR COARSE _TICK. MARKS SGFDS310.. .
[H HGT-CONTAINS THE HEIGHTS CF THE TICK MARKS SQFD%320
el COORD.=CCNTAINS_ LCCS.USEC. JO_MOVE_JHE_ PEN_THE CORRECY LENGHT __ ____ SQF05330__
c HHILE THE GRAFH IS EEING DRAWN SQFDBS340
[ §¥¥¥¥¥¥#¥4¥!444.!%4!444!044445!4!!&4!-4{!4 SQFD53_50__
DIMENSION COORD(65), HGT(6S), 1800(8) ' SQFD5360
LOGIGAL_FINE . i i SGFD5370_
c SQFD5380
c NOTE_WE NEFD _YHE ABSOLLTE VALUES OF SIZE, THETA, NCHAR SQEDS390 _
c SCFO5400
‘§I1ZE=SZ A SQFD5410..
NCHAR=NCH SQFD5420
e __THEYA=THEIA SOFD5430__
Z=CO0RD (1) SQFD5440
27=AL0G(FLOATC11)/10) SQEDSHSD ..
IF(Z2.EQ.22) GO TO 4 : SQFD5460
o . : - SQFD5470 __.
c THIS PRGCEDURE FILLS THE ARRAYS KITH NEEDED INFORMATION SGFO5480
B ‘ _ SQFD5480__
ITEN=6H i1X1i0 SQFDS54L0
K=40. : . : SGFDS5510 .
INCR=1 SQFD5520
p0.5__1=1,65 . __SQFD5530 .
K=K+INCR SQFD5540
——ne o A=FLCAT (K) 710 : _____SQF055%50 ..
COORC(I)=ALOG10(A) SQFDS5560
HGT (1)=.04 SQEDS570_. .
J=K=(K/5)*5 "SQFD5580
IFE(J.EQ.0) HGTL(I)_=.06 i . SQFD5590 ..
J=K=-(K/10)*10 SQFD5600
IF(JAEQ.D0) HGT(I)=.100 i SQFD5610 _ _
IF(K.EQe50) INCR=2 SQFD5620
__m‘m_sm_CDNTINuF . SQFD5630.
Cc SQFDS5640
O _THIS. SECTION 'SETS._TEE . VALUES FOR THE DIFFERENT. PPTIONS Ih JICK . SQFD5650 ..
Cc MARKS LAEELIBG ETC. SQFD5660
T __SQFD5670____
i DIRECT=i. i SQFD5680 )
JFANCHAR.LT.0) _DIRECTI=(=1.)} : SGFD5690 . _
TICK =DIRECT SGFD57080
,__;_____IElIHEIAJLI.ﬁ.J_IICK_ﬁj311cx1 . . SQFDS5710 _ _
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FINE=.FALSE, SQFDS720

o JF(STZEWLTBs). FINE =.TRUE, ) SQFD5730___
THETA=ABS(THETA) SQFD5740

e NCHAR_=IZABS (NCHAR) o __SQFDS5750___
SIZE =ABS(SIZE) SQFD5760

oo CSTHETA=COS{THETA* ,017455) . ____SQFD5770 __
SNTHETA=SIN(THETA*.017455) SQF 05780

G : : ) ) SOQFD5780
c THIS DRAKS THE AXIS AT THE FROPER ANGLE AND LENGTH SQF05800

€ IT USES_CCORD_ARRAY.FOR GIVING THE RIGHT LENGTH FOR TH AXIS _AND TICSQFDS813 __
c MARKS. TICK, DIRECT ANC FINE SET THE CIRECTION OF TICK MARKS), SGF05820

_.C.____DIRECTION OF THE LABELING ANDOF_THENUMEBER OF_TICK_MARKS SQFD5830 __
c . SQFD5840

—on CYCLESZ=SIZE/FLOAT(ICYCLES) SQFD5850 ___
=,10%(-TICK) *SNTHETA+X SQF05860

— H=TICK*.10*CSTHETA+Y SQFD5870
CALL PLCT(V, H, 3} SQFD5880

e __CALL PLCT(Xs Y5 2) - SQFD5893
K=5 SOFDS5900

e IE(FINEDK=L SQFD5910
Do 20 I= 1,ICYCLES SQFD59280

J= 8 SQFD5930___
CALL NWHERE(C, L, IDUMEY) SQFDS594L0

10 J=J+K .__SGFD5950 ___
A=COORD (J) *CSTHETA*CYCLESZ+C SQFD5968

B=CCORD(JL*SNTHETA*CYCLESZ+D SQFD5970. __
CALL PLOT(A, B, 2) SGFD59890

V=HGT(J) ¥ (~TICK) *SNTHETA+A _ SQFD5990 __
W=TICK*HGT(J)*CSTHETA+B SQFD6000

CALL PLCT(VyWsd) SQFD6010
CALL PLOT(A, B, 1) SQGFD6020

IE(JelLY+65) GO TG 10 SGF06030___
20 CONTINUE SQFD6040

IFANCHAR.EQ,0)_ 6O _IC 820_ . _SGFDEeas0
C SGFD6060

G HIS ROUTINE_FROVICES LAEELING IN THE FRCPER_DIRECTION, SGFD6O7D0
c FOR THE IDENTIFICATICN OF THE TIGK MARKS SQFD608D

c : SAFD6090
1Q=5 SQFD61G0.

e IUL=40 . SQFDB110 _
310 BB=.07*TICK +.24*DIRECT -+07 -(TICK+DIRECT)*.03 SGFD6120

I DX=CSTHETA* (=,28)-EE*SNTHETA _ _ SGFD6133
DY=SNTHETA* (-.28) +EB¥CSTHETA SQFD6140

XA=SIZE*CSTHETA+X+LX ] SQFD6150
YA=SIZE*SNTHETA+Y+LY SQF06160

. CALL SYFEOL (XA, YA, ,1%, ITEN,_ THETA,_G) SGFD6170 _
I4=ICYCLES+LOEXP SQF06184

e XA=CSTHETA®,72~SNTHETA* .05+XA_ - SGFD6130
YA=SNTHETA* 72fCSTHETA¥.05+YA SQFD6200

— . POWER=2HI3 __ ____ — . SQFD6210
CALL NUMEER(XA, YA, .10, I1, THETA, POKER) SQFD6220

e TI=ICYCLES SQFDE230 _
¢ SQFD624LD

_C._____THIS MOVES_THE PEN COKN THE_AXIS_PUTTING THE TICK MARK LABELING _ SQFC6250 _
c AT THE CCRRECT POSTION SQFD6260
B — : SQFD6270__
326 K=IGQ SQF 06280

II=1I-1_ SQFD629%0 ___
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SQFD6300

INCR=~5
I=TUL SQFD6310__
330 QA= (COORD(I)+ FLOAT(II))*CYCLESZ +.25 SQFD6320
e XA=QAYCSTEETA+ X40X. . SQFD6330..
YA=QA*SNTHETA+Y+DY SQFD6340
K=K=1 . —— - e - SQFD6350__
IF(I1.EQ.40) INCR=-10 SQFD6360
I=I+INCR. . _ e - SQEDG3TH
IF(I.GT.0) GO TC330 SQFDB3890
CGA=FLOAT(II)*CYCLESZ _ _ . — - SGFD63390 _
XA=QA¥C STHETA+X+DX i SQFD6400
YA_=CA*SNTHETA+Y+0Y_ ___ _ SQEDE410 __
CALL SYMBOL (XA, YA, .14, ITEM, THETA, 6) SQF06420
- I1=TI+LOEXP . .o SQFD6430 . _.
XA=CSTHETA¥ ,72-SNTHETA®,05+XA SQFDELLD
—_— YA=SATHETA*.72+4CSTHETA*,05+YA SGFDe450
POWER=2HI3 SQF 06460
e CALL NUMEER (XA YAy .10, TI1, THETA, POHER) SQFEDeL70G__
IF(II.6T.0) GO TO320 SQFD648O
C — i SQFEDe4S0
C THIS FRINTS THE DESIRED ALPHA NUMERIC INFCRMATION ABCVE CR BELOHW SQFDBS508
L THE_AXIS_AS. IS NEEDED_TO_ICENTIEY THE_AXIS SQFDe510.__
C SQFD6520
. BA=.5¥SIZE-FLOAT(NCHAR) _¥.06 SQFD6538___
BB =TICK*.05 +DIRECT*.40-.07 SQF0B540
J—— XA=BAXCSTHETA-BBXSNTHETA+X -SQFDE550
YA =BA*SATHETA+BB*CSTHETA+Y SQFD6560
o CALL_SYFMEOL (XA, YA, .14, IBCD, THETA, NCHAR) ____ SCFD6S70__.
820 RETURN SQFD6580
— _END. SQEDE590
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¥¥¥NSCUERZE FILY CAFPFERPY¥X

TYHIS PRCGRAV ANALYZES TFE STIFFNESS, DAFFIRG ANC FRESSURE™
CHARACTERISTICS OF THE SDUEEZE FILV CANMFER BEARING. TFREE

TBEARING CCRFIGURATICNS FAY BE ARALYZ2ED-
0 = FLAIN EEARING WITHFOUT END LEAKAGE SEALS CF CIRCLF-

FERENTTAL OILU SUFFLY CROCVE
i - BEARINC WITHCUT END LEAKAGE SEALS BUT WITH CIRCLF-

FERENTIAL OIL SUFFLY CROCVE
2 - BEARINC WITH BOTH FND LEAKAGE SEALS AND SIRCUMFER-

ERTIAL CIU SUFPLY GRUCVE
IN ADDITION, THFE FILM ¥AY EE ASSUFVED TC EE EIThER CAVI-

TATED CR UNCAVITATEC, IF CAVITATEUD THE FILF IS PFTSCHET
T0 EXTEND FRCVM THETA=PI/2 TC THETA=3F1/Z, WHERE THETA

IS PEASUKEC FRCP THE UTIRE CF CERTERS TR THE UIRECTICK CF
JOURNAL PRECESSION. THE EVALUATICA CF THE EBEARING CHARACe

TERISTICS ASSUFES TRAT THE JOURNAL FRECESSEYS SYNCUERCURCUS=
LY ABOUT THE BEARING CEMNTER.

TYRE FOLLCWING IS A CESCRIPTITN €F THE INFUY FARBEETERS-

CARD 1, ~-80 COLUMN FREE-FIELD CCMFENT CARC

CARD 2., -80 COLUMN FREE-FIELD CCFFERT TARU
CARD 3, —~NAMELIST/BRGTYFE/ TYP,CAV,PS

TYF = 0 FOR EEARING TYFE U (TEE AEOVE)
1 FOR BEARING TYFE 1 (SEE ABOVE)

2 FOR EEARING TYFE ¢ (SEE AEOVEY
CAV - 0 FOR UMCAVITATEC FILY¥

1 FOR CAVITATED FILF
IF CAvV=0 PK=.F. (SEE CARD 7)

FS =~ CIL SUFPLY PRESSURE, F&T
CARD 4, -NAMELIST/EEARIMNG/ L4RyMU,HN

L - BEARIMNG LERNGTF, TN,

R - EEARINC RALIUS, 1IN,

FU = UUERTCANT VISCCTITY, FITURTREYRS

N - RCTOR SPEELC (J64CE13 TIECSSEQCS T1CE,RFM)
CARC 5. -NAFEUIST/ZECRAYIO/? ES,EF

ES = INITIAL JOURNAL ECCENTRICITY RATIC, ES>J].

EF - FINAL JOURNAL ECUENTRIUITY RATIC, EF<I.T

CARD 6., ~NAMELIST/CLEARANC/ CAI),NC

C(Iy- CULEARARNCE VALUES, TIh. U<I%5

NC - NUVMBER OF CLEARAMCE VALLES
CARD 7., -NANMELIST/FLOTSENM/ CS,FC,FK,FP
€S = FLCT CCMNTRCL,; T, IF FLCT DESIREC,
OTFERNWISE oF.
PC =~ oT. IF DAMP PLCY CESIRED, CTHERWISE oFs
PF =~ oT. IF PRESS FLCT DESIREC, CTHEERWISE oF.

SANMPLE CATA
COMMENT CARD 1

COFMENT CARC 2
$BRGTYFE TYF=0,CAV=1,FS=0,0%

SUEARING L=0.C04,R=2,55,U=0, 382, =1€8TTY
$ECRATIC ES=0.1,EF=0.9¢

“$CLERRNG CUHI =, 00T, C{2V=,. 005G, C(3V=. 005, CI4Y=, UOCE,RCELT
sPLOTSE" CS=.T. )PC:‘!TQ ,PK=IT. ’FF=QT.$

—
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C= U030 INs
£C Co . K0 FMAX THETA
(0IV) LB=SEC/IN LEZIN L3/IN®*2 CEGREES

<180 1.802 . " Ue0UD 1.%CE €eSe 37
01233 1.824 0.000 2.752 248,473
«1E7 s T4852 U.000 J+ 29U 244, U001
0200 1,888 0.300 4,53¢ 235,887
PRk 1,921 U.000 S5.817 cSE» 1UD
«2€7 1.283 0.000 6871 232,629
1) 2+ 045 05000 B3 343 124 PEKE)
«223 24119 0,000 10.C8¢ cces b Ch
kT Z.20% T. 000 12,185 C23VTEL
+400 24306 0,000 144728 221278
R Zeu?lh .Ul 17850 ZIBTI5T
s UE7 2e5E6, 0.000 21,719 21e.778
500 ce 733 [ 265601 ZINVTIT
«523 2.933 0,000 32. 844 212.78¢
«5E7 T 1. 000 GO, CER 21079723
+E00 2.4E8 0.000 51,73¢ 209.107
W€23 T 83T 0007 6. 35¢ U7 317
.6?7 L.288 0,000 864720 z05.528
700 L,875 0,000 16 04% 203,713
o733 £.650 0,000 15G9,67¢ 201,848
o167 E.778 . 007 229,101 1S9, 9UE
800 8.220 0,000 345.01¢ 197.8€2
<833 {1512 U007 B56.59% TSEVEST
2 8€7 14,2¢€9 0,000 981.¢14 1€343€7
R 1478 PR} ZUE7. 59T

itl.dch
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= <0060 1IN
I3 LU KU rARA ITHETR
{0IV) LEB=SEC/IN LEZIN L3 /IN®*2 CEGREES
edUT P44 e UCT sGI< 223eocCT
#1323 - 0228 c.000 «€E88 248,473
1B/ 414 e UUT « 0S8 AL TRIEY
«200 «236 0,000 1134 239,887
233 2l Ve UUY 1e GUH Ccbe AUD
s 2€7 e U8 g.00C 1.718 232.62%
PR A Y4l U 000 Ze gt 229vHIG
¢ 323 «2€5 0,000 2.522 226+ 494
LY Y443 U UUU JeLBHT [T TEER]
2L00 .288 0.0080 J.€81 cél.27¢
BELTEE + 303 G+ 000 LRI 2% rE kT4
LET 321 C. 008 5.430 21€.778
« o 00 PR LT4 T. 00T b.ES5T cIG e 733
523 «3E7 0.00¢C 8e211 c12.78¢
'%2X4 rE-14 %007 105281 2103923
«E00 0433 0.000 12.S3¢4 208.107
«cd3 479 U 00T 167537 207317
«EET7 +536 0.00¢ 21.€89 ¢05.528
AL «bl9 T UUT <YeUlc cbde Ml
« 733 . 7086 0.000 3S8.C34 201.848
o E7 e 839 Ue TUTU 2l eci?> ITSTeIUT
«800 1.027 g.00¢ 86,252 ie7.8862
e8I 1.31% T UUT 13Y9s158% 185051
s 8E7 1.7¢87 0.000 247.S79 1¢3.,3¢7
« U0 .t 80 0. 000 EF YR EE 190,804
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SL6T ‘Ae1BueT-VSYN

—-F
ha g

(= « 0100 Ik,
£C [49) LY¢] “FMAX THET A
(DIV) LEB-SEC/IN LEZIN L3 /7IN**2 OEGREES
+ 100 « 04y T 00T « 18U 236027
«133 « 049 C-000 e 248 248 473
+1€7 « 050 U.00T " 23 <% U0T
- #20C « 051 g.000 «L408 23%.887
e 33 + 052 U. 000 «50E 236,102
+ 267 «0Sh 6,000 «£18 232.€26
2300 « 055 U. 000 PEAR! €CGe 430
+ 323 « 057 6.000 «C38 Z22€. 4GL
2 3E7 «UED C.000 1. 087 4P EA)
+4C0 «0€2 . 000 1.32¢ 2214279
+ 483 wUED U«TUD 1. ETE 218485
JLET +0€9 £s000 1.555 21€+779
2500 2076 UvTTy 2 35H ZIG 733
2533 « 079 g.000 2.55€ 212789
«5E7 « 086 0.TO0T Je&8T7 ZiUv8a3
«+ 600 0S4 §.000 LeESS 2094 167
e 633 «1L3 C.00U0 RS el 37
«EET «116 0.000 7.808 205.52¢8
« 700 0132 0.000 bR PREN 203713
« 7323 «183 6.000 14,368 Z041+848
ol E7 « 181 U.000 Zhe€1Y 1Y, 908
. 800 0222 C.C0Q ' 31.£51 1¢7.8€2
o833 « 284 U. 00T 50.094 1%5. 051
«8€7 - «386 0.C00 89.272 1€3+ 367
«900 «579 (000 186,084 1x0.deh






