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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 bec1ring 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 
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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 tra.nsient 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 in 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 transient re ... 

spouse is found by tracking the journal mo.tion 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 
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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. 
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CHAPTER ·2 

THEORETICAL ANALYSIS 

2.1 REYNOLDS EQUATION 

The configuration of the squeeze film damper bearing 

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. [l] 

The Reynolds equation for the short, plain journal bearing 

is given in both fixed and rotating coordinates by: 

Fixed coordinates: 

L [h 3 . aP] = Cw + w. > ~ha. + 2 ~ht az 6µ az b J o a 
(2-1) 

Rotating,coordinates: 

(2-2) 

As shown f:n Figure (2-1), the angle 0 in the fixed coor­

dinate expression is measured from the positive x-axis in the 

direction of rotation whereas the angle e' in the rotatin-g .co­

ordinate expression is measured from the line of centers in the 

4 
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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 Navier-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 s,hort bearing approximation has been used. 

Figure (2.2) shows a comparison of the short bearing sol­

ution and the general 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 < l/4 and is acceptable·for L/D values up to 1 

if the eccentricy ratio is low. The nonnal des!gn 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 directly to· 

yield expressions for the fluid film forces. 

2.2 BEARING FORCES -IN.FIXED COORDINATES 

For the plain bearing with full end leakage tbe appropriate 

boundary conditions are: 

(-2-3) 
P(8,0) =· P(8,t) = 0 
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In the fixed coordinate system the filtn thickness, h, is given: 

by: 

h = c - X COS 8 - Y sin 8 (2-4) 

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

(2-5) 

Differentiation of equation (2-4) yields: 

ah aa = X Sin 8 - y COS 8 
(2-6) 

. 
- X COS 8 - y sin 8 (2-7) 

The incremental force acting on the journal is: 

AF= -P(8,Z)Rd8dZ ,~ 
r 

(2-8) 

The relationship between the unit vectors in the fixed and 

rotating reference frames is: 

t = cos '.e .lnr - sin a tt ,ne 

+ + + Jn ~ cos 8 i + sin 8 j r 

+ + 
-sin 8 i + cos 8 j 

8 
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Substituting equation (2-11) into equation (2-8) yields: 

AF= - P(e,Z)Rd8dZ(cos et - sin a j) 

Th~ eleme~tal x and y force components may be found by 

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

the x and y directions. 

+ 
-(P(e,Z)Rd8dZ cos 8) i 

AFY = {AF• j)j = -(P(8,Z)Rd8dZ sin 8) j 

(2-13) 

(2-14) 

(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. 
27T L 

Fx = - ff P(8,Z)R cos e dZ de 
. 0 

F = y 

211' L f JP (8 ,Z)R sine dZ de 
0 0 

(2-16) 

(2-17) 

th·e ah . ah Substituting expressions for ae and at into the pressure 

equation anq integrating around the bearing circumference gives: 
21T 

(wb +wj) (xsin8-ycose) -2 (Xcos e+i,sine) {-cos · ea} ae (2-18) 

(c - x cos 8 - y sin !)3 s~n 

0 
9 



The above equation is applicable to the evaluation of 

the f.(>rces developed in the plain j ourna:l 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 rotation. 

For the case of the squeeze film damper where the journal and 

housing are constrained from rotatit1g, (~•wj = O), the force 

expressions become 

{
F ) RL3 12

1T 2 (:A: cos a + Y sin e) 
Fx = -µ2 ~c _ x cos a - y sin 8) 3 

y 0 

(2-19) 

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 ia very important for conservation of comp1,1tation 

time since the bearing pressure profile must be integrat.ed at 

each time step of the system motion. 

2.3 BEARING CAVITATION 

If the complete pressure profile is calc1,1lated 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 
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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 

r~search has shown that cavitation in the squeeze bearing occurs 

in streamers ot bubbles which extend around the entire bearing 

[3]. These streamers initially appear at the center of the bear­

ing and extend outward as the r·otor speed increases. It is be­

yond the scope of this present research to analyz.e this type of 

cavitation effect. Therefore the conventional cavitated film 

is assumed to occur when P<P where P· is the assumed cavitation 
C C 

pressure. 

When evaluating the integral of equation (2-19), negative 

pressures are equated to zero if th~ 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 circular synchronous 

precessiOI). of the jo1,1rnal about the bearing center and no axial 

misalignment, equation (2-2) can be integrated in closed form. 

'l'he·resulting equations for the bearing forces give the equivalent 

stiffness and damping of the bearing. 

12 
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Applying the b<>und,ary conditions: 

P(8,0) • P(8,L) = O 

and integrating equation (2-2) yields: 

P(8,Z) = Jµ 
ha 

(2-20) 

(2-21) 

where e' 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 = ch + e: cos 0 •) (2 ... 22) 

where the eccentricty ratio, e:, is defined as: 

e: = !. (2-23) 
C 

Diffet'entiation of equation (2-22) gives: 

ah ae•= -c e: sin 8' 
(2-24) 

and 

ah at= ci cos e• (2-25) 

Substituting the ~pt'essions for h and its clerivitives into 

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

82 

+ l,.IRL3 f<; £ sin 8' + e: cos 8 '> d8' Iii (2-26) F = r 
c2 u + £ cos e' > 3 

' 81 

14 



-+- + 
The transforlllation into the nr, tie coordinates is 

The components of the fluid film f<>rce !n the radial and 

+ + 
ta~gential directions, nr and n8 are found by taking the dot 

product of the force with unit vectors in the radial and tan­

gential directions. Thus: 

and 

and the 

+ + 
F r = (F • 

force campo1lents are: 
I 

82 

(2-27) 

(2-28) 

(2-29) 

{::} = -µRts (♦ e:- sin a ' + E. cos 8 • ) {cos a '} de • (2-30) 
c2 

(1 + e: cos 8')' sine• 
t 

81 
The limits of integration, e{ and 8¼, define the area ov~r 

which a positive pressure profile exists and are dependent on 

the type of journal motion and whether or not cavitation occurs. 

It is as.sum.ed that the journal is precessing in s:teady­

state circular motion about the origin. Therefore£• 0 ahft 

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

P(8' ,Z) = _6 __ µ_<.a>_e:_s_i __ n_e __ • __ . ___ .......,_ [ z 2 - ZL ]. ·.· 

c 2 (1 +£cos 8') 3 

15 
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The maximum pressure in the axial direction occurs at Z == L/2 

and equation (2--31) is rewritten- as: 

P (8' ,L/2) = -3µL 2ooE sin 8' 

2c2 (1 + e ~os 8') 3 (2-32) 

By differentiating equation (2-32) with respect to 8' and 

equating to zero, the tangential location of the maxim\111l pressure 

may be found. The angle, 8 1 'maX., \there the pressure is maximU1D. 

is given by: 

(1 + e: cos 8' ) cos e' + 3 .£ sin~ a' = o -. max max · max 
(2-33) 

• 
The angle e~ax varies with e: and shifts from 

-e' 3 '.IT h 0 max =2wen e:-· 

to 

8 ' "" 1r when e: = 1 
max 

and the maximum pressure is given by: 

Pmax 
-3µL 2we: sin·e• =. _· ·_ · · · _· . ·_ max 

2c 2 (l + .£ cos 8 ' . ) 3 ·· · max 
(2-34) 

The pressure expressed by equation (2~32) is p.ositive over 

the region a'= 1r to 81 = 21r and for the cavitated fluid film 

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

a • = 1r , e ' = 21r 
1 2 

(2-35) 
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The radial and tangential components of the fluid film force 

are given by: 

{:r} = ---.;...;;;..-µRL3 e:oo /
2
1T_sin _0• -{cos 8'} d 8 ' 

8 02 (1 + e: cos 8') 3 sine• .... 

(2-36) 

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

method [4). The resulting force components are: 

Fr = -2µRL 3 e:we 

c 3 (1 - e; 2) 2 

(2-37) 

and 

Fe = -µRL 3 1rew 

2c 3 (1 - e:2)3/2 
(2-38) 

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: 

= 2µRL 3 e:oo 
c 3 (1 _ e:2)2 

(2-39) 

Since the journal is precessing and not rotating, every point in 

the j·ournal 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 opposite the Journal motion. 

The equivalent bearing damping is:-

µRL 3 1r = 
(2-40) 

2c 3 (l _ e:2) s/2 
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For the uncavitated film the limits of integration in 

equation (2-36) become: 

Integrating and evaluating at those limits yields force 

components given by: 

F = 0 r 

(2-41) 

(2-42) 

(2-43) 

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 

oil groove and full end leakage. 

The total length of the bearing, L, corresponds to the 

length of the plai_n bearing w:U:h no oil groove. The bearing 

in Figure (2.Sa) consists of two plain bearings without an oil 

groove whose length is L/2. Thus the bearing parameter Lin 

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 tnaximuni pressure by a factor of 2: 
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(2-44) 

Similarly the damping and stiffness values 1tre decreased-by 

a factor of 4: 

(2-45) 

The bearing represented in Figure (2.5b) is a plain bearing 

with circumferential oil sroove and end seals to prevent end leak­

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

= 0 
O,L (2-46) 

and the net effect leaves the pressure and bearing characteristic 

equations unchanged. 

f Bearing 

,, \ w---, T 
h 

"4 ----.1· 

Figure z.,..5 a. Axial Pressure ·'Distribution of Bearing With 
Circumferential Oil Groove 

b. Axial Pressure Dbtribut:i..on of Bearing With End 
Seals-and Circumferential Oil 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$= o and 

results frOlll a purely unidirectional load on the Journal. The 

radial and tangential force components are derived from equation 
. 0 . 

(2-30) where only the term containing e in the.integral is re-

tained. The pressure equation is also modified to include only 

thee term. The maximum pressure occurs ate =11' for all values 

of journal eccentricity. Examination of the pressure equation 

reveals that the hydrodynamic pressure is positive only in 

h • ·e' 11' 31r t e regl.on 1 = 2_,to 2 . These values of e' are the limita of 

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

The table also shows that f·or. purely radial motion no be!=lring 

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 damping 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 E approaches 1. This variation of stiffness in the 

cavitated film is very important. As the eccentricity becomes 

large the support becomes 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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N .... 

.. 

EQUIVALENT DAMPING EQUIVALENT DAMPING TYPE OF MOTION MAXIMUM PRESSURE Ko (lb/in) Co (lb-sec/in) 

CIRCULAR SYNCHRONOUS -3µL2we: sill 8 PRECESSION . . m 2µRL 3e:w J:!RL3 '11' ... 2c.2(1 + e cos 8m) 3 c3(1 ... e;2)2 . . 3.fz ♦ =Iii, e • 0 2c3 (l .. e:2) 

CAVITATED FILM where 8 is given by: 
m 

(1+ e:eose ) cose +3e:sin28 =O l!,RL3 'II' , 
'3(2 UNCAVITATED FILM m m m 

c3 (1 _ e:2) 
0 

FURE RADIAL SQUEJi!ZE ""l 2+ µRL 3,[1r-cos (e:)J (2e: 12 MOTION -3µL 2t cos 8 0 2 5 2 
m c3 (1 ... e: ) 

~ • o, ;; .,. o 2c2(1 + e: cos 8 ) 3 
m .. 

CAVITATED FILM . 8 .• 1T 
l-lRL3'11'(2e:2 + l) m 

· s/2 UNCAVITATED FIUI 0 c3(l - e:2) 

Table 2-1. Summary of Equivalent Stiffness and Damping Coefficients 
for Squeeze Film Damper Bearings. 



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 uncavitated 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 R.S (L/C) 3 and therefore either doubling 

the bearing length or decreasing the clearance by 1/2 wi·ll 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 STABlLITY 

Afte-i- Jeffcott's [SJ analysis in 1919 of the single tnass 

flexible r:otor on rigid bearings, manufacturers began producing 

-
light, flexible rotors operating above the first critical speed. 

llowever,some manufacturers 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] [7J revealed that the whirl instability was not caused 

by unbalance in the -roto-r, 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 f i.ts on the rotor shaft. :By incorporating these 

forces in Jeffcott's.model Newkirk showed that the roto-i- 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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criiical speed. 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]. He 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 inst-ability -whereas a negative real part in.­

dicates a stable system. This type of stability analysis of a 

rotor-bearing system therefore requires that the characteristic 

equation.be kno'Wn. This equation is not always eaEJy 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 

i = 1, 2 •••• , n 

and differentiating, the equations are substituted back 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 A, 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 characteristic: equation for a ~hree-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 +emain stationary in the axial direction 

so the rotor has six degrees of freedom and the characteristic 

equation is therefore of degree twelve. The characteristic matrix 

is shown in Figure (3~2). The determinant of this matrix gives 
~· 

the characteristic equation. The unknown variable in this 

equation is A, the natural frequency of the system. An examina­

tion of the characteristic matrix shows that the coefficients 

of A are functions of the rbtor and bear:i,ng properties as well as in­

ternal· shaft friction, absolute rotor damping and aerodynamic cross 

coupling.' The natural frequencies and stability of the system 

are fouJld 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 wi.th 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 increases 

because an iterative procedure is used to find the equilibrium 

po~ition. 

As an example of how a stability map is produced, consider 

the following system: 

ROTOR CHARACTERISTICS 

ROTOR WEIGHT 

JOURNAL WEIGHT 

SUPPORT WEIGHT 

SHAFT STIFFNESS 

SHAFT DAMPING 

INTERNAL DAMPING 

ROTOR SPEED 

BEARING CHARACTERISTICS 

k 
xx 

k yy 

C xx 

28 

675 lbs 

312 lbs .(each) 

.15 lbs (each) 

280000 lb/ in 

.10 lb-sec/in 

0.0 lb-sec/in 

10000 RPM 

L287 x 106 lb/in 

1.428 x 106 lb/in 

1200 lb-sec/in 



'C 
.YY 

k • k xy yx 

C • "C xy yx.· 

1290 lb-sec/in 

0.0 lb/in 

O.O lb-sec/in 

Two values of aerodynamic cross coupli:ng were selected, Q • 

20000 lb/in and Q • 100,000 lb/in. For each value of Q, several 

values of support stiffness were selected ranging from 50,000 

lb/in to 500,000 lb/in. - For each value of support stiffness a 

range of support damping values from Oto 10000 lb-sec/in was 

used. Using this method a stability contour was found for a 

given value of aerodynamic 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 foi:: the two values of aetodynamic cross coupling. 

There is an intermediate range of support damping value1;1 for which 

the sytem is stable for a given··value of the support. stiffness. 

As the stiffness is increased the system becomes less stable.­

l,-lith Q"" 20000 lb/in the optimum amount of damping ranges from 

500 to 2500 lb-sec/in as the stiffness int::reases from 50000 to 

500000 lb/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 lb/in the optimum dampi~g is 1000 lb-sec/in 

and does not shift over the stiffness range selected. When the 

stiffness reaches 250000 lb/in the system·is unstable for all values 

of damping. 
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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, it 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 a-rose. 

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 ~tensive stability maps and it is only necessary to de­

termine whether the system is stable and not how stable. In 

these cases application of the Routh stability criteria [15] gives 

the required information without solving for the roots of the 

characteristic equation. This r.esults in a savings of computer 

time. The option of using only the Routh stability criteria:. 

is available in SDSTB. 

The method of deternlining the stability of the system from 

the characteristic ~quation 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 lllatrix and finite element 

techniques for determining the stability and natural frequencies 

of rotor bearing systems has been directed toward overcoming , 

these difficulties (17] (18]. llowever, 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 ptovid·e in­

formati.on on the support characteristics needed to promote 

stability in a given rotor..:bearing system. There remains the 

problem of relating these characteristics to the actu,al support 

bearing. The squeeze bearing equations derived in ChSipter 2 in 

rotating coordinate'S are used to determine the prelimiflary 

bearing design. As noted in Cha.pter 2, these equations were de­

rived assuming steady-state circular, synchronous-precession of 

the journal. 

The bearing characteristics, stiffness, damping an(i pressure 

are functions of the amplitude of the journal orbit, fluid vi.s­

cosity and bearing geometry. The addition of oil suppjy grooves, 

end seals and cavitation affect the bearing characteristic$. 

The steady-state equations have been programmed on a•qigital 
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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 £ilms 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, e:. 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 lb rotor system described earlier. 

The bearing has an oil supply groove and end seals, and the fluid 

film is 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 lb/in it was determined 

that the optimum support damping is about 500 lb-sec/in and 

the support stiffness should be less than 100000 lb/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 pl'ovide 

the necessary stiffness and damping charactel'istics with a clear­

ance of about 4 mils at an eccentricity ratio of e: • .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 ris~ 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 27 000,000 lb/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 f_ield could result in bearing failure. 

If Q = 100000 lb/in, the bearing characteristic·graphs 

reveal that for a cavitated film the clearance must be as small 

as possible because of the limitations on s·tiffness sl)own in 

Figure (3-4). With a 3.0 mil clearance, the stiffness is 250000 

lb/in at .E • 0.23 and this stiffness will produce system in­

stability. For Q • 100000 lb/in it is desirable to study other 

bearing lengths and radii to obtain a cavitated bearing which pro-
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duces the required damping at low eccentricity ratios and also 

produces a stiffness of 100000 lb/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 next chapter provide bearing design criteria 

which will eliminate the experimental testing of unsuitable de­

signs. The costs of the analysis more than offset th~ experimental 

losses when designs are tested that result in bearing or machine 

failure. 
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4.l INTRODUCTION 

CHAPTER 4 

TRANSIENT ANALYSIS 

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 fix.ed coordinates, equation (2-191 provides a useful means of 

determining the time dependent transient behavior of a rotor 

bearing system. The force equations have been programmed on a 

digital computer and combined with the journal equations of motion. 

The resulting progral!l, 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 ::ind 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 opt.ions 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 ~equired 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 very 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 ~hange in eccentricity. Even the more sophisti­

cated integration schemes lose accuracy when the eccentricity is 

high unless the time step i8 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. In using the short bearing approximation it was 

assumed that the pressure gradient in the tangential direction 

is small, and this 

ricities. 

assumption may be violated at high eccent-

It was also shown in Chapters 2 and 3 :that at high eccent-

ric;Lties 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 r.aising 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 e:<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 integration. [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 ana~ysis 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·iout 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 aI11-

plitudes. Figure (4-1) shows the journal orbit in a cavitated 
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SQUEEZE FILM BEARINc;. 
CAVITATEO FILH 

HORIZONTAL aix-. ./ --w - 73.7 LBS N - 16800 RPH - -
L = .1150 IN R - 2.550 IN -
C = 11.00 NILS HU = .362 HICROREYNS 
PS - 0.00 PSI FHAX= 71!05.l! LBS -wx - 0.00 LBS WY - 0.00 LBS - -
FU = 1181.Sl LBS EMU= .so 
lRX = 0 LB/IN KRY= 0 LB/IN 
TRD = 6.27 PMAX= 13668.97 PSI 

Figure 4-1. Unbalanced lotor. in Cav-itated Squee~e Fil.$ 
Bearing - L • 0.4.$ IN. - lJ'nbalanc:e J~centricity 
• ·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 

RADIUS 

CLEARANCE 

FLUID VISCOSITY 

JOURNAL WEIGHT 

- 0.45 inches 

- 2.55 inches 

- 0.004 inches 

- 0.38 X 10-6 

- ,74 lbs. 

UNBALANCE ECCENTRICITY - 0.002 inches 

RETAINER SPRING RATE 

N 

Kxx 

Kyy 

- 0 lb/in 

- 0 lb/in 

- 16800 RPM 

In the transient orbit figures a standard right-hand co­

ordinate system has been adopted with positive journal rotation 

in the countercloekwise direction. T'he-'.asterisk on the orbit 

represents the point 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 ph~se angle is measured 

from the x-axis to the timing mark in the clockwise directio~. 

Returning .to Figure (4 ... 1) , it is seen that the journal very 

quickly spirals out to an eccentricity ratio E = O. 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 lbs. 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 be~een the maximU111 a1J1Plitude in the x 

direction and the timing :mark is app:roxi1118.tely 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 lb/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, E • 

0.88. This results in a reduction in the force transmitted to 

the support from 7405 to 3371 lbs., 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 tranStllitted 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 lb/in and 22 lb-
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SQUEEZE FILM DAMPER 
u OIL SUPPLY GROOVE ANO SEALS , 
S CAVITATION X -4------------------------.. 

0 .... 
X .... 

,o .... 
E)X 
M! .... 

N 

.o .2 

H:: 1£800.0 RPM. 
R= t.55 IN. 
L= .fl5 .IN. 
PS: 0.0000 PSI. 
MU= .582 MitROREYNS 

.l:l .6 .6 LO 
ECCENTRICITY - COIMJ 

Figure 4-2. Stiffness Coefficient for Squeeze Film Bearing 
of Figure (4-1). 



SQUEEZE FILM DAMPER 
,., OIL SUPPLY GROOVE ANO SEALS 
S, ______ c_A_V_I_T_A_TI_£1_N_. ____ _ 

Q 

0 .... 

N= ueoo.o RPM. 
fl= 2.55 Di. 
L:t .f&S IM. 
PS= 0.0000 PS!. 
flU= • 382 MI.cROREYN8 

X 
-t~-+----4---+---+--+-----t--+--+---t----t-

.o .2 _ij .6 .6 . 1.0 
ECCENTRICITY - CDIM) 

Figure 4-3. Damping Coefficient for Squeeze Fillll Bearing 
of Figure (4-1). 
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SQUEEZE FILH BEARING 
CAVITATEO FILM 

HORIZONTAL tb!tilt. S51IIZ 

w - 73Jl LBS N = 16800 RPH -
L - .900 IN R = 2.550 IN -
C = l.! .. 00 HILS HU = .. 382 HICROREYNS 
PS = 0.00 PSI FMAX= 3371 .. 6 LBS 
wx =- 0.00 LBS WY = 0.00 LBS 
FU = 1177.10 LBS EMU= .so 
lRX = 0 LB/IN K.RY = 0 UJ/IN 
TRO = 2 .. 66 PMRX= 3626.76 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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SQUEEZE FILM DAMPER 
(J!L SUPPLY GRCJOVE AND SEALS 

CAVITATION 

N= 1t6DO.D RPM. 
·R= 2.55 IN. 
L= .so IN. 
P3= 0.0000 PSl. 
HU= • 382 HltfflfflEYte 

-l-+--+-_.,.____,._~ _ _... __ -l-_-+---+--+--...--1,,-

-.o _q .6 .6 1.0 
ECCENTRICITY - COIMJ 

Figure 4.-5. Stiffness Coefficient for Squeeze Film :Searing 
of Figure (4-4). 
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SQUEEZE FILM DAMPER 
OIL SUPPLY GROOVE AND SEALS 

CHVITATION 

.2 

fl;: ltfJOO. 0 RPM. 
ft:; 2.55 IN., 
L= .SO IN. 
p,=· 0.0000 PSl. 
HU= .382 MICROREl'NS 

.14 .6 .6 1.0 
ECCENTRICITY - CDIMJ 

Figure 4-6. Damping Coefficient for Squeeze Film Bearing of 
Figure (4-4). 
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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 lb/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 lb/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 only 

65% 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 c4gain increased to 0.002 

inches, the bearing configuration of Figure (4-9) is no longer 
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SQUEEZE FILH BEAR!N(; 
CRVITATED FILH 

HORIZONTAL UIXIIIO. --w - 73.7 LBS N ..... 16600 RPH - -
L = .l:lSO IN R = 2.550 IN 
C - l!.00 M~LS HU - .362 HICROREYNS - -
PS = 0.00 PSI FHAX:: 7331.S LBS 
wx = 0.00 L9S WY - 0.00 LBS -
FU = 1181.Sl LBS EMU - .so 
KRX = 123000 LB/IN KRY:: 123000 LB/IN 
TRD = 6 .. 20 PMAX= 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 BEARIN, 
CRVITATEO FILM 

HORIZONTAL CIJt ... Sl5'NI 

w ... 13.1 .LBS N = 16600 RPH -
L = .900 IN R = 2.550 IN 
C - 11.00 MILS HU = .362 MICROREYNS -
PS = 0.00 PSI FHAX= l170.0 LBS 
wx - 0.00 LBS WY = 0.00 LBS -
FU = 590.36 LBS EHU = .25 
KRX = 0 LB/IN KRY= 0 LB/IN 
TRO = .BO PHAX= 52.26 PSI 

.e 

.2 

Figure 4-8. Unbalanced Rotor in Cavitated Squeeze Fib Bear ... 
ing - L ;z 0.90 IN .... Unbalance Eccentricity• 
0.001 IN. - No Retainer Spring 
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SQUEEZE FILM BEARIN, 
CAVITATEO FILM 

HORIZONTAL CUIIII. S2S'NS 

w - 73.7 LBS N = 16600 RPH -
L - .SOO IN R - 2.550 IN - -
C - l!.00 HILS HU - .382 HICROREYNS -
PS - 0.00 PSI FMAX= 365.l! LBS -wx = 0.00 LBS WY - 0.00 LBS -
FU = 590.96 LBS EHU = .25 
KRX = 123000 LB/IN KRY= 123000 LB'IN 
TRO = .65 PHAX= l.!6~09 PSI 

.6 .s 

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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1:1ccept1:1ble•0 The :resultt~g .WPttP:4 is <~b<>~ tlt J•:Lsµr• (4;..10) 
• ~--:.: :::· :- :- • •••• "❖ -: .• -·: :: :·;:: 

1:111Ci ll large alllplitud.e l:bd,t•e~~l;~ j~t{H ~~¾-,i i01tee .i;~i'>.$lnl$~i~tt•···•···· 
again occurs. Howeve;r if the fluid Jilm d<>e~ not cav.itate the 

bearing performance improves and is marginally aec.eptable as 

shown in Figqi{e (4~1~). Th~ Jp*:rnal is o:r~;#~l'l$ 4f t • Q;.~~ 

and the transmitted force is dniy 5% less thfln th$ W,. ... 

balance load~ 

Although this particular analysis includes only the journal 

weight and the unbalance loading, it shows the usefulness of 

thii;; prog::r'1Dl in dete::rtni.12,ing the bearing effects with different 

bearing par'1Dleters. The ab.ility to perform the analysis without 

extensive prelimin1:1ry experimental work provides a great ·savings 

in time and money. By--·systematically varying the bearing para­

meters design guidelines are established, 

For instance Figures (4-12 - (4-15) shpWS the effect of 

varying the unbalance on a 6 7 5 lb. Journal oper.ating in a squeeze 

bearing with a 7 mil clearance. The unbalance eccent:ricity is 

increased from 1.75 to 3.5 mils with an accompanying increase 

in the journal amplitude and the force transmitted to the support 

str1,1ctu:re. Although the exact. unbalance may not be known. pre­

cisely for a givenrotot, a design.estimat'.e can beinade based on 

t~e e;f tect of a tl\i<ld.~nly appli~d ~~ .uiibt1lanc~ due- tOil)lade·. loss 

or loss of chemical deposits from the. blade surfaces. Prior to 

the sudden unbala~ce the rotor is asstl$ed to be perfectly balanced • 

. ',f\J,e abiU.ty ot tJ:J.• . ~e4ting to redµc• the ~plitud~ to .. tolerable 
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w = 
L = 
C = 
PS = 
wx = 
FU = 
K.RX = 
THO= 

SQUEEZE f'ILHBEARING­
CAVITATECl FILK 

73 .. 7 LBS 
.900 IN 
ll.OOMILS 
0.00 PSI 
!).00 LBS 

1181.91 LBS 
123000 LB/IN 

3.06 

HORIZONTAL ..... 
N :: 
R = 
HU = 
FMAX= 
HY : 
EMU= 
KRY= 
PMAX= 

c:AX •• ~ 

16600 RPM 
2.550 IN 

.382HICROREYNS 
36lll.9 LBS 

0.00 LBS 
:SO 

123000 LB/IN 
3331.1.52 PSI 

Figure 4-10. Unhalan~ed Rotor in Cavitat:e4 Squeeze Film Beat'­
in$ - L • q. 90 IN. - Unbalance Eccentricity • 

0. 002 IN. - Retainer Spring Stiffness, KR • 
- 123,000 LB/IN. 

59 



SQUEEZE FILM BEARINC 
UNCAVITATEO FILM 

HGRIZONTAL CIISf •• sa0'7ll5 

w = 73.7 LBS N - 16800 RPM -
L = .900 JN R = 2.550 IN 
C :: 14.00 HILS MU = .382 HICROREYNS 
PS = ll000.00 PSI fMAX= 1123.5 LBS 
wx = 0.00 LBS WY = 0.00 LBS 
FU = 1161.91 LBS EHU = .so 
KRX = 123000 LB/IN KRY= 123000 LB/IN 
TRD = .ss PMAX= 390.37 PSI 

.6 

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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w = 
L = 
C = 
PS = 
wx = 
FU = 
KRX = 
TRO = 

SQUEEZE fIUt BEARING­
CHVITATEO FILH 

675.0 LBS 
2.000 IN 
7.00 HILS 
0.00 PSI 
0.00 LBS 

3699.90 LBS 
50000 LB/IN 

_7q 

VERTICAL 
N = 
R = 
HU = 
FHAX::: 
WY :: 
EMU::: 
KRY= 
PHAX= 

tA5f... ·~ 

10500 RPH 
3.500 IN 
2.1190 MICROREYNS 

2725.1 LBS 
0.00 LBS 
.25 

50000 LB/IN 
131.98 PSI 

.6 .8 

Figure 4-12. Vertical Unbalanced Rotor in Squeeze Film Bear­
ing - Effect of lJnbala.I)ce Magnitude -- Unbalance 
Ec!ientricity .-= 1.75Ki.la · 
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SQUEEZE FILM BEARINC 
CAVITATEO FILM 

VERTICAL CAM! NII. III01U 

w = 675 .. 0 LBS N = 10500 RPH 
L = 2 .. 000 IN_ R ► - 3 .. 50D IN 
C = 7 .. 00 HILS HU ... 2 .. 1.!90 MICROREYNS 
PS = 0.00 PSI FMAX= l.!366.2 LBS 
wx = 0.00 LBS WY = 0.00 LBS 
FU = l!l!:39.86 LBS EMU= .30 
KRX = 50000 LB/IN KRY::: 50000 LB/IN 
TRO = 96 PMAX= 161.61 PSI 

.6 .8 

Figure 4-13. Vertical Unbalanced Rotor in Squeeze Film Bear­
ing - Effect of Unbalance.Magnitude - Unbalance 
Eccentricity= 2.10 Mils. 
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w = 
L = 
C = 
PS = 
wx = 
FU --
KRX = 
TRD = 

Figure 4-14. 

SQUEEZE FILM BEARIN~ 
CAVITATEO FILM 

VERTICAL CASfNO. :J6(J'/IQ. 

675.0 LBS N = 10500 RPM 
2.000 IN R ::: 3.500 IN 
7.00 MILS HU = 2.1.!90 HICROREYNS 
0.00 PSI FMAX= 6267.7 LBS 
0.00 LBS WY = 0.00 LBS 

5179.86 LBS EMU= .35 
50000 LB/IN KRY= 50000 LB/IN 
1.21 PMAX= 270.l!S PSI 

Vertical Unbalanced Rotor in Squeeze Film Bear­
ing·_ Effect of Unbalance l.fagnitude - Unbalance 
Eccentricity= 2.45 Mils. 
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SQUEEZE F~LH BEARING 
CAVITATEO FILM 

HBRIZ(jNTAL DIX JIO. 32S'Nll 

w = 675.0 LBS N = 10500 RPM 
L = 2.000 IN R = 3.500 IN 
C = 7.00 MILS MU = 2.ij90 HICROREYNS 
PS = 0.00 PSI FHAX= 15891.ij LBS 
wx - 0.00 LBS WY = 0.00 LBS 
FU = 7399.61 LBS EMU= .so 
KRX = 50000 LB/IN KRY= 50000 LB/IN 
TRO = 2.15 PHAX= ij699.92 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 

180Q to 90Q 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 O ring type. As noted in Ch~pter 2, the unuavitated 

film provides no equivalent stiffness when the journaJ. is operat­

ing in synchronous precession about the bearing center. ln 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 dep.ends on the bearing para­

meters and loading. Also the ability of the journal to quickly 

return to a stable, steady state operating condition.is impaired 

with increasing stiffness. Both of these operating conditions 

were inc:Jicated 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 

ent.ire system. Although such programs are not readily available 

for many complex systems, one has been developed for a three mas$ 

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 
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SQUEEZE FILM BEARIN~ 
CAVITATEO FILH 

HORIZONTAL Cl4'fll0. ~ 

w = 675 .. 0 LBS N· = 10500 RPH 
L = 2.000 IN R = 3.500 IN 
C = 15.00 'tULS HU - 2.ll90.MICROREYNS 
PS = 0.00 PSI fHAX= 1667.2 LBS 
wx = 0.00 LBS WY = 0.00 LBS 
FU = ~51.1.10 LBS EH'-}= .03 
KRX = 0 LB/IN K.RY = 0 LB/IN 
TRO = 1 .. $6 PHAX= 361.39 PSI 

.6 

.2 .8 

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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w -
L = 
C = 
PS = 
wx = 
FU ::: 
KRX::: 
TRO = 

SQUEEZE FILH BEARlNt; 
CAVITATEO FILM 

675.0 LBS 
2.000 IN 
15.00 MILS 
0.00 PSI 
0.00 LBS 

951.l!O LBS 
50000 LB/IN 
1.11 

HORIZONTAL 
N = 

-a = 
HU -
FMAX= 
WY = 
EMU= 
KRY: 
PHAX= 

.8 

·" 
.2 

.2 

c;,-tlli. .~ 

10500 RPM 
3.,500 IN 
2.1.190 HICROR~YN' 

l0Sll-1 LBS 
0.00 LBS 

.,03 
50000 LB/IN 
99.1,11 PSI 

.6 .fJ 

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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SQUEEZE FILM BEARING-
CAVlTAlED FILH 

HORIZONTAL CAst:IIO. l107'il 

w = 675.0 LBS N = 10500 RPM 
L = ,2. 000 IN R = 3.500 IN 
C = 15.00 MILS HU = 2.tl90 HICR(jREYNS 
PS = 0.00 PSI FMAX= 936.7 LBS 
wx = 0.00 LBS WY = 0.00 LBS 
FU - 951.l!O LBS EHU = .03 
KRX = 100000 LB/IN KRY= 100000 LB/IN 
TRO = .96 PHAX::: 6.10 PSI 

.6 

.2 

.2 -6 

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 BEARIN~ 
CAVITATEO FILM 

HORIZONTAL DIX M. :rzs7lll.5 

w = 675.0 LBS N = 10500 RPH 
L = 2.000 IN R = 3.500 IN 
C - 15.00 MILS MU ::: 2.4SO MICROREYNS -
PS = 0.00 PSI .fHAX= 1023.3 LBS 
wx - 0.00 LBS WY = 0.00 LBS -
FU = 351.40 LBS EMU= .03 
KRX = 200000 LB/IN KRY= 200000 LB 1IN 
TRO = 1.08 PHAX= S.16 PSI 

.6 

.G 

.2 

.2 ·" .6 

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 adidtion, 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 design 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 problein of rotor stability is of current :i,ntportance 

because of the high speeds a11d complex dy'llaJ!].ics 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 suppol't 

chal'acteristics. 

5.1 PREDICTING ROTOR 1NSTABILITY 

Methods for determining the stability of rotor bearing systems 

include: 

1. Using the rotor,;4bearin.g system equations of motion in­

cluding the effects of aerodynamic forces, shaft dainp­

ing and internal friction to obtain the system 

characteristic equation. The roots of this equation 

show the stability and natural frequencies of the 

2. Using finite element and transfer matrix methods to 

obtain the system stability and natural frequencies. 

3. Applying Routh stability criterion to the system 

characteristic equation. 

The third method does not yield information on relative 

stability but only deteX'ill,i11es whether or not the system is absoilutely 
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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 DAMP.ER BEARING 

The assumption of steady state circular synchronous pre­

cession of the journal 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 systf:ml stability. 

The stiffness and damping coefficients are non-linear 

functions of the journal eccentricity~ However for £<0.4 the co­

efficients do npt change appreciab:J_y with changes in eccentrici-ty. 
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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 op·erat­

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 suf:l;icient to indicate trends in bearing operation 

at high eccentricities. 
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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 :;t 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 equation~ 

it was assllll'.led 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 equation obtained was modifieci 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 asaumption is valid only if the tan­

gential pl?essure 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 shor.t bearing approximation is valid for ~ < 0.5. 

For ratios great.er than this the 

large compared to the tangential 

axial pressure gradient is not 

L gradient. For D > 0.5 either 

the long bearing approximation or finite bearing techniques 

should be used. 

The conditions under which cavitation occurs must be modified 

ill light of the current experimental results.. In this study cav ... 

itation conditions we're assumed to be the same in squeeze bearings 

as in . journal bearings. 

5.o RECOMMENDATIONS FOR FUTURE RESEARCH 

1. Construct an experimental rotor with squeeze damper 

supports to provide data to verify the analytic; sqlleeze 

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. 

3. Investigate the heat transfer characteristics of the 

bearings and provide modifications to the bearing pro­

grams to account for variable viscosity of the lubri-

cant. 
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APPENDIX A 

DESCRIPTION OF PROGRAM SQFDAMP 

This program analyzes the stiff.ness ~ 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 1f a = - to 2 .. If un-

cavitated it extends £1:om e = o to e = 21r. The a is -measured from the 

line of centers o:5 the bearing in the direction of journal precession. 

The evaluation of the bearing characterist.ics assumes that the journal 

precesses synchronously about the bearing center in a circular orbit. 

The following is a description of the program input dat;a: 

CARD 1 -80 column free-field eOillment card. 

CARD 2 -80 column free-field comment card. 

CARD 3 -Namelist/BRGTYI'21 TYP, CAV, PS 

TYP - 0 for bearing type 1 (see above) 

- 1 for beari~ type 2 (see ·above) 

- 2 for bearing type 3 (see a.bove) 

CAV - 0 for uncavitated film 

- 1 for cavitated film 
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CARD 4 

CARD·S 

CARD 6 

CARD 7 

PS - oil supply pressure, psi. 

Namelist/BEARING/ L,R, MU, N 

L - Bearing length, in. 

R - Bearing radius, in. 

MU - Lubricant viscosity, microreyns 

N Rotor speed (journal precession rate), RPM 

Namelist/ECRATIO/ES,EF 

ES - initial journal eccentricity ratio ES>O 

EF - final journal e·ccentricity ratio EF<l 

Na.melist/CLEARNC/ C(I), NC 

C(I) - clearance 

NC - Number of clearance values 

Namelist/PLOTSEM/ CS, PC, PK, PP 

CS - Plot control, .T. if plot desired, otherwi.se .F. 

PC - .T. if damping plot desired, otherwise .F. 

PK - .T. if stiffness plot desired, otherwise .F. 

(if CAV=O, PK= .F.) 

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

Sample input data. 

CARD DATA 

1 SAMPLE DATA FOR SQFDAMP 

2 1 MARCH 1973 

3 $BRGTYP TYP = 0 , CAV = 1, PS = 0.0$ 

4 $BEARING L = 0.90, R= 2.55, MU= 0.382, 
N = 16800.0$ 

5 $ECRATIO ES = 0.1, EF = 0.9$ 
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6 

7 

$CLEARANC C(l) = .003, C(2) = .004, C(3) = .005 
C(4) = .006, NC= 4$ 

$PLOTSEM CS = • T. , PC = • T. , PK = • T. , ~p = .-T. $ 

The following is a listing of the program and a sample output. 
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---~PR.0.G.RA.fLS.Qf:.Olt..!1eJ.It!!.E.U.11.0JJl.Fl,Ll,UJ:E~.::I..ti!:!Jl,l-~.f.EJ1-=..0!/IfJJ.LU.P.U) .... ~---s.01:.001.l1.0_ 
C SQF00110 

__c _______________ ~~.ERSION - .. U HA.RCtL1973"------- SQFD0120 
C ~SQFDD130 

......,. ____ -R,...E..AI..J • .,_~U, KO,t.11 ~-··--,-..---~--- ·---------- SQF00140° 
LOGICAL CRING ,CS ,PC ,PK, PF -·--·soFD0150··· -

_____ .l.NJEG.ER-..C_O.t1EtiT~_C.Q.l"~tU.Z.,.JYL-___ -___________ _$0F_Q016!L .. 
INTEGER CAV SQF00170 

--· -· -· _._P.If1ENSI.!)_t, __ go (13$.l.,.co <135_} ,~Q.U,_3~>.....e.N.ML.01.U .. ,.IHt_T.~~(1,l_U,.QllU.,_. ·-.. -~~;11=:001~p __ _ 
1COMENT1 (8).,CCMENT2 (.8) SQF00190 

_. _. __ NA.ttELISJj8RGTYPE/ J_YP,CAV,FS. ___ - __________________ _,$QF00200 __ 
NAHELIST/BEARING/ L,R,HU,N SQF00210 

----~-A!".!E.LI_S_ll.E.C.RATIO/_~_S.iE.L._ $91:.Q.!)4~Q __ 
NA~ELIST/CLEARNC/ C,NC SQF00230 

_____ N.A HEU Sl.l.P~.OT.SEtJL.C.S., P.C., e K,.f P S_Q.f:QD240 __ _ 
COMKCN NEO . SQFD0250 

__ JL.·------......... -----------~--------------~QF_QO?J>O __ 
C READ DATA SQF00270 

---------------------------~---------------SQFD0280 
K=1 S0F00290 

_. -. 9.Jl(L__READ <5..,.1.l __ C.:Ot't~N..U. ~OFJ!.li~OD 
.1 FORK AT ( 81110) SQF00310 

_____ lE.<.E.CE-,.5.J_99CJ9,~--------------'----------~-SQF.Q0_3_2.!)_ 
2 READ <5, 1) COHENT2 SQF00330 

---~RE.AJU5. .... SRG.T YP.E.> ... __ ~Ql:0034Q___ 
READ<5,6EARING) SQF00350 

_____ Rf; ~0.(5., ECR.A TIO>•-.-._____ _ ____ $QF00360 ___ _ 
REAC<5,CLEAR~C) SQF00370 
REA0.<5.,.fl..QI;S.E~t- ~Qfl;l0380 
IF (•NOT. CS> GOTO 3 SQFO0390 

____ _..I_,_E...,.,11<.'-E.Q.-.Jl.L • .GQI.(L . SQ.F0041,!D_ 
CALL CALCOi'IPU·) SQFDu41D 

. c _______________________ S9F0042il __ . 

C SET UP t-.:EH BLOCK AM! NlVE GRIGIN SGF0043D 
___ __,.C~.L.LPJ..CT cz.. •. o..,_o_J_,~) SQFD0440 

c st1foo4·50·-
_.t_ __ ~RnE.....eRcJiliAt.._o,Es,;_u_P-u.!1.ti SQFDli460 --

c SQF00470 
· 3 __ _wRI.IH6,'t.t. __ ~_ --·---------·-----··-·---·-------------- $CFD048D_:__ 
4 FOR~AT(1H1,3SX,27H••••SCUEEZE FILH OAMFER••••t> SQFD0490 

_____ .WRI.JE <_6 ,_5J______ --~--~-·~------·------- SQF005u O .. 
5 FORMAT (1X, SQFOU510 

·---.-t'i.ft.HJJUS_ FROGRAH .. A.N~LYlE.S .. THE_SUEfNESS,. OA.HPING ANO . .P.RESSURE~/U.,_SDFOP52ll _ 
258HCHARACTERISTICS CF THE SQUEEZE FIL~ CAMPER BEARING. THREE /iX, SQF00530 

____ _358HeEARUG.-CCNFIGUi-AJIO~S UY BE Al\ALYZEO- ________ -------.~-.1.1.X.:, _ SQFOC540 _ 
458H O - PLAIN BfAl<ING hIH-CUT EI\O LEAKAGE SEALS CR CIRCUM- /1X, SCFD0550 
,5.5.8H __ .. -.-fERENTIAL CIL $1.PFU GRCOVE _ ---~: ____ . -·-----~-·-· ________ b,x, SQFDD56D . 
E58H 1 • flEARING hITHCUT t;:NO LEAKAGE SEALS B~T klTH CIRCUH- /1X, SQFOQ570 

___ ___,._7 ... 58H FERENT.IA.L Cit..St.ePLY ... ~RGOVE. -----•--······_-_·_· -.. -. ________ l1:X,..:SOFDG580_ 
858H 2 - BEARING NITA B~TH ENO LEAKAGE SEALS AND SIRCUKFER- /1X, SQFD0590 

_____ C356H .......... ENTIAL OIL SUPPLY.GROOVE _ _ __ /1X, SQF00600 
15SHit: ADDITION, THE FlL~ ti.AV 8£ ASSUHEO TO BE EITHER CAVI- /1X, SQFD0610 

____ 258HTATEC OR UNCAVIlATED. IF CAVIlAlEO THE FILM IS ASSIJHED __ _11X, SQFOii620 
358HTO EXTEt.D FRO~ lHETA=FI/2 .TO lHETA=JFI/2, WHERE THETA /1X, SQFD0&30 

____________ ft56HIS MEASURED_ FRO~ THE. Lit,E OF_.CEI\TERS IN THE. DIRECTION OF _./1X,._SQF0064.D ... 
558HJ0UR1'1ll PRECESSIC.N. TH.E EVALUATION CF THE BEARING CHARAC- /1X, SQFDi,653 -

____ .£58H.TERISl.ICS A.SSUME S .. TH Jll. JtiE .J(HiRf\AL F.RECESSES SYNCHRONOUS~._ /1X, _ SQf D0.660_ 
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---•-... -----~----------------------,.· ·---. --~--- ---·.-·. 
758HLY AetUT THE BEJRlt-.G .CEHER. It>.<, SQFOD670 

--~-e~8HJHE. fCLLOHING .lS-A..DESCfilP.TI..Ct! ... CF.JHE.l.NP.Ul-PARAHElERS .. __ J.J) .. SQFOD6$0 ••;-
WRITt(6,6) SQFD069t 

_ _..f,___.E;ORl!AUJ..X, ·-·---·•--.-· --------~ ___ .__•-•.•-.-·. __ .. -. __ .-· ..... ------·--··-··SQFDD700_.,. 
158HCJRD 1. -00 COL~t!N FREE-FIELD CCMNENT CARO /1X, SQFDD711J 

----. -. 258HCARO .z._:-8D ... COUf.N FREE-FIELD .CCNNENT...CARD ··---•-.. -.---· -·. __ /1X,_ SQFDD72D. _ 
358HCARD 3. -hA"ELISl/BRGTYPE/ JYF ,CAV,PS /1X, S0FD0730 

-· -· ----1t58H.___ TYP -._.D_F.CJLBEARJ:I\G_TY.PLJI (SEE. A80:VEL. ___ ---l1X, ___ SQF.D074D .. -~ 
558H 1 fCR EEARING TYPE 1 (SEE A80\IE) /1X, SQFD0750 

---~--fi5.8H_____ 2 f.OR ... B.EARING Ue.E_2_(SELABOVE>.---. ___ __L,..._ .. SQl='00160 ...• 
. WRITH6 ,8> SQFP0770 

____ 8 __ ___FORMAI.UX.,. ----- ----~---~--------- SQF00780 . ~ 
158H CAV • D Ft~ UNCAVITATED FILM . /1.X, SQF00790 

-.-.---2.5.8.IL _ __._ _______ 1..£.CILCAV.IT UEtLf.1.Ll' __________ _llX.., .SOF 008 Cl O ..•. 
358H IF CIIV=D PK=·•F .• (SEE CARO 7) /tx, ·SQF00810 

__ _......_ft58H ·es -~ .• OIL.....SUFPLY .. J~RESSURE , ... ~S.I ~X,_SQFD08Z o,...._ 
758HCARD It. -NANELIH/EEARING/ L,R,ttU,N /U, SQF0.0.830 

-· ---85.8H. I - 8EAlU.NG .LENGTH.,_IN._._ ____ ~-------~X,_ SQFD0840_. __ 
S58H R .. BEARING RADIUS, IN. /tx, SQF.Ol.185.0 

.~ __ ...,1....,5sH HU-. -:....1.URRICAN.T .VISC.OSITY_,_HICRORE.YNS~---_,.~, .• .SQF00.860._ 
2!HlH N - RCTCR SPEED (JOURUL PRECESSICN RATE,RPH> /1X, SQF0087.D 

___ 35.8HCARD.-5.~.NAH£Ll.$l/ECRAlIO/ .. ES,EL _______ . _ .. ___ .. ___ ,...,.... ___ ___.l_1X., . .SQFD088D.~ 
!f58H ES - 11\IJIAL JCURI\AL ECCEHRICITY RATIO, ES.>o.11x, SCF0089D 

___ ...,55.8.H _____ __._f_.~_F.IN.AL ._JOU RN Al. ECCE.NT.RIC.IT.L.:RAII.O ,_Ef ~.1. • .0 __ /.1X.,_ SQF O D9U --
658HC IIRO 6. -NAHELIST/CLEPRt.C/ C <I> ,NC /1X 1 SQF0091D 

___ --7.5.BH C (.il:....Cl.EARANCE .. V.AJ..UES ,-IJu ___ Q..$.1~5 l1X.,- S.QF.00.92.ll ___ . 
858H NC - Nt;HEER OF CLEARANCE VAL.UES ) SQ.F00930 

,__ __ __.WRI.TE< f> .,.?_.______________ ...,-~--_________ SQED.0.9.ltD._. 
7 F0RMAT<1) 1 SQF00950 

___ _,.5.8HCARQ..1~N.A.HELI.H/.F.L,OT.SEMLCS,PC,P.K,.Fe.. .. -~--. -.... _____ ___._1X.,_.SGF...DC960.,.__ 
258H CS - Pt.OT CONTROL, .T. IF PLOT DESIRED, /1X, SQF00970 

___ _,.,S.8tL_ _______ o.TH:ERHlSE.· .•. f_._ __ _:_____ -~--~-_.l.1X, .. SQfOJl98 O __ 
lt58H PC • .t. IF OAHP FLOT DESIRED, OTHERHI-.SE .F. /1X, StlFOG990 

----5'i6.H _____ _P.~_.,_J •.... ILSTlff: •.. FLOI. ... DESIRED, .. OTHERkIS.E .F. .• l1X,. SQ.F01001L .. 
6.58H PP - • T. IF PRESS PLOT DESIRED, OTHER HISE .F. /1X, SQF01010 

_ .. --15.8HS.AMe.LE ... DA.J A·-----~-------~- lU.1 .. SQF01.020 __ . 
1!58HCCMMEU CARO 1 /1X, SQF01il3D 

---~958.H.CCM.MEtit ... CARO_,___ ______ ~ _______________ '.lX.,_SQF.010 4D_. _ 
158H $8RGTYPE TYP=O,CA\/=1,FS=O.OS /1X, SQF0105D . 

___ .2.58H-1BE.A.HN.G .. L=0.90,R;::2.5.5,KU=.0 .• ~62,N=.1.660.0S ------. -. __ .l1X, .SQF01060 __ _ 
358H $ECRATIO ES=D.1,EF=0.9$ /1X, S~F01070 

_. _____ 1t58H_$CLfARNC __ C U>.=.• 0.03, C <2> =• 004 ,C (3>=-• 005 ,C ('t.1_:o:_. 006 ,NC.=lt$ ____ l1X.,_.SQF01080. __ 
558H SPLOTSEH cs=.T.,PC=.1.,PK=.T.,PP=.T.$ ) SQFD1090 

___c -~-----------------------------SQF_OUll.L_ 
C WRITE OUT INPUT CATA SCFD1110 

___c_____ SQFO1120 __ 
. HRUE(6,25) COHENU,CCHEM2 SQFOt,130 

____,..25 ______ .f0.Rt'.AH1H1, 1X,2(8.A1 D/1X > > ··-----· ________ . . $.QFD1140 ·--
JF <TYP. EC. Ol WRITE<6,27>· SQF01150 

_______ F_(t.Ye .• u:.u .WRilE (6,28)_. __ ._. ---~------- ·----------· --·· .::.,..JQFD1160. __ 
IFHYP.EC.2> WRITE<6,(9) SQFD117.0 

-~--..AF.<CAV •. EG.O> .. WRITE '6,JU. .· . ..$QFD1UO -· 
IF <CAV. EC.1) HRllE <6,32> SQFOUCJO 

.-:.27 .. ___ f()RttAJ u1x, --- ----~----·-···S--• ··--- _ .· --- .SQF.DUDO. _ 
1581:iPlArN BEARING, Ml ENC SEALS OR OIJ. St.;P,PLY GROOVE. .II SQF01Z14 

---Z.IL; ...... _E.0.R.MAUL1X ,___.. . SQF_OJ.~2,Q __ .-· 
158HeEARII\G HUH ·NO ENC SEALS eur HITH OIL SUPPLY GROOVE I> SQFD12Jil · 

---%.9.--F...O.RHAJ-'=1-iX,_ . SQf_D121tQ __ 

83 



158HGEARH-G WITH ENC SEALS ANO OIL SUPFLY GROOVE ----- ---"s0F01~ 
-3.L_E.O.R f'.ALU )(., lEiliUNCAY IT A TE t: FILt1LL_ _______________ __,~_Qf012&_Q_ 

32 FORKAT(1X,14HCAVIT~TEO FIL~/) SQF01270 
__ WIUTEC6, 10) L,R_,l\,f'l,,PS ,ES,EF ,NC __ . _ ___ . _____________ ./ __ SOf'01Z80 __ 

10 FOR~AT(////1X,15HEE~RING LENGTH=,F8.2, SQF01290 
_____ 128ti__IN_CHES _____ fJE/l.R_II\G ..... 1<~0JUS:=,F8_.2,12H_JN~~-f$ _______________ SQf01300 __ 

21X 1 15HN= ,F8.1, SQF01310 
___ ..,.3281!....-Rff. KU ,U ._3 , .. 1-ZL.tlICRO.Rf;YKS/ ____ S<ff_Q13.~!l_· 

41X 1 15HPS= ,F8.1, SQF01330 
---~52&H. ........ J:>Sl ______ ES= ,f:.803/ ···--·------··· _______ S_QF013~0 __ 

61X,15HEF= ,F8.3t SQFD1350 
_____ 728H _______ ~NC: _______ ,I8.l/t.. ________________ SQl:01360_ 

. WRITEH,,11> <C(J) ,J=1,I\CL SQF01370 
--1.1__f_O.R~.IJ-~.e >5.,__1 CJJ:iCi...E..P ~-~-CE .. S-=--l.likHill..l.5 J .6_'tJC..1U 'L?..ll.l.U I > S_Qf.Q.!.3 8 _o __ 

C SQFD1390 
___c ___ ItllllA.LlZ!;:_.CONSH .... NJ _____ S0fQ1400 

C SQF01410 
---~-~~E~~??.. _________________________ SOFD1420 

DELE=<EF-ES > / <NE0-1> ·s-0F01430 -
--~lE..3~~2L1A3 SQF01440 

W=N•0.10472 SQF01450 
__ _,.,HU=tHJ..!..1.~C.E:-,.._____________________ ......... ~QE.014.f>O __ 
C SQF01470 

__ C~-~O.UJ..EJL~CP_f.OJLC..lJAij~QE_y_A_L_\l.ES_________ _____ ~QFI) 1_4 8 O __ 
C SQFD1490 

. _____ Q0-1..0.fL.I.l=:.LHC. ------------------~-~sq_EQj,~JI-
WRITE<&, 12) C <II) SQFD1510 

--12. __ _EORM~Ltlli1.2..1J.X..,.~.!;_~=--. _,JJ,!k4..,_4J:1 .... IN_o// ________ SOl:015.29 __ 
11X,94H EO CO . KO SQFD1530 

___ _z. FHA THETA/ ----·-·----------------------SQF01540 
31X 1 97H <DI~> LB-SEC/I~ LB/IN SQF01550 
ft Ul/It,{_•_•~-------DEGREES) ______________ ~Q_F015_6.!l__ 

C SQF0157i) 
_Cc......-_~INNE.R__LO..CP rnR _ECCENTRICITY RANGE. ___________ _ _ ____ SQF01580 __ _ 

C 
_c 

SQF01590 
---~SQF01600 

00 20 I=i,NEO SQF01610 
_____ KK.=l±J.l::.1J...!.<.t-C:-.. 1J.±.l~1 ----·---· ___ SQF01620 __ 

EO(KK}=(I-U"OELE + ES SCFD1630 
____ lF,(C_AY.E..C,O> GOTO .26 ________________ ·-· ________ $_Qi='01640 __ 

CO(KK>= <MU•<L••3)"1U(2.•<C<II>""3>» SQF01&50 
____ CO (KKl_::;_CC_(KK)• (PI/ ((1.-EC (KK) ••2)),,. (3.12. > ) _____ . ______ _.SQF01&60 

KO(KK}=(2.•Mu•w•R•{(L/C(II))••J)"EO(KK)) SQF01&70 
----KO .. (K.K.) ;;J<O.{KK)LU 1.~(EOJ.l<10.t"!'2t!• (2)J _____________________ S_Q.ED1~~1l-

26 THETAH <KK>=270. 443 - 191.831"EO(KK) + 218.223•<EO(KK)""2> SQF01&90 
___ __._HE..U.N (KIO=THET AN OCIU .-:. 114.;803"{ECJKI0...!_~3> SQF01l..0!!_. 

THET A=T~ETAH ( KK) /57 • 295777.51 SQF01710 
-~--P.HAX <KKl_:_-1 • !?." < (l/CJII> > ,,,,2> "t'.U"H"EO (KK)_•SI.N ~.ttlET ~! SQF0172a 

PHAX<KK>=PMAX(KK)/((1.+E0(KK)•C0S(THETA)>••3) saio173a 
____ .If.:.(CAV o.EC.1J_,G0J.O.~D-- S.Ql:O1740. __ 

K0(KIO=O.0 SQFD1750 
____ co lKK) =Ml.." ( (l/C_(Ill) !:!3 > "R!.PI ••.•·- ··---- SQFD1760 

CO(KK)=CC(KK)/((1.-E0<KK)••z>••c3.12.J> SQFD1770 
.___lt.O_J.F,nY.f>. .• _I\Ee1>._ ~OTO 20 ____ __ SQF01760 

PHAX(KK>=PHAX(KK)/Ze SQFD1790 
COCKK>=CO<KK.1/.'t•-··· . ___ SQf:P18UO _ 
KO (KK> =KO(KK>l4. ,SGF01610 

.--2o__coKJ.INU.E.-. -· ~- SQFD18ZO ___ _ 
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----~------------------------ ·······------------· -·• 
300 NN.:NEO•t,;C SQF()1830 

-~-_...nn __ ;3Q_Ill.=.I.I.,NN,NC.____________________ ··----..:....;SQFD1840 ·-
I=III SQFO1850 

_____ ,HRIJE < 6, 13L EOC U ,cc.n) ., KO (IJ.,PHJIX.(.U, T.hET.AH (!) _____________ -- _ _ SQfD1860 
11 FORrAT<5(5X,F12.3,5X)) . SQF01670 

--30 _____ C.O.NUNUE _________________ -------__________ ____ SQf..D.1660 . _ 

100 CONTINUE . SQFD1890 
_____ '"-""F..le.N.OT .• _.CSL.G0..10 .ttO.O ·----~-- ___ ...... --··· ___ $Uf.,01900 __ 

NP1=1\C•t.e0+1 SQ.FO1910 
______ NP:2~NC.!~E0:+ NC, ______ ....._..__________ _ ____ .- __________ ~-JQfJJ1920 . .. 

00 4.00 I=NP1 ,NP2 SQFD1930 
--·· lt.D o __ EO u·)_=co_ • ..lL. _____ .......... __________________________ i-..SQf 01.940 ·---

NP1=NP1 + t.C .SQF01950 
---~NP2,:::t.f>2:t.lx.C. _____________________________ J.Qf..D.19.6J. __ 

00 500 I=NP1,NP2 SQFD1970 
--5.0.0.-.EO (I> =.0 .. .166.6i...---------------------- .-5QF.0198 Q __ _ 

NP=NC•NEO SQF01990 
--~_,.,ALLP.L CUER(NP ,L ,K.,MU, I\ ,P.S,ORING.,COKENU,..C.OMEH.I.2 ,Nc,c.,- _ _.SQF.D200.0_. 

1EO,CO,KO,PHAX,PC,Fk,PP,TYP,CAV) $0F02010 
__ -----1<?.Jl . ...........S.QF.O20.2.o__ 

1000 GOTO 900 SQFD2030 
--99..9S-..SJ..OP.. _________ -------------~--------J,Qf.020.lt.il __ 

ENO . ·saFD2050 

__ ,,. __ ---------'-----------



____ ___,SLJ.BRCUUhE .El OTTER (t-.P ,L ,R ,~u,t., PS,ORHiG,COHENT1.,COHENt2.,Nc,c, •.. _ .. _SQFD2060 __ 
1EO,CO,KO,PHAX,PC,PK,PP, TYP,CAV) SQFD2070 

_J ------··---------·•·----····•--·----··-·-···------·-·---· ----·--- ___ SQF02080. ·-· 
C THIS SUC~OUTINE FLCTS CO,KO,ANO FKAX AS FUNCTIONS OF EO SCF02090 

___ c ____ EA.CH_S.ELOf_ CLEARAt-CE .. VALUES.RECUIRES_ CI\E BLOCK .. ··-----·•·-••--····•-SGFDZ100 __ 
C SQFD211J 

___ _.,.I.ME.hSICt-. C (5) ,.COMENJit6} ,COHENT2 (8.l.,CLABEL (21 _______ •····- ________ SQE.02120 __ 
INTEGER COMENT1,COtENT2,CLABEL,TYP SQFD2130 

________ ..1.NTEGER CA.V___________ ___ -------·-----· ... __ . ___ SQF_D211t0 ... 
REAL L,Mt,N,kO,HU1 SQFD215J 

____ .... OGICAL ... CRI.NG,PC,PK,eP ........ -·-··--·-- ________________ SQf02160 __ 
DIMEt-.SICI\ EOU35) ,co '135) ,KOC135) ,PHAX <135) SQFD2170 

_____ . .CO.M.MON .. ..I\EQ_ .. _. ________________________________ SQ.f.02180 ___ _ 
DATA• CLAEEL U>,CLAEEL<2)/ SQF02190 

----ilDH.C.:;;. ____ M,1DliILS I ___________ SQF.D220L._ 
C SQFD2210 

---~NNE=Jl:P/NC__ SQFD222.0 __ 
DELE=<ECCNP)-E0(1))/NI\P SQFD2230 

_; ____ __NEJl=.N.N .. SQF022itQ__ 
HU1=HU•1.0E6 SQFOa"'250 

--~If'.C.. • .NO.I.._.PC > GOIO .1.0L ____________________ __..QfD22.60 __ _ 
C SQF0227il 

_ __c __ PLOLC.O QF.02280. _ 
C SQF02290 

---.-UAX.I.S;:.1. ____ S.QED23 o_o_ 
CALL GRIO<L,R,N,HU1,PS,CCHENT1,CCHENT2,JAXIS,EO,CC,KO,P~AX, SQF0231u 

______ .1NP.., .. I:YP ,C.A\IL .. --------------------·-------··SQF.02320 _ 
NP1=NC•~E0+1 SQF02330 

____ Nf>.2=.t.i.C.• .I\E.O:t-N .-5.QE023~0 . __ 
00 400 I=NP1,NP2 SQF02350 

__ ...JLQ..O_CO.lllE=.Oc.Jl ·--S.Q.E.023.611 _ 
NP1=NP1+~C SQF02370 

___ __Ne2;:NP.2.t..NC. SQ.f02360 ..... 
DO 500 I=NP1,NP2 SQF02390 

.--50Q _____ COlI>.:=.i.Q__ ___ SQ.f.02400. _ 
DO 30 1=1,NC. SQF02410 

____ CALL...Ll.ME..<.E.O.U>..,..C.O..C.I.l--,Nt.f__.NC,.D-,.0 S.UE024.20 __ _ 
C SQF02430 

___£_-~--- OEC.IDE_WHET.HE.R...LABELING. SHOUL.D BE OVER _CURVE....O,~---------·SQf.D2440 __ _ 
C AT ENO OF CURVE. IF fAXIMUH ECCENTRICITY t 0.7 SQF02450 

_ _.c ____ P..LA.cE...LAEELH.G _OVER .CUR.VE,_OJ.HERKISE.J.L.END ___ SQF02460 __ 
C ~QF02470 

___ ___..E1£..Clli£J_.__G.E .. _I1 .... Z.L..GCT.Q_60 , _________________ SQ.f:D2lt.60 __ 

C SQFD2490 
__ .c__ ___ .DET.ERMINLTHE X..ANC_Y .CCCRC:INATES.OF_JHE. LOW.ER.. SQF02500 __ 

C LEFT HANO CORNER CF THE LABELING AND THE ANGLE SQF02510 
_c. ____ JT ... MAKES. . .HIIILI.HE_)l.~AXI.S .. __ -~--- ----~--~-------SQFD252il .... 

C S0F025JO 
____ XX;:: (ED.< I\E.J./.0 • 1.6.661.J_-t,JL...L_. . SQFD254 0 __ 

III-=t.P-NC+I SQFD2550 
.----YX.=.CO<.IIIJ ... + D.1-"~;..:. ..... _. ___________ . __________ , _____ • _____ SQFD256il. _ 

THET~~Al~N<CCO<itit-CCLIII-10•NC))/((EO<IIIJ-EO(IIl•1Q•NC>J•6.0J> SQFD2570 
-· -· -· -· _JHETA1.;:JHETA•57e29!58 ...... ---~----· -··-· ---"---------·-·SQFD2560. ·-

CALL SY~eOL(Xx,n,o.1,cLABEL,THETA1,13) $QF02590 
__c,____ --------,------------~-SQE.DZ6G.Q_._ 

C DETERMINE THE X ANC Y COORDINATES OF THE LOHER SQFD2610 
_...,.c.____..a.1 EE.J.JlAKD_.CQ.RHER..:.CL tbE..:.CLEARANCE. .. IIALULT.Q_B£.. SQF.D26ZO. _ 

-----------------------------------~..;.....------~-
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C PLOTTED SQFD2630 
----'--__ _,,SQF02640 

xx=xx+o.2&•cosnHETA>_______________ SOF0265o-
_______ H;::YY+.o. 26-" SINUJ1ETA.> ____ SQFD2660 __ 

CV=1COo.o•ctl) SQFD2670 
______ .c_~Ll __ NUt'_~_ERJX~, YX,.0 .•. 1,cv..,n:ETA1.., '4!if.5_._2J ··-- ___ SQF0268_0 __ _ 

GOTO 30 SQFD2690 
C _______ -----·· ____ SQFD27(lQ __ 
C OETERHikE THE X Aht Y CCCRCINATES OF THE LOWER SQFD2710 

_c ______ l.EfJ_ij41\0 __ CORNER OLTHE .. L.~EEL;uu;_MULIHE __ 4.NG.I.~ _____ $_QF_D2]'.20 __ 
C IT MAKES WITH THE X-AXIS SQF02730 
c _____________ ---------·-··-- safo2140 ___ _ 
60 XX=EC<NC•((N£0-1)/2>+1J 4 6.0 SQF02750 

___ .-Il:.H.N.EC.::.1JL2t!NC-t .;; SGFD2760_ 
YY=CO(III) + 0.1 _. SQFD2770 

____ le:=J.lE.U ({l913129/0ELE» •NC_ -o:_rr_____ _ SQFD2780 
THET A=A TJlN( (CO< IP)-CO <III))/< <EO CIP)-EO <III>) •6 .O » SQF02790--

____ ...,_,THE_T Jl1~T.l-cET A•57 .• 2958 _____ SQFD2800 
CALL SYMBOL(XX,YY,0.1,CLABEL,THETA1,13) SQFD2810 

__________________ __:SQf_Q28~_0 ___ _ 
C DE_TERHINE THE X ANO Y COORDINATES OF THE LOWER SQF02830 

__ c_ __ LEfl_liAJ:i[LC_O.RNE.!LOLTJ:!E __ Cl.f.1'R_At,!C_L_Y1'1...!)~J.9_ll~ SQf02840 
C PLOOTED . SQF02850 
C SQF02860 

XX=XX+ 0.26 4 COS <THETA) SQF02870 
____ '1.Y?.:il._~ •. iJ>.:"".Sl.~.iJ!ifJ~)~--------------------=SQF02880 

CV=100o.o•C(I) SGF02890 
____ CALL .. ~.Ut:.eE~ <XX..1I.L.n ... :1,C.Y.1 THET 1!1 .. ~Hfi .... 2> ~Q.F_02_9_0!) __ 

30 CONTINUE SQF02910 
____ C.A.LLP..L. U!1 ~ _._D ,JI ~11.t:-6 L SQFD292D 

101 IF(.t.OT. PK> GOTO 201 SQf02930 
-----AXI.S.:Z.________________ ______ SQF02940 

CALL GRIO<L,R,N,HU1,PS,CCHENT1,CCHENT2,JAXIS,EO,CO,KO,PHAX, SQF02950-
____ NP..,.Ite_,_C_A'O SQF02960 

NP1=NC•NE0+1 stiifiigio-
~---NP.Z.=.NC.~JIEQ..tNC SQFD298il 

00 4D1 I=NP1,NP2 SQF-02990--
__!tj).1_.KO tI.lEO.ilt SQF030uil __ 

NP1=~P1+~C SQF03010 
_____ NP.2?.J\PZ.t..NC _ . _ SQF03020 

DO 501 I=NP1,NP2 SQF03030 
---5.D.L ___ KO_( I>.=.i • Q______ SQF03040 

DO 40 I=i,NC SCF[)3050--
----CALLJ.U.E!EO_(I)-,KOJl.)_,N.f\F. ,NC..t.0.1.0. SQ.f_QJO~O_ 

IF<EO<NFt .GE. 0.7) GOTO 70 SQF03370 
---~XX=:EC <.NP) ~.6 .• ILtO.• SQFD308!) __ 

III=~P-NC+I SQF03090 

i~~i~!·!~!~-('.~K~( h1 >-Korffi::10-•NC>)J"°((Eo-iiifi" -EO <I 11-1o•N"c) .) •6. O> l ~~~g~!~a---
tHEJ.A1!'0ThE'IA"'57., 2..95.8.._ ·-•. -·--· ______ $Q.fQ3120 __ _ 
CALL .SYf'BOL ocx, YY,-c.1,CLUEL, THETA1,13) SQF03130 

_____ XX=XX+. Oe2&"COSCTHETA>. __________ .----•· SQF03140 __ _ 
YY=YY + .0.;26•SIN<T.t!ETA) SQF03150 

---- -g-:r~ o:~;.:;~ !~!-;·vv;"o-.1 ;-cv,-THEfiff;~HFS. 2) -t~~~~!~: 
~-- _GOTO. ltlL.- ......... ·--·-· ·-·--·--· S.QFD~18Q ___ _ 

70 XX=EC<NC•UNEO•U/2)+1> •&,0 SQFD3190 
_____ lil~<<NE.C-:-:U/ZL•~CH. SQfD320_Q_ 
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IP=UFIX<0.13129/DELE» •I\C +IU SQF.D3210 
--~........,YY.:;:J<OlUlJ+.0.1 ______ ·-·---- __________ -------------.--·. ___ SQF..D3220 _ 

TttET ~=A TAN< <KO< IP>-kO <IU> > / < <EO UP>-EC <III>> •6 • 0)) S0FD32:SO 
______ THETA1~lHET A•57 • 2958,.... ···---- -~--------·· _______ SQFD.3240 •• 

CALL sneot.cxx,n,o.1,cLABEL,THETA1,U) SQFD3250 
.:XX;:XX:t-JJ .• 26•cos C THU A.L. .....----~---.SQF~2f>0 ___ _ 

----~-=-!~;!:!~~-~~~ THE~A>______ ·--- --- ··-·--·. ----------:~~l~~;i __ _ 
CALL NUMeEROCX,YY,o.1,cv,lhETAi,ltHF5.2) SQFD3290 

__ ,I.IG..-.,.__...CO.NJlNUE. __________ ·------~--~--- ... -~----··--··-· ____ ~SQF03300._ 
CALL PlCT(is.o,o.o,-6) SQF03310 

-.....20.1. ___ .If.leM.t ... ...PPJ_RETURk.._ ·----------------------_____ SQF.03320..._ 
JAXI•S=3 SQF03330 

_____ ,wCALl- •. Gl'U[l.<L ,R,N ,HU.1,.P.S,;C.C.ttENI.1, Cc..MENT.,2..,.JA.tlS-,EO, C.O, KQ.,.P~A:X.,. ____ --__ $QF.:D33ct0. __ 
1N.P, TYP,CAV) \ SQF03350 

___ __,r,ip.1..=cNC!.NE~.1 ·-~--------------------------~~Qf-D.3360.-
NP2=NC•NEO+NC SQFD3370 

-~~--D0_.4 li2.....l-e:NP1..,.NP:.~--------------- ·------------S.QF.0338D. ___ _ 
~02 PHAX(I)=o.o SQFD3390 

_____ J!IP.1::;J{e.1.:t.J\..,_ ___ _.__.._ _ ___.,,_,_ ______ ----.-c-----.;......,;,Qf'..D.31t00._ 
NPZ=NPZ+NC SQF03410 

_______ .... o ..... o ...502.....I,:;Ne.1.,.NP.2. ----~---SQFD.3«.2.ll. •. -
S.02 PMAX <I> =1.Q SQF03430 ____ no_.s..o. 1=1,N.c _____ , __ ...,.. ____________ -'----------..SOF..031t'tQ~-

cALL LUE (EOU) ,PNll)I Cl) ,M,F,NC, o,o> SQF031t50 
------IEJEO<NEl • GE-...0 ... 7J....G.Ot.O 80 ----_SQf.03t.6Q...._ 

XX=EC<NF>•&.O +Oe1 SQFD347D 
~------. .I.I.=t<e~.Nc_+_ ... L -------------- --------------· ___ S.QF0.348 Q_ 

YY=PNAXUII> + 0.1 .S0F031t90 
__________ l;HE.lA=ATJIN.UF.tlAXllllV!PKJIX.<IIl~O'!'.N.Cl.) . .,_ ____ - ______ SQf..03500 __ 

1( (EO UII>-EO<III-1D•NC> > •6.0) > SQF03510 
____ _._J t,iE.IA.1.;;J..H.El.A.!..5.7 ..• 2.9.5'1 __ ____ _ _______________________ SQf.O.3.521L_ 

CALL SYHBOL(llX,~YJ0.1,CLA8EL,THETA1,13) SQFD3530 
______ xx=ucx:1:.0 ..• 26.!.C.OS UHE 1-A) · ------------- __ SQF03541L ... 

YY=YY+0.26•SIN(TfiETA> SQFD3550 
____ ..,_CV..;::1.0.00 •. 0.'!'CUJ.___ . -~------------- JUJf03560, __ _ 

CALL NUHBER OX, VY, .0.1,C \I, T.HET Ai, ltHFS. Z> SQF03570 
___ _,,,GO.I.CLSO • ----~-----'----~------------SQ.F.03580 __ _ 

80 XX=EO(NC•<<NE0-1)/2)+1)•6•0 SQF03590 
----UI;;: ... UNEC~U./Zl.!NC-tl. ______________ _._ ______ SQF03!:>00 __ _ 

YY=PNAX(lll>+0e1 SQF03610 
________ p;:_(.IE.J.X.<O. :13129/0ELEl>_.'!t\'-C ~+IIL ________ -----··--····-- ·---------~SQ.fO3620 __ _ 

THETA=ATIIN(<PMAX(IF>-FMAX(Ill)J/((EOlIPJ-EO<III>>•6•D>> SQF03630 
___ ....,....,tl.A.iHEIAJ.EJ.HEl.A!5L.29;1L__. ·----·-----~------- .... SQF.036ctll._ 

CALL SYMBOL OX, YY.,0.1,CLllBEL, THETA1,13) SQF03650 
____ XX;::XX+0.2&•COS<THEUJ __ ____ -~----------~-- SQF0366Q __ 

YY=YY+0.26•SIN(lhETAJ SQF03670 
___ . _____ .____cv,=:1.oon.0-!'CU> .. ·------------··--·--,- . . SQFD3660 __ 

CALL NUt'EER<xx,n,o.1,cv,THETA1,1tHF5.2) SQFD3690 
_.-5:0~--CONJINUL ..•. -·-···•. . . . . ··-· ---------·----- JQF.D370L. 

CALL Pl-CTUS.o,-o.o,-6) SQFD3710 
----· . ~ETURN. -~--------------------------- --~- __ $QFD37ZO __ 

£ND SQFO37~D 
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------------·-· 
---- -·· ------

_____ SUB.RCUT I ~.E_.GRID CL, Ii, NtHU1.,FS,COHENT.1.,CC~ENTZ ,JAXIS,EO ,CO, KO,PHAX., .. SQFD37.40 ....• 
1NP,TYP,CAV) SQF03750 

_,._ ________________________________________ .... _________________ SQFD3760 __ 

C THIS sueROUTINE PLCTS THE GRID Al\0 LASELS THE PLOTS SQF03770 ___ c _____________________________________ . ________ ..... ______ ... _______ SQFD376'0 _ 

oansrn COHENT1<f) ,COHNT2(6) ,E0(135} ,C0<135) ,KCU35), SQF03790 
_____ iPHAX {135) ,LEGEN01 <2> ,LEGEl'-i02 (2) ,LEGEN03 <2> ,LEGEl'-t04 CZ> ,LEGENDS CJ) , .SQFD3600 __ 

2HEAOER1(2),HEAOER2(3>,XLABELl2>,YLABEL1(3>,YLABEL2(3), SQF03810 
---~Y.L.AeEL3.(3)____________ _________ _ __ SQf03820 __ 

REAL L,~,HUi,KO SQF03830 
______ INT.EGER..CAV ___ ·----· _________________ ___ _ ________ SQf.03840 __ _ 

INTEGER TYP,HEAOER3(3),hEAOER4(3),HEAOER5(2),HEADER6(2> SOF03850 
___ HHEGER .. COHENT1,CCl"ENT2 ,LEGEND1 ,LEGEN02 ,LEGEND3.,LEGEND4 ,__ _____ S.QE0.3660 __ 

1LEGEND5,HEADER1,HEAOER2,XLABEL,YLAEEL1,YLABEL2,YLABEL3 SQFD3870 
____ _.,,QM MON. I\EO _____________ .. _______________ ----·---------·----- ___ _ _ __sQFD368Q_ 

DATA LEGEND1(1>,LEEEND1<2>,LEGENC2(1),LEGEND2(2>, SQF03890 
---~'~' F.GEt.D3 <1l.,LEGEND3.(21 ,LEGEN04 (1) ,LEGENDlt (2}_,LEG.ENDS U.l_, ______ SQE03900 __ 

2lEGEt\D5<2>,LEGEN05(3),HEAOER1l1>,HEAOER1l2>, . SQF03910 
___ _,,,_3HF.A.DER2.(.iJ,.HfAD£R2<2.) ,HEAD£R2(3} ,XLABE.U.1) ,XLABEL (21., ________ .SQED3921L. 

4 YLABEL1(1>,YLAeEL1(2l ,YLABEL1(3),YLABEL2(1>, SQFD3930 
___ ....;i::~YLA.EEL.2.l2L,.'ll..ABEL2 !31 ,YLABEL3 Ci), YLAEEL3 {21, YLABEL3 (3J/ .. ____ SQF.03.9.40 __ 

610HN= ,10H RPfl. ,1DHR= I,1DHN. , SQFD3950 
___ _..:.1.0.HL:: I,1.DHt\.•~------·---t10HPS.= .101L .. PSI. _____ ,_ _______ SQF039&0 __ _ 

810HHU:: ,10H ~ICl<OREYN,10HS ,10HSQUEEZE FI, SOFD397D 
______ 9 .... ;1 OHU1...ru~eEIL..,1.0H.NC .SEALS .. .C,1.0HR_O.IL_SUfP,1.ll.HL Y -- GROOVE,____ . S0f03980_ 

110HECCEKTRICI,10HTY - (0IHl,10HDAHFING, 1 10HCO - (LB-S,· SQF03990 
___ __,_.1.Il.HEC/IN.L ____ ,1 OHSTIFFNESS, ,1 OH_ ICO .::-__ {LE/, 10HIN> _, ___________ SQFOltDOO __ _ 

310HMA.XHCH PR,10HE~SURE - ( 7 10HPSI> / SQFDlt010 
_____ .D.,U.A. .. HEACER3U) ,HEIICER3 (2} ,HEAOER3 (3) ,HEADER'tU), ____________ SQE01ta20.. __ 

1HEAO£Rlt(2l,HEAOER4(3l,HEAOER5(1),HEADER5(2), SQFOltu30 
___ ........,.2HF.A.OER6.Ul, HEADER6.(2}I ---~------- ____________ .SQf:D.'t.040 __ 

310HCIL SLPPL;Y,10H Gl<OCVE · -,1t1H NO SEALS,10HOIL -S-llPPL, · · - -SQF04050 
---~10.HL....G.RCOVE_._iOH. ANO·SEALS,11U:L __ .NO_CA.V,.lOHitUION __ '----·•· ___ S_QFD406Q ___ . 

510H CA\/IT 1 10HATION / SQFO't07iJ 
--~ICYC.LES.=:D . ________ ,SQF04080 

LOEXP=O SQF04090 
GQJ.JLU.00.,.200, 3001.,JAXI..._______ _ ____________ SQFD4100 __ _ 

100 CALL LOGSCAL<CO,NP,1 1 8.0,LCEXP,ICYCLES,~P+2> SQF04110 
---~G.O.T0....1.5.D -----·-·---···· ____ -·-•---··--··--- ·-·-------- _ .SQF04120 .. ·_ 

200 CALL LOGSCAL(KO,NP,1,s.o,LCEXP,ICYCLES,NP+2J SQfD't130 
_______ .GOIO_i.50 .. ··-··----·•·------- -···----------··--·-·---·-·-· .. SQfDlt140 .•. 

300 CALL LOGSCAL(PHAX,I\F,1,8.D,LOEXP,ICYCLES,NP+2) SQF01t150 
-.1.5.0___cQ.t,t.TINU.E.___ ____ - SOF.D'1160 .. __ 

NNC=(NP/~EO)+l SQF04170 
-----AIALL AXISH o.o, 0 .o ,XLABEL ,-20 ,6.c,o.o ,.EO(NP.+1) ,EO (NP+NNC) ,16 .. 667> SQf04180 --· 

GO T0{1C1,201,301>,JAXIS SQFD4190 
-~-1.0L ____ CALL L OGAXI S ( o. 0, 0. o, YL AE-EL1,26 ,.+.8 • 0,9 0 .o,t..OEXP_, ICYCLES), _________ SQF04200 __ 

GOTO 160 . SQFD4210 
---H1---CA1.LLOGAXIS.(.O • .O ,.0....D,-YLASE.L2, 23. ,:t8 • O., 90,. 0 ,LO EXP ,.I CYCLES) _____ SOF.D.4220 __ _ 

GOTO 160 _SQF04230 
--301-----CALLLOGAXIS ( o. 0, O. D,.YLABEL3,21t ,+80 0,90oD,LOEXP,ICYCLESJ _____ . ____ SQFD4240 __ _ 

1EO CALL PLCT(o.o,s.o,3> SQFD4250 
_______ CALL .PLCT<&.o,s.0,2, --------~----···- -------------- -----------· SQFD426L ... 

CALL LOGAXIS(6.o,o.o,2H ,t,+8.0,-90.0,LOEXP,ICYCLES) SQFD4270 
----------------------------------------------------S.QFD't28.0 __ 

C PLOT LEGENDS AND HEADINGS SQFD4290 
·"----------,-------------------~---SQF..D.4300,__ 
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CALL sne0Lu.29,s.%,o.2'1,HEADER1,o.o,19, saFD4310 
____ .-E._UY.P.t E.Q • ..OJ_CAlL ___ SY_HEO!... ( 0._30 1 8 ._57 ,o • 21 ,1:!EA.DERZ,.0 aO ,3.0) _____ __.SQF04320_ 

IF<TYP.EC ■ l> CALL S1MEOL<0.30,8.57,0.21,HEAOER3,0.0,30) SQF04330 
____ 11:..nre. Ec.z ) __ CALL .. SYHEOL (0 .30 ,s .57, o. 21,HEADER4, O.O,JO) ________ SQfD43~0. _ 

IF(CAV.EC.O) CALL SYHEOL(1.20,s.1s,o.21,HEAOER5,0.0,20) SQF04350 
_____ U:JC/W.~ EQ.1) CALL SYHEO.l u .20,s ■ 18 ,o. 21,HEADER6,0 .• o,ZO) -·· ---~QF_Q.4360_ 

CALL svr.eOL(4.o,1.o,o.10,LEGEKDl,O.o,16) SQF04370 
____ _,.CALL~Y.t.E_OL(~ .. o_,_o.e,o,.1..o,LEGEKOZ,0._0,1~J-__ ----- _______ .S91::.Q4381L_ 

CALL SYHBOL(4.o,o.6,0.10,LEGEN03,0 ■ 0,12) SQF04390 
_____ (;_lll.,l,. __ SY t' 80L_Jlt • O , 0 ■ 4, 0. 1,0, L EGEt-04, D. D, 16) ___________ ----~_CF 0_4_40 0 

. CALL SYH60L(4.o,o.2,o.10,LEGE~D5,0.0,21) SQFD4410 
___ C.4l_L __ NUl"EER (4.26, 1. G,0.1 O,K,o.o ,4HF8. U_________ S.C!F..0~~20 ____ _ 

CALL NU"EER(4.26,0~8,o.10,R,o.o,4Hf5.2) SQFD4430 
____ ..,,,CALkJ:~1JJ'..e~8-.<.~.i6,D.~..10• 10.,L,J!.!.!l..t.'i.H£.2.t.?.) _____________ SQfJ,l_~~~i! __ 

CALL NUMEER<4.26,0.4,0.10,PS,0.0,4HF7.4) SQFD4450 
---~CAU .. __ _Nl.Jt'.EE:.R.J~. 26, o·.2., o._JO,MU1, 0 • 0,4HF6.:H --·- ----- -~QFD_41t6!) __ 

CALL SY~SOL(-D.43,-0.75,o.10,coKENT1,o.o,ao) SQF04470 
____ CM-.L __ SY t\..E_Q!,._!.:'._o_~_'!-3,-:- o-~~!)_,_Q_ •. 1J}_, C_() ~~t{J2_,_o~, 8 0 ) SJ1F: D~_lt 8 a_ 

RETURN . SQF04490 
____ ...._E@ StFD45.~D_ 

-----------.--
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__ _JiU.8.8..CV_II~.E...J.OtiS.CA..L.l.Y ,t--1.X,.S.1L..O,C_X~.LES...ti.~.__------.------··QF04510 
C SQF04520 

_.c__~_TH{S_ SU8RCUTINE lAK_ES -~N .. ARRAY __ OF _DATA "'t.:"'_A_t,ID __ SCAlE~_.H .. $ ___ V~LUE~ .. FOSCF0453Q_ 
t A LOGAR1THliIC PLOT. THERE ARE TWO ENTRIS--- SQF,Olt549 

_c_ __________ U>Ji.S.Cl.\1._l$ __ U.SE.c; __ l.L1H.E..JlM!G_E _Qf _°--~TA_ VM,.~E:$ __ ~f!E __ lJ_~!(NOWN_. ... _ .. --~QF045~_o __ 
C SQF04560 

_JL LOGCJ'.t IS Us.E.0.J.UJ:tLRA~-GE .... Of__O_A.1)~1'.8.E....KN.9.tJtLMi!L.CA!L.8..~J~ROVlSQF.OitH_Q.. __ 
C S.QF04580 

--~----{~P.¥ie~i::-:~Ti:\~~i-He~~~--i-~~~1~iis;-?~~f{-;~!.j.r;;~iir••!'.~!~.!! .. •~-~-~~:~z:i~---
_c __ ......,..K=;.T.HE_NUMBER JlF_ JHE F..PINTS IN THE ARRAY _______________ _,SQF04610 __ 

C S= THE LEI\GTH OF THE AXIS IN HCHES SQF04620 
___ c____K:I.\..Jll;e_U UlON F~_(;T(:R __ _fO_IL~C .. GESS_It,G. _D)!J A IN ____ Y ________ · ............. - ______ _j,_Q.E_D!-!630 _ 

C INPUT PARftMETERS FC~ LCGCYC BUT OUTPUT PARAMETERS OF LOGSCAL SCFD4640 
___.0 _____ CY.CLES_::. HE .. NUMBEILC.f:. .. CV:CLES __ Of_ REPETUI.O.f:!S ... OLTJi.~_GR~_P_H S_G_F.04650 

C LO=THE LO.,EST EXPONENT OF OF THE CATA SQF04660 
.......,.Jt ~----II_.l_S _AN _CUHU l P~R~~ETE_R __ Jlf_LCGS:(:AL .... ":.!.•.INPUJ __ f_OR L_OJi_C_YC_ ----~Qf.D46_70 __ 

C IE HE OIFFERHCE BETWEEN HIGHEST ANO L()HEST EXPONENTS + ONE SQF0468iJ 
~ . IE..L-1.L.J..llJ_ll.~~~JIJER _TH~!l ... i....!Jl..!10.U4 TH~JLJ .. O =4 ~JlED~6~_0 __ 
C INTERNAL VARIABLES SQF04700 
C HI ;!tI.HL.MAXIMUN~\l:A,ULlE_JH.E_DAIA.____ . . . S_Qf_D,4710_ 
C AHl /thD ALO ARE REAL VALUES FOR !HEGER HI .AND LO SQFD4720 

_ C . ___ i::L. =.A_SCALEFACTPR _____ .. _________ ------~------··-·- ____________ .. ________ Sq'FD4730_ 
C ....................................................................................................... , .... SQF04740 

___ ___,INI.E.G.ER.. .t:U-1 ... C.Y.CJ....E.S ___________________________ ~_Q.f .. 041.?0._ 
DI~EHSIC~ Y(NN) SQFD4760 

----AHI=.:.-:-..10.,...!...'!.3.21.... ____________________ --------~-QFD477Q. __ _ 
AL0=10, H321 SQFD4780 

() _____________ ____ .• .--- SQFOl.t790 __ _ 
C FINO THE t!AXIl-lUH OF THE CATA SQ.FD1t800 

__.c_,._.. --------------------------·---------· SQF01t810 5 . DO 10 I=1,N,1< SQF04820 
_____ . ____,A.f:ll_=_MHlX1JA_~llL .. '(JIU . SQFD4830 

ALO=MUN1<ALO, HI>> ----------------- . SQF0484iJ 
__1o.___C:_Q~lliUE SQFD4850 C ' ' ~_-----------------------'-------..---'!'SQF0.4860-· 

__c_ __ C.Ot!f..lJ..!..LlL.li.L/1.t:! .. O_C.tC..1,-..l$. . SQFD4870 ...... 
C SQFU4880. 

_____ AL.Q.=:AL.P.G10 < ALO> . ____________________________ SQFQ1t890 
AHI=ALOG10(AHI) SQF04900 

____ LO=IF..IX<AI..O) ____________________________________ ~PF01t910 ____ _ 

IF(ALO.LT.0,0) LO=lC-1 SQF04920 
___ __,H..,.l~J:EIX.C II Hl.LJ: S.Qf. 0_4 9_~..L_ 

CYCLES=HI-l.O SCFD4940 
____ - -GD.Ul 11 . _SQFD49~Q __ _ 

. SQF04960 
SCF04970 

--_ -SOF04980- -~ 

. C 
__:_c___-11-tI.S._ENIRY_ e.o:lNJ..IS .. llSED_JiHEILl.O ... A~D ... C.Y_CJ,._l;S~.-~RE_i!l!Qlf.tL..._ . 

C 
___ __._ENTRY .. LCGCY.C. -----------·---- _________ S0f04990 ____ _ 
. 11 CL=S/CYCLES SQF050QO 
--- .. oo_,o, .. I~1, ... N, ... K ..... ______ ------- ---·----- -~QFO5010 

C SCFD5020 
__ ._C __ ..;.GEL.L_O.G ... 10_0.f. TJ(E __ OAJA .P..tHl _fl_Q-.!!JS.T _J(l_ SCAl,~------- ____ SQF050JO 

C SQFO50'+0 
-------~----lF_L.Y (X,.lE, D, > .PRl Nl.. 30 . .... ________ -----------··----·--·---------- S0f05050 ____ _ 

30 FORt!ATUX,•NEGATIVE OR Ii VALUES ttAVE BEEN ACCESSED BY THE SCALING SCF05060 
.--,---..... .SUBROUTit.E!'.•.•-~~-u:9•~-~~--TttE .. IIBSOLUTE .VALUE ... Of __ THE. .. V.ALUE .. HAS OEEtUJSSCFOSOU._0 __ _ 



1ED FOR FLOTTING PURFOSES) SQFD5060 
----Y..<l) ;::AL OG 10 CASS fY-fl..» ) _______________________ SCf 05ll90 _ . 

20 Y<I)=(Y<I>-LC)•CL SQFD5100 
____ '{HH.1L=c.o ____ SQF05110 --

Y (N+2)=1.0 SQFD5120 
___ _,REJUR . SCFD5130 ___ _ 

END SQFD51~0 

--------------------------- ·-------··•---·-----

----------------------- -----------------
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'-----..;aSU~ROUtl~E.J •. OGAXIS~<X;-Y . ., 1eco •.. NCH, .. sz, ...:.THT.A,_.L.OEXP; ..ICYCLESJ ••. __ SQFDS1SO---
c . THIS ROUTINE CREA.TES A L CGARlTHNIC AXIS WHICH NAY EE HQRIZCNTAt. SQF.05160 

· ___ c. __ ·---.....,..---<AL.CHG. THE LENtittTH Cf_ THLPAF.ER-.,. OR THTA=o.o, OR. VERTICAI..--SQF0517il ·-· 
C (ACROSS THE WIOTH OF THE PAPER OR THTA :9o.o> i OR AT AN)' SQF05180 

__c.._. __ -~--cOlHER _.ANGI.£._ El..R.IHER-.UE .. AXIS,...CAILBE...ORAliN._NIJH_DfSIREO LABELJSQF05190 _ 
C PRI~TED SQF05ZOO 

___.c._ ___ VARIABL,E$ .•. ••~!'!'.•.!.• . .!..!!•.!..•.!.!.!.__ --------·---········----·--·-··SQE05210. _ 
C INPUT PJRAMETERS SQFD5220 

_, .. C--X.1 .Y.~.THE. COORDINATES, ,OF .. THE BEGINt-ING .PCINT .. OF. .. T.HE. AXIS._ ·- ___ SQFD5230 .•. 
C IBCD.=AN ARR.AV OF HOLLRITH CHARACTERS PRINTED· AS LABELING SQF.05240 

-·-C.-_.NCHAR~NUttBER. OF .. CHA.RACTERS. lN. IBCO. tO . ..FL.0 . ._ ___ . _________ .SQF.D5250. __ 
C SIZE = THE LENGTH OF THE AXIS IN INCHES SQFD5260 

_ .C_.-_ __ JJiE lL-.. . ..l.l:IE .. ANG.LE • .J L.WH I.C H ... THE . ..AXIS •. 15-DRAWfL.._. ___ .. ··- . ,SQF. QS27 0 __ 
C l,.OEXP-MU,I11UH EXPOt.EU( FCWER OF TEN> C.F ANY VALUE TO BE PLOTTED SCFD5280 

--A:___..ICYCLES~fl.UMBER. OF. .. l<EPIT.ll.I.CkS Of .• _1Hf_.AXIS...:J.LB£ . ..P.LO.TI.FO S.QFD5Z90 __ _ 
(: . INTERI\AL VARIABLES . . SQFD5300 

_..c _ _. ___ f-lNLOETERHlNES .FllE. .OR .. C.OARSE-TICK. HII.Rl<S _____________ __.._Qf.D531L. 
C HGT-CONTAINS THE HEIG.HTS OF THE UCK NARKS SQFD5320 
C COORn._.":' . .C CNT.AINS •.. LCG.S_ US EC ... JOJIO.\I.E~J.HE.....f.EN __ T.HL.C.ORRE.CLLE.NGt.lT SQfDS.33 Q.._. 
C WHILE THE GRAFH IS EEING DRAWN SQFD534D 

._c ·••••• .. •••••••••.e.••••,•••••••••••.•••.••••••• SQF053.50_ 
DIME~SIO~ COORD(65), HGT(65>, IBC0(8) SQF05360 

____ .L.OGJ.G~J .. _-1:.IH , $_Qf:_D5J70 __ 
C SQF05380 

--C.__....N.OlL.WE---K.E.EILJ HEJ.B.S.0.L.UT E-..V ALUES. . .JlLSUf.,_ TJ:t£:JA,_N CH AL______ --__ _ __ SQf..O 53 90_ 
C StFD5400 
---·-SIZE=SZ SQFD.5410 .. -· 

NCHAR=NCH $QFD5420 
--------__ THEJA~U!.I. . ____.s.QF.05430_ .. 

Z=COORDt1) SQFD5440 
____ __._Z;;A\.OG..(.f.LDAliUJ./..10.■~---------------------- ... SQED545:D .. _ .. _ 

IF(Z.Eo.zz, GO TO 1 SQF0546Q 
_;.!: ... ------·-------------- ·----:...·--·-·-·--·-S.OFD5470. ... --

C THIS PROCEDURE FILLS THE ARRAYS ~ITH ~EEO.ED INFORMATION SCF05480 ___ c ________________________ _ 
-,---------,--_SQF.05490 __ 

ITEN=GH 1X10 SQFD55~0 
_____ K:.;.1.,________________________ ---··-.Sc.JFD5510 ·-· 

INCR=1 SQF05520 
---~--no __ 5_.1.,.1,.6.S.. ·--~----.......... -------------'--- __ saF.D55Jo : .. 

K=K+INCR SQFD5540 
--------:-. -----A=.F.UAT (Kl.1.10._ ___ , _____________________ __ ,.:_ __ :SQF.05550 .. 

COOROU>=ALO(aOCA> SQF05560 
__________ ___._.....t!G ..... T W.:; .... O,. .. _$QE055Z a__ __ 

J=K-(K/!H •~ . SQF05580 
------·--IF.<J..EQ •. 0). HiiT..UL.~ .• 06. _____ ~------------ .. SQF05590, .. 

J=K-(K/10)•10 SQFD5600 
____________ IF,.lJ .. EQ.OL.HGT U)=.100 ~-------------------SQFD5610 -·-

IF ( 1<.EQ.SO> ·IIICR=Z SQFD5620 
__ 5 ___ coNtINUE.-. ·---.;..... ______________ . ____ SQF 05630. _ 

C . SQFD5640 
_:_c_. ____ JHIS .. SECTION ,SET.S .. Tt:E..VALUES F.OR .THE .DIFFERENL.PPT.IONS .. IN __ TICK ___ . SQFD5650 .. 

C NARKS LAl!ELit.G ETC. SQF056f,O _ _. 
~-- ---------------------------------.......... --- _,SQFD5670 ___ . 

1 DIF!ECT=1. SQFD5680 
____ __..f-!NCHAR.LL..11.l_D.IRE.CI= ("":.LL.... SQFD5690 .. _. 

TICK =Oil<_.ECT . SQFD5700 
--""---El.iHEiA..Lie.O .J._J.ICK_:;j ~.UC.K. . SQF05710 -~ 
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FINE=.FALSEe SQFD5720 
___ ___.IE.lSIZE .• l.J .... O. )_ fIN.f_ = .TRUE.- _________________ -J,!QFP.!?7~0 __ 

THETA=Aes<THETA) SQFD5740 
____ NCH/IR...=:IPes (NCH AR)__________________ ---------~QF05750 

SIZE =AeS<SIZE> SQF05760 
_____ C:SIHETA':COS<.THETA" ol>1L~55) --~QFOS770 

SNTHETA=SIN <THETA• .• 017455> SQF05760 

C . ----- -------------------- ------- _SQF_D5l90 ___ _ 
C THIS DRAkS THE AXIS AT THE FROPER A~GLE ANO LENGTH SQFOS600 

____ C ______ IT USE,S_J:QPRD .. ARRA'(. fOR GIVING _THE_ RIGHT LENGTH FOR .TH AXIS _ANO TICSQF05610 
C HARKS TICK, DIRECT A~C FINE SET THE GIRECTION Of TICK ~ARKS, SCFD5620 

____ c ____ .J;IRECU.Q~ __ Q_f_Jl{E .J.AeEI.ING __ At.DQF _ _Jtjf_NIJ_!'.le_EILOLllCl<_fiARJ<S _SQFDS.630 __ _ 
C SQF05640 

___ __.,CYC.LES}.=Sl.l.E/fL OAT_(I(; YC~_E_S.> __________________ SQf 05650 
V=.10•<-TICK>•SNTHETA+X SQFD5860 

--~-W.:::TICK!..• JO.':CS.HtE.T.A+ Y S9FOS8 7 O 
CALL PLCT<V, W, 3) SQFD5860 

_____ CALL .PL CT<X_, __ Y , __ 2> ---~_Q_F058_9il 
K=S S0F05900 

___ __.I...._F CfINUK=.1. ________________________ _,5_qf Q591J) __ 

00 20 I=1,ICYCLES SQFD5920 
_____ JEQ._____ ________________ SQ_l:05930_ 

CALL WHERE<C, C, IDUt'HY) SQF05940 
___ 1Q _____ _.3'=J+K ___ . ___ . -··-----------------------~-- .S.9FD5950 

A=COORO (J) •CST HETA•CYCLESZ+C SQFD5960 
---------~8;::CCORO(J_l.!SJHliEU:!C.'(C~E.S.ZtO_______ SQFOS970 __ 

CALL PLOT <A, 8, 2) SOF05960 
V:c.H.GT ( J)_:" C".'TIC K) • SNTHE_T A:t:A __ S9FD5990. __ 
W=TICK•HGT(J)•CSTHETA+B SQFDGOOO 

_________ (;~LL __ J~_LOJ <V,ij,_1J_____________ ________ SQf_QG010 
CALL PLOT <A, 8, 1> SQFD6020 

________ l.f_ CJ o.Lt_,._62LG.Q •. JJL11l --------------~ ____ SQF06030 __ 
20 CONTINUE _ SQF0601t0 

____ f._(K(!:I.AR_,.EQ., OJ ___ GO_J~_82J)____________ _____ SOFOcilSO 
C SQF06060 

__ :C __ IJ:IIS. __ BPUTINE .. .fROVICE~. _LA EELING __ IN __ THE FR_Cl?_ER. Q.I_R~~lION, ___ .. ___ ~S_Gf_D~07J) ____ _ 
C FOR THE IDENTIFICATICN OF THE TICK NARKS StlFDG060 

_ _..C'----------------------------------- S9F0609Q __ 
IQ=S SQF06100. 

____ IUL=40 ______________ ---····--- _______________________ __,__ SQF06110 
310 .BB=.07•TICK +.21•DIRECT -.07 -<TICK+OIRECT)•.03 SQFD6120 

___ OX=CS_THETA• (-.28)-Ee•SNTHETA __ ________ __SGFD613,l ___ _ 
OY=SNTHETA•(-.28) +ea•CSTHETA SQF06140 

___ _,XA.=..SIZE~CSJHEIA:t.X+.CX- . ___ SQf06150 
YA=SIZE"'SNTHETA+Y+CY SQF06160 

____ CALL sneoL (XA, _ YA, ... 1~, _l_TEN,_tHETA,_§) SQF06170 
l1=ICYCLES+LOEXP SQFD6180 

____ XA=CSTHETA~.72-SNT~ETA•.os+XA .. ·---- SOFD6190 
YA=SNTHETA• .72+CSTHETA•.os+YA SQF06200 

____ PO.WER;:2t:tl3_______________ ________ SQF:_06210 .... 
CALL NUMEER.(XA, YA, .10, I1, THETA, POkER) SQF06220 

____ II;:ICYCLES SQFOE230 
C SQF06240 

_____ c_ __ . __ JHI.S MOVES _ _TKE. PEN COliN JHE_~_X.IS_P!ffJ'IN.~ __ T.!:tE. JICK JtARILLA.l!El..U~G SQFOGZSO 
C AT THE CCRRECT POST!ON SQF06260 

__ ,_c_ ______ ·-· ____________ .S0.FOG270_ 

326 K=IQ SQFD6280 
-. ____________ U;::Il:-1 __ . _.. .SQFOG290 __ _ 

~---------
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INCR=~5 SQF06300 
-·----I=--1.UL .. ---· ___________ _____________ _ ____ SQf0631Q __ _ 

330 QA= (COORO(I)+ FLOAT(II>>•CYCLESZ +.25 SQf06320 
_____ XA=OA•CSTl-:ET A+ X+OX_____ _ __ .... SQf06330. _ 

YA=QA•SNThETA+Y+OY SQF06340 
________ K= K.,.1 . _______ ___________________ _ _________ SQF06350 __ 

IFCI.EQ.40) INCR=-10 SQF06360 
--------~-:-I.+INCR.____________ _ ____________________ SQED637ll _ 

IF(I.GT.O) GO TC330 SQF06380 
CA=.FLOATCII> •C'tCLESZ _______________ -----···-· _______ SOf06390 _ 
XA=OJl•G STHETA+X+OX SQFD6400 

----~'A-E.ClA• SI\ THETA+Y+OY .. ___ _ ______ SQEOf:410 __ _ 
CALL SYMBOL(XA, YA, .14, ITE~, THETA, 6) SQFD6420 

_______ 11..:;.II+LOEXP_________________ __SQF.06430 __ 
XA=CSHI ET A•• 72-SNTHET A•. 0 5+ XA SQFOf:440 

_________ y.A;:S.t,.JHETA•. 72+CS1HEJ A'! .• 05+YA __________________ _,.,Gf0645Q__ 
POWER=2HI3 SOF06460 

-----·--· CALL.NUMEER.C XA,_ 'l.A,_ .. .10.,.--11.,_Ittf.T A_,_ PO HERL.. SQf.06470_ 
IF<II.GT.O> GO T0320 SQF06480 

_ C -------------------------.. -- S.QE0649.0 __ 
C THIS FRINTS THE DESIRED ALPHA NUMERIC lhFCRHATION ABCVE OR BELOW SOF06500 

__c __ JHE-.AXI.S_AS .. IS .NEEOED. .. TO_.ICENUf.-Y_ THL.AXIS SQf0651.Q._ 
C SOF06520 
_____ BA;:.5":SIZE-,-_fLOA TIN CHAR> _ '! • 06.. ________________ SQF 06530 __ 

BB .=TICK•.05 +DIRECT•.40-.07 SQF06540 
___ xA.;::...BA~.C.S.T.HET.A-88.!SNTHET.A-tX.. _._SQEOf:550_ 

YA =BA•S~THETA+BB•CSTHETA+Y SQFD6560 
_________ CALL.S.Yt'.EOLlXA, __ YA,_ .. _14., IECO,_IH.ETA, t-;CHARl _________________ SOF.D.6570 __ 

820 RETURN SQFD6580 
_______ £NO. .SQEDo.5. 90_ 

-----------------------------

-------------------

·-----------------------

------·-~----------------------
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---rrits PRCGRAP A~ALYZES lfE STIFFhE~S, OAFFtNG ANt FRESSLRE 
CHARACTERISTICS OF THE SOUEEZE FILI' CAl'FER BEARI~G. TrREE BEARiNTctrl\-HC'LRATICNS frAY eE AULYZE' ________________ ..;.._ _____ _ 

0 - FLAI~ EEARING WITPOUT END LEAKAGE SEALS CR CIRC~t-
FtRtK"fTil-Orl~LY GROOVE 

1 - eEARING ~ITHCUT E~O LEAKAGE SEALS eUT WIT~ CIRCLl'­
FERE~TJAL OIL SUFFLY GROCVE 

2 - BEARING ~ITH EOTH fND LEAKAGE SEALS AND SlRCUl'FER-
EKTI~C-CJL SCFPLY GROCVE 

IN ADDITIO~, TrE FILM ~AY EE ASSUl'EO TC EE EIT~ER CAVI• 
lATEO clnJI\OVIiATE c. IF C AHUTEC TFE F Ilf' IS PS S"Cr-!""e,.c--------------
TO EXTEND FRC~ THETA=PI/2 TC THETA=3FI/c, WHERE THETA 

-n tEASl~EC FRCP THE LIJ;E CF CEK1ERS If; fHE DIRECIIct, CF 
JOURNAL PRECESSION. THE EVALUATIC~ OF lrE EEARI~G CHARAC• 
lERISTICS ASnJl'ES ThAT THE JOURKALF"l<E"CtSSES svr:~c=R-R=c~Kc-c~s...---------------
LY ABOUT THE BEARING Cf~TER. 
THE FOLL CW HG IS A CE SC la P7'..,,I..,..OuN-t,..,F...-,Tr.H"E.--.,I7f;..,.F_,.,L..,,T-..-FA-rcR..-ft""'P..,,.E_,1,..,.E...,.R""S----------------

CARD 1. -80 COLUMN FREE-FIELD CC~l'ENT CARC 
CARD 2. -6 0 COLUMN FREE .:n~e~c-o~c=c=i,=n .... N~'T~c.--.,,~R~c--------------------
CARO 3~ -NA~ELIST/eRGTYFE/ TYP,CA\,PS 

'Y F - 0 FOR EEA R IN'.,.G..:... ...... T_,.,.'r.,.-F i---E """""'O~-.cn,s-.,e-re--.-A""e.,...o=v ..... E~) ----------------
1 FOR eEARING TYFE 1 (SEE AeOVE) 

---------,,2r-,oF=o-~_,...E..-EA~R~I~N=G TYFE 2 <SEE AEoVEJ 
c~v - 0 FOR LNCAVITATEC FILI' 

--------~1~FOR-cAvrTJ\1E..-O...-,F,....I,..,L"~.----------------------
IF CA\t=O PK=.F. (SEE CARO 7) 

s - en SC FPL y PRESSLRE' F ~-~-------------------
CARD~. -NA~ELIST/EEARI~G/ l,R,~L,N 

l BEAR!Kl LEKGTF, IK. 
R - EEARIN( RADIUS, I~. 
Fu - LGERI(/,NTvTs-ccniy;-FTtRcREYKS 

m~~-r~N=~- RCTOR SPEEC (J6~~E13 7IEC5SE9C5 I1CE,RFM) 
(ARO 5. -NAPELIST7ITP.ATIU7- , 

ES -.INITI~l JOURNAL ECCENTRICITY RATIC, ES>J. 
EF - F!KAL JOORKAL ECCEKlRltllY RAIIc, Ef<I.O 

CARO 6. -NA~ELIST/CLEARhC/ C<I>,~C 
C<I>- CLEAR/l~CE VALUES, IK. O< _ 
NC - hU~BER OF CLEARA~CE VALLES 

CARO 7. -NA~ELIST/FLOTSEM/ CS,PC,FR,FP 
CS - FLCT CCNTRCL, .T. IF FLCT DESIREC, 

PC - .T. If OAKP PLOT CESIREO, OTHERWISE .F. 
p~. - .r. IF STIFF. F[CT CESIR-E~c-,~a~tF~E·~~~w~z~s~e-.-F-.------------
PF - .r. IF PRESS FLCl OESIREC, CTrER~ISE .F. 

-~AMPLtC­
COMt'ENT CARO 1 

. COt'tlENT CARC 2 
$ERGTYFE TYf=O,CAV=1,FS=O.O$ 

---S-rffARHG L=t-:-<11r;-R=2. 5S ,RU=-o.36"2,T=ITSlrD 
SEC~AllC ES=0.1 ,EF=O• 9f 

.·SCLEA-R"K"°CCTf>=.o0·~3.---, ... C-;(..,2---,==-.o-·0~4r-,--.c~, ... 3 ... )'""=-.--o•,ro ... 5-,""c....,.C4,-,)'"'=,...·~·o .... ~~6-, ..... K-c==-r-4 ... t-------------
$PLOTSEt' cs=.t.,Pc=.T.,PK=.T.,FF=.T.$ 
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= 

"EC 
lOit'J .no 

0133 
~ff:7 
.200 
.2.:3 
.2£1 ;:ro-. 
.~:!3 
.3~7 
• 400 
;Ii!J 
.lte7 

"'";s C · 
.5:!J 
;sit 

\O· .eoo 
·oc, .. , .etJ 

.eH 
;n'o 
.7!3 
;n1 
.eoo 
."!3.3 
o8E7 
.goo 

• u u ..iu J. "• 

co 
U•SEC/lf\ 

1.s 02 
1.821+ 

) 1.852' 
1. 888 
1 .•. 9~! 
1. cie3 
e. ;'!JZj' 
2.119 
2 • 20'5' 
2.3 06 
~ .42'5' 

1tO' 
LE/It. 

~ 
L!'!/It.H2 

f'R'ET1{ 
CEGREES 

0.000 r.~9E 2sJ.J21 
0,000 2,752 . 248o4fl 
o.oao a.s9o 244.001 
0.000 4.53E 231.817 
0.000 51€11 <:3€.10, 
0.000 6,e71 232.629 
.aoo a • .!4.! c:i::9.43Zi 

0.000 10.ce1 zz&j414 
0.000 12.184 c:23.7~4 
Oo 00 D 140 72S 221. 279 . 
o.ooa il.e44 d8,"g'5"2" 

2.5E6. 
r~3 

.....;;.. __ ;.._ ____ ..;.o.ooo 21.11g 21e:.n9 
;-no 6.eo1 ,:i:1+. nJ 

2 .'333 0.000 J2.e44 211.1ag 
w. T?it o. ooo 4o.n· ra-;i;-2-3--
:!.4E8 0. o co s1.1Js tog.1O1 
:!.8.3I tr;'OaO 66.~4':i c:07.3i7 
4.288 0.000 86.720 205.521 

~87S' 0.000 n6.049 2l!m 
!:.650 o. 0 00 159.976 201. 848 
E .71!"8' r.iroo 22,r.101 _ng.soe 
e.220 o.ooc _345·.01, 197.862 

ic .512 0.000 556. 95 195.691 
14.269 o. 000 9<31. 14 tc:3. 3t7 

---.... ,, ... 1_,,4,..,-1..,a-----------~1r·.1ro·o 2oe,. 9J · 1g.tr.lfc?i' 21.4~6 



• 

·con> 
co 

Le-SEC/II\ LE/Iti l3 /!NH2 Cl:GREES 
.no .2.::5 OoOOO 0499 253o32T 
.1:!3 .228 OoOOO oE8e 2480473 
.IE7 ,2.32 Co Ou 0 oe9a 2144,001 
.200 o23G 0 o O O 0 10134 239.Se7 
.-2.!3 ,241 OoUOU l.o 4 0 4 2.!60.1.05 
.2H , 2 l.t8 o. o o c· 10718 232,&29 
, 3 OU 0256 Co O O 0 2,0SE: 221},434 
,333 ,2E5 o. 0 0 0 20522 226,494 
,3€7 ,276 OoOOO :3 o C4·E cc:3,784 
,400 .2ea 0,000 3,€81 221,279 
.4~3 :.-J(jJ o• o a a 4,461 d8, 952 
,467 , 321 o. a o o 5,lt30 23.f:~779 
,500 .342 0, 0 0 D 6,€51.i 214,733 
.5~'3 ,3c7 0,000 a, 211 212.1eg 
,567 ,39 0 00 10,241 2100923 
.~oo , 4 33 0 • 0 0 0 12o<:34 209.107 

\0 ,.633 0479 a. o o o 16, :d 7 207,•317 \0 
,H7 , 5 36 c.ooo 21oeao 21i5o528 
'.;700 ,5i;g 11.000 29. 012 2030 71., 
,7:!3 .706 u.oou 39.994 201,848 
.7€7 , 8.J9 u. o o a 51,c:75 1cJ9~9 06 
• a oo 1. 027 0.000 66,253 1~7.·862 
.8~3 l,3i4 0.000 t39,i4'i ns,>ss1 
.ae1 1.1e1 a.ooo 247,979 ~93,367 
, 9 00 c,680 u. u a o s1s.e9e 19th 8fi4 



= • • 
EC Co l<o FFlAX IHEIA 

COIi'> LB•SECON LE/IN l:.'l /HH2 DEGREES 
.100 • 049 c. 0 0 0 .18 0 ~53.327 
• 133 .O'i9 C • O O 0 .248 248. 473 
,ftT • 050 G. 0 0 0 .~23 c:44,0ui 
.~cc .051 0.000 .i.oe 23<;. 887 
.c: ... 3 • 0 52 0.000 .SOE £36.iOS 
.2e1 .051+ o. 0 0 0 • !: 18 232,6213 
.300 • 5 o. 0 0 . .. 1 ,:2g. 434 
.3J3 .057 0,000 .soe 22E,49t+ 

• E7 • O"EO c.ooo 1.ag1 2.:3.; e4 
.4CO .oez 0 • 0 0 0 1.32s 221.211:1 
,433 • OES 0.000 t.EIJE 21B. 952 
.t+E7 ,069 Q • 0 0 0 1. ':5 5 216. 77'3 .s·, 7 7GC" ----·r. 214, 733 • -~~ ... 
.5?3 • 0 79 0 • 0 0 0 2.~;e 212, 7 8<:! 
,SH , o 86 ;nr r 210,923 

.... • E, 00 • 0 ':I+ 0.000 Li• E ~ ~ 2(9, U:7 
0 ,633 .it3 0,00lJ 5,e71 .:C7 • .317 
0 ,6E:7 ,11& 0 • 0 C 0 1.eos 205,528 

.. 
00 .u2 0 • 0 o 0 1 O ,""li1i 4 203. 713 • 

• 733 , 153 0.000 14,3':8 201. 81+8 
,767 .18 • O"O' tr.TI':! h9, 906 
.aco .222 C. CO 0 31,C51 1c:1.ee2 
,833 ,2!!4 0, 0 0 C 5 o • 0'3 4 1ss. s,;r 
.ae1 ,38& 0.000 89.272 1C.::3• 3E7 
,900 ,57 o-;-o o o 1a6-;iraJ 1%- 864 




