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ABSTRACT

In this volume is presented an analysis of the static anu dynamic characteristics

of the spiral-grooved journal bearing operating with incompressible lubricznt in

both laminar and turbulent regimes. Both single film and floating ring bearing

configurations are considered. Extensive design data are presented giving load

capacity, attitude angle- bearing torque, bearing flow rate, stiffness and damping

coefficients and criLical rotor mass for limit oi stable operation. In addition,

two computer programs accompany the volume, and instructions and listings of the

programs are included. These programs may be used to obtain data for cases not

covered by the presented design data.

This abstract is subject to special export controls

and each transmittal to foreign governments or foreign

nationals may be made only with prior approval of the

Air Force Aero Propuplion Laboratory (APFL), Wright-

Patterson Air Force Base, Ohio 45433.
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SYMBOLS

Ii
B ,B , Bearing damping coefficients, lb-sec/in.
xxo Xy

B ,B
yx yy

B xBxy D!mensionless damwing for overall floating ring bearing,
Bx xCI C 1

B yB B = (7-) etc.
yx yy xx R.iLD1  I

( B) ,x(B ) Dimensionless damping for inner film,
Bl XX -C 1C 1

2

YX 1  yy1  xx IiLD R

(B )x ,(B ) Dimensionless damping for outer film,

2  . 2 ....... B C C .
(B ),(B ) ( )2 " 2 2 ) etc.

yx 2  yy 2  xx2 A2 2

C Bearing mean radial clearance, in.

D Bearing diameter, in.

e Eccentricity, in.

F Radial component of bearing film force - Wcoas, lb.
r

Ft Tangential component of bearing film force - Wsin4, lb.

F ,F Bearing film forces in x and y directions, lb.
xy

F DImensionless radial (cosine) component of bearing filmr

force - Wcos6 C2/ (Ni + N)R 4

Ft Dimensionless tangential (sin) component of bearing film

force - Wsin C2 /•(Ni + No)R

G ,G Turbulent flow correction factors
x i
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SYMBOLS (ennt-i•n,,pHi

hLocal film clearance, in.h Loal ilm leaanc in rooe reion in
h rLocal film clearance in rroove region, in.

h' Dimensionless clearance = h/C

K xxKxy, Bearing stiffness coefficients, ib/in.

Kyx'K yy

KXxK P, Dimensionless stiffness for overall floating fing bearing,
.- -XYK xC 1 C, 2

-- -- K-- xx ý ..LD etc.

(K )( Dimensionless stiffnesses fo• inner film,-• xx (Kxy) K ,X C 1 C, I

(KYX)(,Kx, (KN (72) :t-l) etc.

(K )2(Ky_ _ Dimensionleab stiffnesl for outer film,

_ x 2 ) -X 2 3 K x 2 C .2 C(K "K (K =-)- etc.(yx)2,(Kyy 2 -xx-2 4N 2 LD 2 R 2

L Bearing length, in,

L1 Length of grooved region, in.

M Shaft mass, lb.

M cCritical mass for threshold of whirl instability in floating

ring bearing, 1b,

M ciInner film critical mass.

M2 Outer film critical mass.
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SYMBOLS (continued)

.M Radial component of restoring moment, in-lb. j
Mt Tangential component of restoring moment, in-lb.

3

MNIC3
K Dimensionless critical mass c 1 1c •R2I

C ýi.R 1 2LD 1
_ (Nz I+ N2)C1

3

MI Dimensionless critical mass 2!l pR 1 LDl

c2 22

c C2 Dimensionless critical mass- c2 2 2LR22 LD2

. .. ensionleas radial (cosine) component of bearing film

force moment - r C2/h(Ni + N 5)R5

Rt Dimensionless tangential (sin) component of bearing film
t5

force moment - Ht C2 /•i(Ni + N )R5

m Ring mass, lb.

N Speed - N + N2 , rps

N Speed of journal, rps

N2  Ring speed, rps

Ni Speed of inner member, rps

N Speed of outer member, rps
0

n Ring speed ratio - N2/NI

2
P Pressure, lb/in

P Supply pressure, lb/in2
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SYNQB-S (continued)

P Dimensionless pressure = PR 2 1NC12

P Smoothed, "overall" pressurc distribution around spiral

grooved journal, lb/in2

P Dimensionless supply pressure - PR 2 •C2

sl Dimensionless supply pressure, inner film p R 2/ (N + N )C
a1 I I 1  2 12Pa2 2 2 :

s2 Dimensionless supply pressure, outer film- P R 1N 2
Q Total lubricant flow rate, In /aec.

Q 3Qp Lubricant flow due to self pumping of spiral grooves, in /sec.
Q Lubricant flow due to pressurization of supply, in 3 /sec.

Dimensionless total lubricant flow rate - A 2/ C(N~ + N)
R Bearing radius, in.

Re Overall Reynolds number = 2x N R C1 /u

Rh Local Reynolds number - 2x - N )Rh/v

Aeel Inner film Reynolds Number - 2xp(N0 N2)R1C1/P

Re 2  Outer film Reynolds Number - 2 xp N2 R2 C2 /p

IAN ID 1L R I
S Overall Soimnerfeld Number - L (R1&)

m(N u + N 2 )D 1L R 1S1  Inner film Sommerfeld Number()

S Outer film Sommerfeld Number 2 2 Z
~2 

w I 2

"TB Bearing torque, in-lb.

xii
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SYMBOLS (continued)

Ti Journal Torque, in-lb.

T Dimensionless bearing torque - T /WC
TB B

Dimensionless journal torque - T /WC

t Time, sec.

U Surface velocity of bearing, in/sec.

u Mean flow velocity in direction of rotation, in/sec.

u Mean flow velocity due to pressure gradient = u - V/2, in/sec.

V Surface speed of journal, in/sec.

W Bearing load, lb.

A W, Moas flow components, lb/(sec-in 2)

w Mean flow velocity in axial direction, in/sec.

Kly Coordinates in direction of and normal to load vector, in.

y Ratio of length of grooving to total length of bearLng - L /L

Z ,Z , Complex dimensionless bearing impedences
xx XY

y z ,z

Z' Dimensionless Z coordinate - Z/L

Greek
01 Ratio of groove width to groove plus land width a 9g/(a + a )

0 Groove angle, deg. (radi.ans in equations)

Ratio of groove clearance to ridge clearance - h g/hr

y Misalignment angle, deg. (radians in equations)

xiii



SYMBOLS (continued)

Whirl frequency ratio - v/w

e Eccentricity ratio = e/C

T, • Skewed coordinates

9, Z Cylindrical coordinates

k X Dimensionless parameter = -RL (C/R)2

* Viscosity, lb-sec/in2

v Kinematic viscosity, in 2 /sec.

v Whirl frequency, radians/sec.

P Density, lb/in3

.6 Attitude angle, deg. (radians in equations)

Moment attitude angle, deg. (radians in equations)

Total rotational speed - (co 1 + 2 ), radians/sec.

"Rotational speed journel, radians/sec.

02 Rotdtional speed ring, radians/sec.

Subscripts

1 Refers to inner film

2 Refers to outer film
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INTRODUCTION

In many applications of rotating machinery it is desirable to lubricate bearings

with the process fluid in order to avoid the complication of a separzte lube

system with accompanying seal problems. In many instances, process fluide may

hove low kinematic viscosities which result in operation of the bearings in the

turbulent flow regime.

Bearing power loss rises rapidly with Reynolds number in turbulent film bearings.

In a number of prototype systems involving rotary machines operating in the tur-

bulent regime, the bearing power loss has been an appreciable percentage of the

net system output. In addition to the effect on system efficiency, high bearing

power losses mean that large quantities of lubricant must be circulated through

the bearing for cooling.

A very attractive bearing for use in applications where power loss is important

is the floating ring bearing. This is a journal bearing in which a loose ring

is fitted between the shaft and the bearing housing. This ring is free to rotate

when the journal rotates, and by so doing, can reduce the rate of shear between

adjacent bearing surfaces thereby reducing power lose.

In plain bearing form, the principal dicadvantage of the floating ring bearing is

the rather poor stability characteristics of plain journal bearings, particularly

when lightly loaded. There are a variety of configurations of journal bearings

which offer improved stability over plain journal bearings. These include the

tilting pad journal bearing, the Rayleigh step journal bearing, multi-lobed Journ-

al bearings, and the spiral-grooved journal bearing. Of these, the most suitable

for use in a floating ring configuration is the spiral-grooved bearing. In ad-
dition to improved stability characteristics over plain bearings, the spiral-
grooved bearing also has several other attractive advantages. These include the

ability to self-pump lubricant axially through the bearing film and the ability

to operate without cavitation at high eccentricity ratios without using a pres-

surized lubricant supply.

-1-
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ings for many applications, ananalysis was performed of this bearing for both

laminar and turbulent flow regimes. This analysis and the results obtained there-

of form the subject of this report. Extensive performance date are presented for

both floating ring and mingle film configuration of the spiral-grooved bearing.

These data include stiffness and damping coefficients and evaluations of critical

mass for fractional frequency whirl instability.

-2-



DESCRIPTION OF SINGLE FILM AND FLOATING-RING SPIRAL GROOVED JOURNAL BEARINGS

A typical spiral-grooved journal bearing is shown schematically in Fig. 1. The

configuration shown is that in which the groovina on the ends of the journal

tends to pump inward, thereby pressurizing the interior of the bearing. Because

of the symmetry of this configuration, there is no net flow of lubricant through t

the be ring.

Other possible configurations for the single film spiral-grooved bearing are shown

in Fig. 2. Configuration 1 is as described above. Configuration 2 is an arrange-

ment wherein spiral grooving is inscribed on one end of the bearing in a manner

so as to pump fluid axially through the bearing toward the smooth or seal end.

The axial flow of lubricant can remove heat from the bearing. The flow through

the bearing can be increased by pressurizing the grooved end of the bearing to

a supply pressure P5 as shown.

Configuration 3 shows a symmetrical arrangement wherein lubricant is pumped by. .

spiral grooves outward from the center of the bearing. Lubricant may be supplied

to the center of the bearing .at an elevated pressure Pa. Configuration 3 con-

siats, essentially, of two bearings of configuration 2 placed "back to back".

In all the configurations illustrated in Figs. 1 and 2, the spiral-grooving is

shown inscribed on the journal which is considered to be the rotating member.

One could, instead, inscribe the grooving on the stationary member and, for an

incompressible lubricant, the performance of the bearing would be essentially

the same. In this report, we shall only consider the case where the grooves

are inscribed on the rotating member, this being the most common sitiation in

practice.

- The performance of a spiral-grooved bearing depends on the values of the groove

parameters ý (groove angle), a (ratio of groove width to total 4idth),r (ratio

of groove clearance to ridge clearance),and i (ratio of length of grooving to

total length of bearing). These groove parameters are defined in Fig. 1. By

a suitable choice of these parameters, one can optimize various performance

characteristics of the bearing. In this report, we have chosen to present per-

formance data for the case where the groove parameters are set at those values

which yield maximum radial comnonent of bearing stiffness at zero eccentricity.

"-3-
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The radial component of bearing stiffness at zero eccentricity is defined as

the limiting value of W coo O/e as e approachea Epro where W is bearing load,

S.s the journal displacement from the center of the bearing and 0 is the at-

tirun;e angle for the bearing (see Fig. 3). In determining the optimum values

of grv'le parameters for maximum radial stiffness, It turned out that optimum

valuee of a•, 8 and Y did not vary appreciably with Reynolds number or with L/D

ratio in the range 0.5 < L/D< 1.0. For simplicity, therefore, a fixed set

of optimum values for these parameters was settled upon as valid for all Reynolds

numbers and all LID ratios between 0.5 and 1.0. The optimum value of groove

depth ratio r however, did vary significantly with Reynolds number. Optimum

values of a, A, Y and r selected for configuration 1 and configuration 2 type

bearings are given in Tables I and 2 below.

TABIS 1
OIPTXM VALUES OrIOOtE PO$FES M ZT-D FOR CONFIGUMATION 1- BEAING

Reynolds No. r

laminar, Re < 500 0.5 151.5' 0.75 2.1

1,000 "" 2.7

5,000 3.0

9,000 " " 3.0

OPTIMUM VALUES OF .OOVE PAW6TES SIECTSD FOR CONFIEGUTION,2 W2ARING

Reynolds No. Y

laminar, Re < 500 0.55 1499 0.67 2.4

1,000 " 3.1

5,000 " " 3.8

9,000 " , 3.8

-4-
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Fig. 4 shows a schematic drawing of a floating-ring bearing. A floating-ring
bearing is a journal bearing in which there is a loose ring between the shat
and the bearing hounine. In this way, the fluid film is separated into an

inner film and an outer film. The quantities connected with the inner film

are identified by subscript 1, whereas subscript 2 refers to the outer film.

The floating-ring bearing shown in Fig. A is shown with spiral-grooving on

the journal and on the outer surface of the floating ring. The configuration

of the grooving is such as to pump lubricant outward from the axial midplane

of the bearing. Lubricant is supplied to the two lubricant films at supply

pressure P via supply holes in the bearing and in the floating ring. Circum-

ferential grooves machined at the midplane of the journal and the floating

ring distribute the lubricant at uniform pressure around the journal and

around the outside of the floating ring. The ring is free to rotate, and
under the influence of shear stress from the revolving journal, ,urns at :some
ring speed N 2 less than the speed N1 of the journal. Since in journal bearings,

load capacity is essentially proportional to. (NI +- N2 ) whereas power loss is

roughly proportional to (N1 - N2 ), it follows that rotation of the ring will

improve the load capacity of the inner film while reducing the power loss. This

is the principle of operation of the floating ring bearing.

Calculation of the performance characteristics of the floating ring bearing

requires calculation and matching of the performance characteristics of the

individual lubricant films. These individual performance characteristics

depend on the values selected for the groove parameters, with the possibility

of having different groove parameters for the inner and outer films. For the

calculations presented in this re~port, the groove parameters were taken to be

the same for the inner and outer film and were selected to be those which pro-

vide miximum radial component of bearing stiffness for each individual bearing

film. (See Table 2).

4 A description of the analysis of the turbulent single film and floating ring
spiral-grooved journal bearings is given in the next section.

-5- T
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ANALYSIS

Analysis of the performance characteristics of the turbulent, spiral-grooved,

Mj.ILIle film and floating-ring journal bearing is based on the concept of solving

Sfor the "overall", "smoothed" pressure distribution around the bearing, neglect-

ing the local zig-sag details of the pressure profiles which ariae due :to the

discontinuous groove-ridge geometry. -•he theoretical basis for this analytical

approach is discussed in detail in Reference 1. Esseutially, this analytical

approach is valid in the limit as the number of grooves approaches an infinite

number, butpractically speaking, *the analysis proves to be quite accurate when

applied to bearings having a reasonable number of grooves. Experimental verifi-

cation of this analytical approach-has been provided by a numLer of investigations

(References 2 and 3).

The differential equation that had been derived in Reference 1 for the smoothed,

-overall pressure distribution around a spiral-grooved journal bearing was re-

derived in the presentstudy to take account of the effects of turbulence in

the bearing film. This derivation is presented in Appendix 1. The effects of

turbulence in the bearing film are accounted for by means of the linearized

turbulent lubrication theory developed by NS and Pan '(Reference 4). In this

theory, which is based on the .concept of a turbulent eddy viscosity, there are

developed turbulent flow correction factors axand G which relate'the mean
pressure flow in the direction of rotation (x direction) and the axial direction

(z direction) to the pressure gradients in these respective directions. The

relationships developed are

- h2
u -- G (1)

p I. x x

2 2

-7-
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where

up = u - --2 the mean flow velocity in the x direction minus 1/2 the
p 2

surface velocity of rotation

mw - the mean flow velocity in the axial direction

k local film clearance

S= viscosity

In the generalized theory for turbulent fluid films developed by Elrod, Ng and

Pon (Reference 5), 0 and G0 are functions of the pressure gradient in the film,

the angle between -the pressure gradient and the direction of rotation, and the

leynolds number based on rotational velocity. In the linesrized theory of Ng

and Pan, G and Gz are functions only of the local Reynolds number Rh- p V h/w.

Values of C and 0Z, plotted as a function of Rh' are shown in Figure 5.

A discussion of the theoretical basis of the linearized theory of turbulence is

beyond the scope of this present report. For such a discussion, the reader can

consult Pefernce 4. In this report, we have simply applied the results of this

theory to derive the differential equation for a spiral-grooved journal bearing

with turbulent, incompressible lubricant. This differential equation, obtained

in Appendix 1, is given below in dimensionless form.

~+ 1.2AL+ Nina

+ + RY ) (R sin ~ [h + (l-a)h] 0-3
a- R

i"r



in

12 r~n r 3  Gjr CA - -

G+ ] p hr 2

• i -I
WTI in h [G + G2 . 2 

hr3

+ 3+r1ch [G 3 r + G2 ý (A2ý B "

coo 5+ iR

1p r

A G h 3
2 la 9

A 3 aA 2 a(A 2 +A 1 )

B1 - G28 h - G2 r hr 3

-9-



61 (h, h_)

2 R ( I,

A A1 /A3

11 = 1/3A A/A

2 23

12 "2 2/A3
3

and where Gira G1 3 , G2r g G2 5 , etc. are lumped, turbulent flow correction factors

defined by Eqs. (65),(66) and (67) in Appendix 1.

Eq. (3) was solved numerically on a digital computer using the method of column-

vise influence coefficients developed by Castelli and Shapiro (Ref. 6) and i
Castelli and Pirvic. (Ref. 7). Two separate computer programs were developed,

one to obtain results for the static and dynamic characteristics of a single

film spiral-grooved bearing, and the second to calculate the overall static per-

forcance characteristics of a spiral-grooved floating-ring bearing.

Calculjtion of Performance of Sinale Film. Spiral-Grooved JournL Berini

The computer program for calculating the performance characteristics of a siugle- j
film spiral-grooved journal bearing requires that the following quantities be

specified. (Symbols are defined in the nomenclature).

Reynolds number based on mean radial clearance in the sea! region of the
!: 2 •o( ,N~l - k I)R c

bearing -

L/D ratio

C/R ratio

-10-
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_ _U. (N + ,,.

N - N

Speed ratio factor - N + N
1. 0

Dimensionless rate of change of eccentricity ratio - /2X(N +

Dimenuionless whirl speed ratio b h/2E(Ni + N •

Dimensionless rate of change of misalignment angle " x(N + N0)

Eccentricity ratio, c

Angle of misalignment, 7

Groove geometry parameters a, , I',

In addition, one must specify whether the bearing is of configuration 1 or

configuration 2 (see Fig. 2). Subject to the above input conditions, Eq. (3)

is solved by the computer program to determine the dimensionless pressure

I distribution' . From this pressure distribution, the computer program then

determines the following performance characteristics of the bearing.

Dime.nsionless tangential (sin) component of bearing film force,I sin4 2
" a 2 (see Fig. 3)t ( + No;Ii2 R

Dimensionless radial (cos) component of bearing film force,- 2

To C2 (see Fig. 3)

f Dimensionless tangential (sin) component of the moment exerted by the

1 bearing film force about an axis Lhrough the initial end of the bearing

2

-(Ni + N0)R



Dimensionless rad4al rnm.nnI~nt cf *I.t z------' Ly La 6rin~g ixim

force about an axis through the initial end of the bearing,
'I ()2

H p.

g(N L( + N o)R3

Dimensionless flow through the journal, Q 2
R2C(N N)

L 0

TSDimensionless bearing torque, T]S "Yc

Dimensionless Journal torque,T W a.
j VC

The problem of cavitation of the bearing film is handled by the approximate

method of 'getting-all sub-ambient fluid film pressure equal to zero before

integrating for loads and flows. Experience with plain journal bearings in-

dicates that this approach yields values for load vhich are on the order of
5% to 10% conservative when compared to a more exact treatment (Ref. 8). For

opLral-grooved bearings, the extent of cavitation is much less than for plain

bearinss. Thus, one would expect that the error introduced by the approximate

method of handling cavitation would not be significant in the case of spiral-

grooved bearings..

In the calculation of bearing torque, it is assumed that regions of sub-

ambient pressure ate cavLtated and therefore do not contribute to the shear

stress on the Journal or bearing.

The program for the single film bearing calculates values of the radial and
tangential components of fluid film force V and F as functions of the steady

'r t
state eccentricity of the journal, a, the instantaneous rate of change of

eccentricity of the journal, 6e/6t, and the instanteneous whirl velocity of

the journal W4Iat. Let us nov see how this program may be used to obtain

-12-
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I
stiffness and damping coefficients for the bearing. Conuider the reference axes

x and y shown in Fig. 3 where x is taken as the direction of the steady sth.e load,

SW, and y is normal to this. The stiffneee @nd emmpi-n- coefficientz are dcfinad by

IdF uK x -B - , B (4)
x x xx at xy x x

dF -K x - B •x k y -B (5)y yx yx 6t yy yy U

I It is shown in Appendix II that for bearings possessing rotational symmetry, Kxx

K etc. may be determined from derivatives of Pr and Ft with respect to e and

Sby means of the following expressions

K " " co 2 6 + ecos Bsin6d (6)

sKxx- F-e o 6+e o le•-o• +i

bFr 2 4 +Z.t find r (7B Co Co s i cos w- + sin 0 (7Lt
IF, 2 Fr

xy " in 2 coo6. sin (8)

F i r (9)sincoo 6 Sin Cos A.L cosnrn(9

K Cos A+Tecos isin 6 -1sin6 (0

• -13-
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where 4 e ois yo the intntnousrate of change of eccentricity andis M;
ois the whil velocity of the JourApl.

The determination of the derivatives <Fr/ae, cFr/Ai etc. from the single film

aprogram is tedious but essentially straight forwrd. fi re must be taken, hoeverr,

that the changes in e, i and g used to evaluate thebe derivatives be chosen duffi-

ciently small such that the results accurately apply to infiniterimally smell

amplitud of the foting iJournal center about p steady state position*. It is

recomgiended that one keep te/C < .0coe/2x(NL No)C <r .05 and e/2e(Nt r io7 o
S-< .05 for evaluation of the above mentioned derivatives.

A detailed description of hew to prepare input for the single film spiral-grooved

journal bearing program is given in Appendix Ill together eith a listing of the
: program.

ealc in forulation r eState nPerformance of Floatind imin i Bearcne

iThe program for calculating the performance of a floating ring, spiral-grooved

bearing consists, essentially, of two parts. ae first part contains the program
for a single film, spiral grooved journal bearing described above. This is used

to calculate the individual performance characteristics of the inner and outer

films of the floating ring bearing. The second part of the program consists of

the logic required to determine the correct ring speed and eccentricity ratio of

the outer iMa such that the load capacity of the outer film is equal to the load

.' capacity of the inner film and the torque exerted by fluid shear stresses on the

The linear formulation represented by Eqs. (4) and (5) implicitly carries the

assumption that the motions x, y, c•x/6t, c'y/Bt are vanishingly small.

-14-
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ie ...... ---'. ..- .. w i ;in lanveu by che iiud a@near stresese on the outer
I•

surface of the ring. In detail, the computationol procedure works as described

below

1. To determine the overall preformance of the floating ring bearing requires

that the following quantities be specified as input to the program.

Radius ratio of ring and journal - R /RI where R is the outside radius
2 1 2

of the ring and R1 is the radius of the journal.

Overall Reynolds number under which the bearing is to be operated
Re a 2rfN 1R1 CIA&

Eccentricity ratio of inner film to be examined -

Clearance to radius ratio for inner film C AL1

Clearance to radius ratio for outer film C2 /R2

Dimensionless supply pressure to center of bearing *(1*/iN1) (C=/R1)2

Length to inner diameter ratio for bearing L/D 1

"Groove geometry parameters a, 1, r' and Y

2. Given this input, the first thing the program does is to calculate and store

in tabular form the following performance data for the inner and outer films of

the floating ring bearing.

Inner film 2
n(N + N2)DL 11

Sommerfeld No. S
i ~(T)

Dimensionless torque on journal (T )1 M

j -15-



(T)

ULUmUULUulcat LuLque ULI iLiLiC W! LILL16 B

Attitude angle1

Outer film
S2

p .N2DL 12
$omnerfeld No. a2 -

2

- (T~
"Dimensionless torque on outside of ing (T

(T)

Dimensionless torque on inside of bearing (2 -

Attitude angle 62

These performance data are stored in tables as functions of the eccentricity

ratio and Reynolds number for the film concerned. Values are calculated for

three predeterained. values of eccentritity ratio and threei.prodetermined values

of, Reynolds number. Thus, 9 separate calculations of performance character-

istics must be made for each film (18 calculations altogether). The Reynolds

number for the inner film is defined es

22p( 1  2 -1 2 )1c 1  (i Rel "(14,)

while the Reynolds number for the outer film in defined as

2 0 2%C2
Re(

-16-



Note that since the overall Reynolds number Re is specified, Re and Re, are

determined uniquely by the ring speed ratio N /N Typically, the three values2 1
of Re 1 and Re 2 for which film characteristics are calculated are those corres-

ponding to N2 /N 1 - 0.25, 0.35 and 0.45. Typical values of eccentricity ratio

for which the inner film characteristics are determined are el a 0.2, 0.3 and,.2

0.5. The three values of e selected for calculation of outer film data are

chosen in accordance with anticipated operating eccentricities of the oiter

film.

3. Once the tables of inner and outer film characteristics are prepared, the

program next considers an initial guess for the ring speed ratio N2 /NI. This

Sinitial guess is read in sA input to the program. From this ring speed ratio,

the program then calculates a value for Re 1 . Corresponding to this value for

Re,, and the value of el read into the program, there will be specific values

of S 1 and (T B) which the program will determine from the tabular data for the'

inner film characteristics. The program will interpolate within the tables if

necessary.

4. The program next det.rmines S from the condition that the load capacities
2

of the inner and outer film must be equal. This condition is expressed by

N 12 c 2

i (" (ilS2  - 1 a 1 'r 2  1 1 C 2  1(

The program also determines Re2 corresponding to the guessed value of ring speed

K •ratio.

5. With a22nd Re2 calculated, the program next determines the coiresponding

values of, (T ) 2  and f2 from thhe tabular data for the outer film perfoermnce
I-

characteristics. The program then checks to see if

(T) (T 8) ~1C 2(17)

-17-
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i.e. the program checks to see if the torque on the outside of the floating ring

F matches the torque on the inside. If they match, the solution is complete. If

the torque on the outside of the ring is lower (higher), then a slightly higher

(lover) value for ring speed is guessed and the process is repeated until a con-

vergent solution is obtained.

When a convergent solution is obtained for the floating ring bearing, the program

prints out various performance data for the individual films and for the overall

floating ring bearing. This output is described fully in Appendix IV. Detailed

instructions for preparing the input for the floating ring program are also pro-

vided in this appendix along with a listing of the program.

Stiffness and lamn= , Coefficients for Sloatinm & inz Searlin

In order to determime the overall stiffness and damping coefficients for the

floating ring bearing, it is necessary to first determine the stiffness and damp-

ing coefficients for each individual bearing film. For each steady state solution

for the flosting ring bearing, the steady state operating conditions for each

film are established. Stiffness ane, damping coefficients for each film can there-

fore be determined by the single-filtu, spirUl-grooved Journal bearing program as

described earlier.

Let us denote the stiffness and damping coefficients for the inner film by the

subscript I and those for the outer film by the subscript 2, i.e., K Xzl Kzx2 f

etc. The overall stiffness and damping coefficients for the floating ring bearing

are denoted simply 4s K , Iy, etc. Consider that the shaft moves in sychronous

whirb with a frequency w - 2E3 1 radians/sec. and vith amplitude components

lW1t. The overall damping and stiffness coefficients are defined by the iol-

loving relationships.

V V + a

(18)

-18-



- cwa e imit + e YJ.

or in short:

(:F : 4~fz 20)
where:

ri + ssrol o

SII

1 K Cc

1(21

(24

y 
(25)

2 CI

- yy1 Y(2.3)

int the cenorm: h ighvevilapiud11 adlt

I - - +• •(-os,,•, zyz ). . (24)

S.. ...
(2.. .5). .

r The dieaolu yai ofiinafr h ne n ue imaeotiein th form

-19



Inner film:

C 1 Izx C ('Dl + 0'2 )'B 1  (26)
,etc (26)

Outer film:

g ,etc (27)
to v

Define:

Inner film:

,z - Ck +" ( 1 + ) (28)

(similarly for Z , z y, l'z y.

Outer fitu1:

1 z + (1 (29)

C2  V; C2 n VL

(similarly for Zy 2 , y

where:

N1

Hence, the dynamic forces acting on the shaft become:

v- ZxZ1 Zxyl x1 - 2 ,

}- - (30)

Syxl Zyyl- 1 2

-20-;



In order to bring Eq. (30) into the same form as Eq. (20) and thereby determine 3
the hovera11 dynamic coef11icents it is necessary to eliminate x and y2 from the

equations. This is done by setting up the equations of motion for the ring with

mass m:

II
or:

2CU

S(Zxxl + z=2 " W ) (Zxyl + Zxy2 ) 2

Clm•12

(Zyx + zy) (Z + z - ) Yl Y2

(fj(Z: I: 2 (32)

zxy2 (Zyy2 7 ) YV

Substitute Eq. (32) into Eq. (30) and compare with Eq. (20) to get:

"Zxx xy' yxxl "y1. (Zl x 2  (xyl xy2

C MW 21

z Y z Zyy) LZyx1 ZyzJ Yy (Z yxI + Z yx2) (Z yy' + z yy2" T 1

2 Zxy2' (xx2 W '')

yz yZ (Zyy2 W (33)

"-21-



f~ilv4n* for .2 . etL. and uains IQ. (21) yields the overall dynamic coef-- xx- xy-
ficients for the floaCw::g-ring bearing.

In general the sass of the ring is relatively small such that:

V V

in which case it can be ignored in the calculations. Tn.i condittion applies

* to all the numerical results given in the present report.

Stability Calculation for Floating Rio& Bearins

The overall stability of the floating ring journal behring to self-excited

whirl may be calculated from the overall dynamic toeificients described above.

In this present study, the stability calculations were performed by means of

the computer program developed under USAF contract No. AT 33(615)-3238 and

described in part V of the finsa documentation issued under this contract

(Ref. 9). A brief description of the analysis upon which the stability cal-

culations are based is provtded bel. w.

At any given rotor speed and with a known static load on the bearing, the

journal center occupies a certain unique equilibrium position relative to

the 'Learing center. When the journal whirls around this equilibrium in a

small orbit, the dynamic forces F and F generated in the bearing fluidx y
film can be expressed in linearized form as:

- K x B -Lx K y - B AX (34)
x xx xx dt xy xy dt

F - -K 'c,-B ]3 A. - y- s (35)
y yx yx dt yy yy dt

-22-



where x and v are the whIrl Amnl•t•1 Aa*. - £..- .. L atL.... AJ...UL W

position, t is time, ani the four spring coefficients (the K - coefficients)

and the fou" damping coefficients (the B - coefficients) would be determined

for the floating ring bearing from the analysls described above. For a given

UearinS geometry and known lubricant properties, the 8 coefficients are func-.4

tions of the bearing lead and the rotor speed and, if the lubricant is compress-

ible like a gas, they are also functions of the whirl frequency. In the latter

case, Eqs. (34) and (35) are only valid for harmonic motions such that:

x " cos (vt)O sin (Vt) 36)

y Ycos (vt)- Y sin (Vt) (37)

where v is the angular whirl frequency. These equations can also be written:

X R &" + i( x a •X)'lvt) (38)

S~~where i = eda "means that only the real part of the bracketed

Sexpression applies. For convenience the "RLe • "and the e•ivt are dropped
S~whereby 9qs. (38) and (39) are wrritten

x X x + ix a (30)

i

y. Y = c + iys (41)

-23-
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When theme equations are uscd in the analysia their cowpleLe meaning is definedS~ through gqs. (38) and (39).

Vith this notation Zqs. (34) and (35) can be vritten:

?F Z x " Z y (42)
i xxx X

7 U Z x-Zy y (43)
y y- yy

vhere:

z -K + L G)wI K + i7MB (44)

-(45)
7W

and similarly for Zxy and Z H. ere, w is the angular speed of rotation
- Y YX yy

7nd 7 gives the ratio between the whirl frequency and the rotational frequency.

In this form, the equations are equally valid for an incomj7essible and a com-

preseible lubricant.

To illustrate the procedure for calculating the threshold of instability, assume

for simplicity that the rotor is rigid and symietric such that the two bearings

support an equal mass K which equals half the maan of the rotor. Then the equa-

tions of motion for a Journal become2

2
,Id t 2 x

M d2 (46)
dt 2  y

-24-



I By substitution frosk Zqa. (41) through (43), these equations can be written in A
matrix form:

(Z -MV
2  y xy r -

x xy

At the threshold of instability, a non-zero solution of x and y must exist which

means that the determinant A of the matrix should be zero:

:t • - ,o + - -% - • a -Mv.,2)- Z.. , -0o(8
iA (z )(0 (48)

a CZ. yy xyy

or I
A~~'lfA\ - (K -22 N 2 )

Lce J xx yy xy yXC

.1 ~~~~-2 - ~ B . O~9
7- COB a,0Byy - xy aByxI .- 0 (49)

eV

A Im (A) 7i (K -7 2 ftD2 )G + (K 72It ~2 )wB 1K U2 -K MBa 1-
I's~~21 xy y yyx XY X yx 2CyJ

(50)

These two equations must be satisfied situltakieoualy at the threshold of insta-

bility. They contain two unknowns, namely the whirl frequency ratio, 3, and

the angular speed of rotation, w. In the general case, the 8 dynamic fluid

fil m coefficients are functions of both 7 and w, making a closed form solution

impossible, and the solution is most conveniently obtained graphically. For

any fixed value of cc, Ac and & can be plotted as functions of 7 to find their

zero points. With 7 > 0 it is seen that & has one zero point and Ac has up

to two zero points (only true in this simple case). The calculhtion is repeated

for several values of w and the results may be plotted as shown:

j -25-



SA Re (eA)" 0

'&'

I , , _

Threshold 0

S" I

The intersection of the two curveb define the speed at which instability sets
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Sinn!e Film Bearina

Results of calculations of the performance of single film spiral-grooved journal

bearings are shown in Figs. 7 through 18. In all cases, the results shown are

for bearings having groove geometry optimized for maximum radial component of

stiffness at e - 0. These optimum values of groove geometry parameters are given

in Tables 1 and 2 presented earlier in the text.

Load capacity of the single film spiral-grooved journal bearing is shown in Wigs.

7, 8, 9 and 10, in terms of dimensionless load V/0 i¶D (C/I) 2 vs. eccentricity

ratio e. Fig. 7 shows results for a bearing of configuration 1 i.e. a bearing

having no flow-through of lubricant (see Fig. 2).L/D ratio is taken to be 1.0.

It is assumed that only the grooved journal is rotating. In this figure, it can

be noted that -the existence of turbulence does not significantly effect the line-

arity of the load vs. eccentricity curve, but only serves to increase the load

capacity over that which would be obtained if flow remained laminar.

In Fig. 8 are shown load vs. eccentricity curves for a bearing of configuration

2 with L/D - 1.0, in which there is net flow of lubricant pumped through the

bearing entirely by action of the spiral grooving (P. - 0). The load capacity

of this bearing is seen to be slightly less than that for the configuration 1

bearing. :On the other hand, the through-flow of lubricant is useful in removing

heat from tha bearing.

Fig. 9 shows load capacity of a configuration 2 type bearing with L/D - 0.5. As

can be seen, unit load capacity, W/LD, decreases significantly with decrease in

L/D ratio. As a rough guide, it is found that in the range 0.5:5 L/D < 2.0, unit

load capacity is very nearly proportional to L/D ratio.

To provide a greater flow of lubricant through a configuration 2 bearing, one

can supply the lubricant to the grooved end at an elevated pressure P . The

effect of this on load capacity is relatively slight as shown by the curves in

-27-
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Fig. 10. The results are shown for Re - 5000 but are typical of those obtained

at all values of Reynolds number. The degree of pressurization considered is
indicated by the dimensionless parameter P G D/L where P is the di.mensionless

supply pressure defined &E P - [Pel.(N1 + Ne) (C/i)2  and G is a turbulent

viscosity correction factor corresponding to the mean Reynolds No. (• is obtained
z

from Fig. 5). When the supply pressure parameter r (D/L) -a mainteined at8 z
0.35, the net flow of lubricant through the bearing due to pressu•ization is

approximately equal to that due to self-pumping of the grooves, independent of

Reynolds number. When this parameter doubles, flow due to pressurizstion doubles.

In general one may conclude that for values of P G (D/L) less than 0.7, the

effect of pressurisation on load capacity may be neglected. In any case, it is

conservative to do so since pressurization tends to increase load capacity*.

figs. 11, 12, and 13 show curves of attitude angle 6 vs. eccentricity ratio for

configuration I and configuration 2 bearings at different Reynolds numbers and

L/D ratios. The effect of pressurization on attitude angle is also shown by the

dashed curves in Figs. 12 and 13.

Reetaring to rig. 11, which gives attitude angle for a configuration.1 bearing, I
we see that for lamiuar flow J decreases slightly with eccentricity ratio. This

decrease is mostly due to effects of cavitation in the bearing film. At higher

values of Rteynolda number, very little or no cavitation occurs in the bearing film
out to a - 0.7 and, as a consequence, attitude angle shows very little dependence

on C. The extent of cavitation that does occur in the bearing will be discusaed

later in connection with predicted bearing torque.

* Pressurization of the grooved end of a spiral-grooved journal bearing produces

hydrostatic load capacity whether the journal is rotating or not. Such pres-

surisation will help to promote rotation of the ring in a spiral-grooved float-

ing ring bearing. Getting th* ring to rotate can be somewhat of a problem in

plain, cylindrical floating ring bearings. Whether this is true for.spiral-

grooved floating ring bearings remains to be seen.
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Vnw ennfi.iratinn 2 bPArin•. we find aoain that for laminar flow. 6 decreases

with e due to cavitation whereas this effect is lesa pronounced at higher values

of Reynolds number. We almo find that pressurization tends Lu deizease dttitude

angle. In most instances, this effect is not great, although for laminar flow

and L/D - 0.5, a pressurization of P G D/L - 0.7 produces approximately a 10

degree reduction in attitude angle.

Comparing Figs. 11 and 12, we see that a configuration 2 bearing of L/D - 1.0 has

a slightly higher attitude angle than a configuration 1 bearing of the same L/D

ratio. Comparing Figs. 12 and 13 we see that for configuration 2 spiral-grooved

journal bearings, attitude angle decreases quite substantially as L/D ratio is

decreased from 1.0 to 0.5. This latter effect does not occur in plain cylindrical

bearings.

I
In general, we can observe that development of turbulence n spiral-grooved Journal

bearings reduces the attitude angle by a significant amount i.e. approximately

10 degrees at low eccentricity ratios for botn configuration I and configuration

2 geometries.

The bearing through-flow, %, that is generated by the self-pumping of spiral

grooving is shown in Fig. 14. Results are plotted in terms of K%/ -2 C(Ni-

vs. C. The results shown were obtained neglecting effects of cavitation. This

was done because the way in which cavitation is handled in the present analysis

does not provide an accurate calculation of flow rate when cavitation appears.

This is not a serious deficiency since spiral-grooved bearings usually operate

with a full fiuid film.

As Fig. 14 indicates,,the "self-pumping" flow of an optimized bearing increases

as turbulence develops in the bearing film. This is probably due to the fact

that the optimum value of groove depth increases as turbulence develops. When

turbulence is fully developed (Re = 5000) both flow and optimum pocket depth

approach asymptotic valdes.

It should be kept in mind that the results shown in Fig. 14 pertain to a bearing

-29-



I

withY - 0.67 i.e. a bearing with grooving on 677% of its length. Flow through

the bearing can be increased by increasing Y slightly with very little penalty

paid in trs.&a of los of load.

The flow of lubricant, Qs, through a spiral-grooved bearing that results from

3Spressurizing either end of the bearing is directly proportional to P C G 4± (D/L)
for any given eccentricity ratio and Reynolds number. Curves of dimensionless

3pressure flow, QsP/GC (LID) are plotted vs. c in Fig. 15. Use of the turbulent

viscosity correction factor G in forming this dimensionless flow takes account

of the influence of Reynolda nLber quite well although some slight dependence
on Reynolds number still remains.

The dimensionless torque, T Ch±NiRaL, on the journal of a spiral-grooved bearing

is plotted in Fig. 16 for a configuration 1 bearing and in Fig. 17 for a con-
figuration 2 bearing. The solid lines show the torque for a bearing vith a com-

plete fluid film while the dashed curve shows the torque taking account of cav-

itation that vould be expected to occur. Cavitation in accounted for by assuming

that all regions of subambient pressure are cavitated and that shear stresses in

these regions are negligible. The discrepancies between the dashed and solid

curves in Figs. 16 and 17 provide an indication of the extent of cavitation that

develops as eccentricity Increases.

Looking at Fig. 16, we see that for a configuration 1 bearing, cavitation does

not met in until 9 0.3 for laminar flow, until e I 0.5 for Me - 1000, and does

not occur at all below e - 0.7 for Re - 5000 and 9000. For an unpresesurized

configuration 2 bearing (fig. 17), cavitation occurs at lower values of a than

for a configuration 1 bearing and does occur at Re - 5000 and 9000. Cavitation

can easily be eliminated, however, by modest pressurizing of the bearing.

The solid curves shown in Fig. 17 also apply with reasonable accuracy to bearinges

with L/D a 0.5. The dashed curves do not, howavarbecause there is less tendency

for a spiral-grooved bearing to cavitate as L/D ratio is decreased.' For configur-

&tLon 2 bearings with L/D * 0.3, no cavitation occurs for Ie . 1000 and 6 < 0.7.
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An important quantity to consider is how the dimensionless ratio of friction

torque to load. T./WC, varies with Reynolds number. Ths 4. sh',w, it, Fig, istj
for e a 0.2, 0.5 and e - 0.7. As can be seen, torque increases more rapidly

than does load when turbulence develops in the bearing film. One can note at

this point that one of the advantages of the floating ring bearing is that the

Reynolds number in each separate bearing film is less than the Reynolds number

that would be obtained if the bearing had only a single film. Hence, due to

this effect alone, the floating ring bearing can operate with a more favorable

torque to load ratio than an equivalent bearing with only a single film.

iW
i FlostLnix Rnint Bearins

The floating ring configuration chosen for analysis was one having an overall

length to diameter ratio of L/D - 1.0. (See Figure 4). This means that each

half of the floating ring bearing had an effective length to diameter ratio

of 0.5. Grooving parameters for each half of the floating ring bearing were

those presented in Table 2. Grooving on the outside surface of the ring was

the same as that on the shaft.

Two values of the ratio of inner clearance to outer clearance were considered

i.e. C2/C1 1.2 and 0.8. Results were obtained for no pressurization of the

bearing (P. 0) and for a degree of pressurization corresponding to P G D/L

* -= 0.35.

The static performance data for the floating ring journal bearing are given

in Table 3. Dynamic performance data are given in Tables 4 and 5. Much of

this data is presented in graphical form in Figs. 19 through 36. These fig-

ures are discussed below.

Curves of dimensionless load, ýW, vs the eccentricity ratio of the inner film

e, are presented in Fig. 19. The curves are for C2 /C 1 a 1.2 although they

apply within a few percent accuracy to the case of C2 /C 1 a 0.8. As can be

seen the degree of pressurization considered for the floating ring bearing

(dashed curves) results in a substantial increAse in load capacity over the
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unpreasurized case (solid curves). For the single film bearing, the same appar-

ent degree of pressurization resulted in only a slight increase in load capacity

(See Figure 10). The reasons for the greater apparent effect of pressurization

on the floating ring bearing are as follows.

First, the parameter P G D I/L for the floating ring bearing is based on the over-

all L/D The effective value of this parameter for each half of the floating

ring bearing is actually twice the overall value. Second, the value for G used

in establishing the parameters Pa GD 1I/L is based on the overall Reynolds number

Re - 20N IRC 1 /v. Because of rotation of the ring, the individual Reynolds numbers

for the inner and outer films are each less than the overall. Hence, the effect

of pressurization of each film is greater than is indicated by the parameter

P G D I/L because, in turbulent flow, the lower the Reynolds number the greater
a11

the amount of flow for a given supply pressure. Third, the dimensionless supply

pressure Pa is based on the shaft speed N For spiral-grooved bearings, it turns

out that rotation of the ring decreases rather than increases the load capacity

of the inner film. Hence pressurisation of the inner film becomes relatively more

significant with respect to load capacity of the film.

Roughly speaking, the increase in load capacity resulting from pressurization of

a floating ring bearing is linearly proportional to the guage supply pressure.

One can therefore linearly interpolate between the curves shown in Fig. 19 to

determine load capacity at supply pressures different from that considered.

Curves of overall attitude angle 4 of the floating ring bearing are shown in Figs.

20 and 21. Overall attitude angle is defined in Fig. 4. Values for the attitude

angles of the inner and outer films are given in Table 3. Due to rotation of the

ring, which decreases the spiral-grooved pumping effect in the inner film, atti-

tude angles for the inner film are considerably greater than for the outer film.

Values of dimensionless Journal torque, T ' T /WC, are given in Fig. 22 for a

floating ring bearing with C2 /C 1 a 1.2. Similar curves for a bearing with

C/C -0.8 would run about 71 higher.
21
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One of the primary advantages of the floating ring bearing is that, for a given

eccentricity of the inner film, the ratio of torque to load is much lower than

for a comparable single film bearing. This is particularly true for plain bear-

ings for which load capacity of the inner film is proportional to the sum of the

speeds of the shaft and ring. In spiral grooved bearings, however, the pumping

effect of the grooves is proportional to the difference in speed between the

shaft and ring. Load capacity of these bearings is due partly to this pumping

effect and partly to the usual hydrodynamic effect which is proportional to the

* sum of the shaft and ring speed. The net effect is that as ring speed increases,

load capacity of the inner film for a spiral-grooved bearing decreases slightly.

Consequently, spiral-grooved floating ring bearings do not enjoy the same torque

to load advantage possessed by plain floating ring bearings. Nonetheless, the

spiral-grooved floating ring bearing does have a torque to load ratio better

than that of a single film bearing operating at the same eccentricity ratio. This

is evidenced by the curves shown in Fig. 23. The single film bearing used for

comparison in this figure is a configuration 2 bearing with L/D a 0.5. This pro-

vides a fair comparison because each side of the centrally fed floating ring

configuration we are considering consists, essentially, of an isolated bearing

with L/D - 0.5.

Total flow pumped through the floating ring bearing by the self-pumping effect

of the spiral grooves is plotted in Fig. 24. The increase in lubricant flow

that would result from pressurization of the bearing can be calculated from

the single film curves plotted in Fig. 15. These single film curves can be

applied directly to each individual film of the floating ring bearing on either

side of the central feeding groove. In applying these curves to calculate pres-

sure flow, one must be careful to use the appropriate Reynolds number and L/D

ratio corresponding to the irtdividual film being considered. The pressure flow

that is calculated can be added directly to the self-pumping flow calculated from

Fig. 24.

Ring speed ratio, N2 /N1 , is plotted as a function of inner film eccentricity a1

in Figs. 25a and 25b. Results for laminar flow and Re a 9000 are shown. Results

for Re a 5000 are nearly the same as for Re - 9000 while results for Re a 1000
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lie between1 the Re = 9000 and laminar curves. Ring speed ratio for laminar flow

rIndm tn doerpsep wtth g whilo. fnr tuwh,,rlen flov, rn mn suptoetin rvmains

relatively constant with eccentricity. Note that ring speed ratio is not strongly

affected by the clearance ratio C 2/C.

V the eccentricity ratio for the outer film, is plotted as a function of E1 in

Fig. 25. In general, e2 increases approximately linearly with E 1 . As would be

expected, e2 is considerably greater than e for C /C 1.2 and more nearly
equal to E for C /C = 0 8.

1 2 1

Dynamic data for the floating ring bearing are given in Tables 4 and 5. These

data consist mostly of stiffness and damping coefficients for the individual

bearing films and for the overall bearing. The data also include values of

the dimensionless critical mass for the threshold of whirl instability.

Data for the individual bearing films are given in Table 4. Stiffness and damp-

Lag for the inner film pertain to the fluid film forces that develop in the inner

film due to relative motion between the shaft and the ring. Stiffness and damping

for the outer film pertain to fluid film forces developed in that film due to

relative motion between the ring and the outer bcaring.

Stiffness and damping coefficients for the overall floating ring bearing are

given in Table 5. These pertain to the forces developed on the shaft due to a

relative motion between the shaft and the outer bearing including the effect of

motion of the ring.

Overall stiffness and damping coefficients for the floating ring bearing are

plotted vs. e1 for a rtomber of representative situations in Figs. 27 through

32. Qualitatively, the behavior of the overall stiffness and dampin$.'coeffici-

ento as eccentricity ratio increases is similar to that for single film bearings.

The stiffness and damping coefficients presented in Tables 4'and 5 may be used

to calculate a critical mass at the threshold of whirl instability. The critical

mosses determined from the inner or oter film damping and stiffness coefficients,
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while not of great physical significance, are still of interest to calculate.

The critical mass HM, determined from the inner film coefficients, is the

critical mass of the shaft within the rotating ring assuming that the ring

were restricted from any translational motion i.e. assuming that the outer

film were infinitely stiff. Mc2 ' the critical mass calculated from the outer

film coefficients, is the critical mass for the ring rotating within the bear-

ing neglecting any effect of the inner bearing film. Essentially, MC2 repre-

sents the critical mass for a single film bearing operating at Reynolds number

Re2 and eccentricity ratio e2.

M , the critical mass determined from the stiffness and damping coefficients

for the overall floating ring bearing, represents the critical mass for the

shaft rotating within the coWposite floating ring structure. It is the ap-

propriat,' value of critical mass for the shaft of the floating ring bearing.

The critical masses HM HM and Mc are presented in Tables 4 and 5 in the
cl c2 c

dimensionless form

"- H lC (N 1 + N 2)
Mcl g(R1/C1)2 LDI

M C g C22N2H- c2 "
c2 • (R2 /C 2 ) 2 LD2

M c C 1 N 1N - cl
c p(R /C ) 2 LD

In attempting to compare the critical masses in these tables one should keep

in mind that each is made non-dimensionless on a slightly different basis,

Values of overall critical mass vs. e1 are plotted in Figs. 33 and 34 for
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SC2 /C 1.2 and 0.8 respectively. In general, critical mass for hydrodynamic

IF bearings increases -.;-Lh eucerttricity ratio. However, when operetine in the
turbulent regime, *al-grooved bearings exhibit the anomalous characteristic

that critical mass ijreases with eccentricity in certain ranges. This char-

acteristic may be related to the fact that the attitude angle of spiral-grooved

bearings sometimes increases with eccentricity ratio in the turbulent regime.

This increase in attitude angle can be qualitatively explained on the basis

that as eccentricity increases, the usual plain-bearing-type of hydrodynamic

action becomes relatively more significant compared with the self-presauuizing

hydrodynamic action of the spiral grooves, particularly in turbulent flow.

aence, there is a tendency for attitude angle to Lncreaose with eccentricity

Uin spiraL-Sroovod bearings.'.1
.It is interesting to note in Pigs. 33 and 34 that pressurization of the floating

ring bearing has a more significant effect on bearing stability than it does on

bearing load capacity. It is obvious that pressure feeding of the bearings is

an effective means of stabilization.

An important point to investigate Is whether the spiral-grooved, floating ring

bearing configuration is more or less stable than an equivalent spiral-grooved,

single film bearing. Comparisons of the critical masses of the floating ring

and single film configurations are shown in Figs. 35 and 36 for laminar and

turbulent flow respectively. The single film values of critical mass were taken

from the values for M calculated for the outer film. The L/D ratio of the
c2

outer film is about 20% less than that for the inner film but this fact should

not greatly effect the comparison.

For laminar flow, the single film bearing is more stable than the floating ring

bearing with C2 / 1 a 0.8 and, at low eccentricities, is also more stable than

the floating ring bearing with C 2/C - 1.2. However, at high eccentricities,
21* the critical mass for the floating ring bearing with C2 /C 1 - 1.2 exceeds that

of the single film bearing.

For turbulent flow, the stability of the single film configuration is clearly
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The floating ring configuration of spiral-grooved bearings suffers in regard to

stability for the following reason. The good stability of spiral-grooved bearings

is due principally to the self-pressurizing effect of the spiral grooves. This

self-pressurizing effect is proportional to the difference in speeds, (N1 - N2 ).

Consequently, in a floating ring configuration, rotation of the ring reduces

this self-pressurizing effect in the inner film and, hence, reduces the stability

of the inner film. The stability of the overall bearing suffers as a consequence.

Stability of the spiral-grooved configuration is compared with the stability of

s plain floating ring bearing in Fig. 37. At low eccentricities, stability of

the spiral-grooved configuration is better but, at high eccentricity, stability

of the plain bearing increases rapidly due to the effect of cavitation and begins

to surpass that of the spiral-grooved bearing. .

An important point to keep in mind when comparing the stability of plain and

spiral-grooved bearings is that the plain bearings achieves stability only as

a result of cavitation in the bearing film. A plain bearing operating with a

full fluid film is inherently unstable for any speed or mass. Often, particul-

arly with liquid metals as lubricants, it is undesirable to operate with cavit-

ated bearing films because of the problem of cavitation damage. If a pressur-

ired supply is used with plain beearings to suppress cavitation, the stability

of the bearings suffers drastically.

On the other hand, spiral-grooved bearings, even when unpressurized, operate

without cavitation in the bearing film out to quite large eccentricity ratios

due to the self-pressurizing action of the spiral grooves. Stability of these

bearings is achieved through this self-pressurizins action. Moreover, use of

a pressurized lubricant supply further enhances the stability of these bearings

as is evidenced by the performance charts presented in this report.
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! mSI2ARY AND CONCLUSIONS

An analysis has been performed of the tarbulent, spiral-grooved, journal bearing

with incompressible lubricant. Optimum values of groove parameters have been
determined to provide maximum radial stiffness. Performance charts are presented

for load capacity, attitude angle, lubricant flow rate and bearing frictional

torque for both single film and floating ring configurations of the spiral-grooved

journal bearing. In addition, stiffness and damping coefficients are presented

for the floating ring configurdtion and values of the critical mass for threshold

operating with and without a pressurized supply of lubricant.

The following general conclusions can be drawn concerning the performance of

spiral-grooved mingle film and floating ring journal bearings:

1) Compared with plain, cylindrical journal bearings, spiral-grooved bear-

ings offer the following advantages: (a) They possess greater stability
under lightly loaded conditions. (b) They tend to operate without

!f cavitation due to the self-pressurizing effect of the spiral-grooving.

(This is an important consideration when operating the bearing with

liquid metal lubricants where the problem of cavitation damage is sig-

nificant.) (c) The spiral grooving provides self-pumping of lubricant

t through the bearing eliminating the need for a pressurized supply. (d)

All performance characteristics of spiral-grooved bearings can be easily

enhanced by use of a pressurized supply of lubricant.

2) The floating ring configuration of spiral-grooved beariag operates with

lower torque to load ratio than is achieved with a similarly loaded

single film bearing. On the other hand, stability of the single film

spiral-grooved bearing is generally better than that for the floating

ring bearing.

3) In spiral-grooved bearings, development of turbulence results in an

increase in frictional torque, an increase in load capacity, an increase

in stability and a decrease in attitude angle. In general, the ratio of

frictional torque to load capacity increases with development of turbulence.
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TABLE 5 DYNANIC FERFO1KMACE DATA FOR THE FLOATING RING JOURNAL BEARING

1.2 0 L&M .2 .785 .762- .616 .631 1.32 .629 0 1.41 .084 .50
.3 1.00 .928 - .653 .745 1.52 .990 .123 1.64 .102 .50
.5 2.69 2.05 - .33 1.28 2.09 2.61 .833 2.23 .530 .29

1.2 0 1000 .2 .909 .652 - .592 .782 1.29 .541 - .041 1.31 .106 .48

.3 1.06 .790 - .676 .799 1.51 .743 .020 1.46 .113 .49

.5 3.18 2.42 .006 1.58 .199 2.82 .859 2.43 .174 .57

1.2 0 5000 .2 1.81 1.04 - .928 1.58 2.10 .842- .087 2.16 .223 .46

.3 1.97 1.15 - .985 1.62 2.40 1.03 - .021 2.28 .2" .45

.5 3.44 2.07 -1.27 1.71 3.84 2.40 .555 2.92 .556 .4

1.2 0 9000 .2 2.44 1.38 -1.19 2.23 2.97 1.09 .089 2.93 .337 .43

.3 2.85 1.38 -1.45 2.34 3.33 L.40 - .016 3.20 .:36 .46

.5 4.88 2.91 -1.72 2.49 5.38 3.15 .697 4.10 .538 .42

1.2 4.2 IAN .2 1.26 .528 - .492 1.06 1.44 .431 - .039 1.36 .243 .36

.3 1.51 .655 - .588 1.11 1,73 .607 .004 1.48 .258 .37

.5 2.72 1.34 - .965 1.20 3.30 1,60 .417 2.19 .453 .33

1.2 3.13 1000 .2 1.54 .473 - .482 1.42 1.18 .392 .051 1.31 .315 .35

.3 1.68 .342 - .582 1.44 1.62 .506 - .036 1.39 .308 .36

.5 3.71 1.47 - .688 1.44 3.18 1.96 .514 1.98 -1.33 .21

1.2 10 5000 .2 2.97 .802 - .784 2.74 2.25 .637 - .097 2.18 .595 .35

.3 3.17 .869 - .814 2.76 2.53 .7"4- .063 2.20 .649 .34

.5 4.11 1.32 -1.63 2.80 4.83 1.65 .312 2.88 .693 .36

1.2 14.2 9000 .2 4.00 1.08 - .938 3.69 3.10 .808 - .098 2.88 .907 .33
.3 4.84 1.28 -1.34 3.99 3.51 1.14 - .067 3.18 .830 .37

.5 5.77 1.80 -2.05 3.95 6..8 2.09 .261 3.77 .999 .35
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I
TABLI 5 (contnuued)

'm L "m X

A

0. 0 IAN .2 1.21 1.31 -1.15 1.09 2.04 .794 - .096 2.25 .105 .57
.3 1.39 1.43 -1.12 1.24 2.18 1.08 .016 2.46 .127 .56

.5 2.43 2.12 -1.07 1.77 2.88 2.26 .572 2.79 .179 .57

0.8 0 1000 .2 1.41 1.19 -1.13 1.31 1.94 .799 .120 2.11 .122 .58

.3 1.56 1.32 -1.-1 1.33 2.08 .936 - .067 2.23 .127 .58

.5 2.16 1.77 -1.21 1.62 2.76 1.82 .294 2.72 .178 .55

0.8 0 5000 .2 2.67 1.82 -1.73 2.52 3.11 1.19 - .179 3.33 .241 .55

.3 3.03 2.06 -1.54 2.72 3.42 1.50 - .105 3.49 .301 .52

.5 3.53 2.44 -2.15 2.65 4.14 2.09 .148 4.00 .278 .57

0.8 0 9000 .2 3.59 2.45 -2.38 3.48 4.24 1.44 - .201 4.49 .322 .55

.3 4.31 2.91 -2-27 3.77 4.67 1.92 - .125 4.78 .382 .54

.5 5.06 3.37 -3.01 3.71 5.58 2.73 .243 5.44 .376 .58

0.8 4.2 LOX .2 1.90 1.03 - .95 1.71 2.28 .781 - .138 2.31 .266 .43

.3 2.18 1.19 -1.03 1.77 2.52 .982 - .075 2.44 .278 .44

.5 3.15 1.79 -1.40 1.90 3.46 1.74 .202 2.95 .318 .47

0.8 3.13 1000 .2 2.35 .946 - .939 2.21 2.19 .794 - .153 2.20 .337 .43

.3 2.51 1.03 -1.03 2.23 2.40 .925 - .123 2.28 .335 .44

.5 3.06 1.38 -1.47 2.22 3.20 1.45 .048 2.66 .328 .47

0.8 10.0 5000 .2 4.32 1.48 *1.45 4.11 3.43 1.16 - .210 3.44 .615 .43

.3 4.94 1.68 -1.33 4.25 3.87 1.41 - .147 3.56 .781 .39

.• 5.26 1.92 -2.19 4.27 4.88 1.95 - .025 3.97 .614 .46

0.8 14.2 9000 .2 6.14 2.16 -1.98 5.60 4.50 1.62 - .2S5 4.69 .781 .45

.3 6.86 2.39 -1.90 5.67 5.26 1.82 - .180 4.83 .990 .41

.5 7.34 j 2.64 -2.97 5.97 6.43 2.51 .003 5.36 .819 .47
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Figure 1. Schematic of Spiral-Grooved Journal Bearing
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Figure 2. Various Configurations of Spiral-Grooved Journal Bearings
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APPENDIX I
D=IVATION AND SOLUTION OF OUATION 101

TUIBULIENT SFPIRAL-GROOVD JOURNAL BlAING

The differential equation for the pressure distribution around a spiral-grooved

journal bearing has been derived previously by the present anthors for the came 1
of laminar flow (Ref. 1). In this appendix will be presented a re-derivation

of this equation in which the effects of turbulence in the boaring film will be

accounted for by means of the linearized turbulent lubrication theory developed

by NS and Pan (Ref. 4). The derivation will involve four major steps:

S~~1. Express the local mass flows in the ridge and groove regions La terms"
of the local pressure gradients in those two regions.

*•2. Define an 'overall" pressure profile around the bearLna neglecting the

zig-zag ripples in the profile which arise due to the discountinuous

groove-ridge geometry.

3. Use the requirement that the flow normal to a groove-ridse interface be,

continuous across the interface in order to solve for local groove-ridge

pressure gradients in terms of the "overall" pressure gradient.

4. Apply the principle of conservation of mass to obtain a differentiai.

equation for the overall pressure profile.

According to the linearized turbulent lubrication theory of Ng and Pan, the local

turbulent mass flows in a bearing film can be expressed as

3i uh -- --- N
,u " ýP + p 2  h (51)

I 3
pwh hGz (52)

rII -89-
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where x and x are the coordinates in the direction of rotation and the axLea

direction respectively &Md where U and V are the surface velocities of the

bearing and Journal respectively. The factors G and G can be considered,
x zesentially, to be turbulent viscosity correction factors. In the linearized

turbulent lubrication theory G and G are considered to be functions of the

local Reynolds number, 1h, in the bearing film where Rh a p(V-U)h/it. A plot

of G and Gz vs. 1h is shown in Fig. 5.

Next, we introduce the "skewed" f, n coordinate system shown in Fig.38 in

which lines parallel to groove-ridge interfaces are lines of constanL 4 while

planes perpendicular to the axis of the bearing are planes of constant I.

The relationships between a and n and the cylindrical coordinates 0 and z

are given below

R (53)

Iaz/ainIS(54

n = 44. (55)

q a ijin A (56)

note also that

LP ý- P (57)

SP. At 1 coa (58)
_a alsin 421

-K A--P (59)

-90-
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J
In the T, i coordinate system, the pressure gradient 2P/cli id continuous

everywhere in the bearing film because the geometry has no discontinuities

in the q direction. On the other hand, the gradient 0P/g is discontinuous

at eronve-r~dog 4_nterfeceS dip to the d4gennt~niity in f1lm heiaht. Con-

sequently the pressuire profile in the • (circumferential)direction will have

tae "zig-zag" appearance as shown schematically by the solid line in Fig. 3 9

In this figure the symbols gn' 4n+l' etc., denote the interfaces at the begin-

ninS of ridge region while 4n+1/2' gn+3/2'

beginning of groove regions. Now,by neglecting the saw-toothed ripples in the

actual pressure dictribution, one can conceive of an approximate, smoothedI "overall" pressure distribution around the journal shown in Fig. 39 as the

dashed line through the pressure1 Pn-3 / 2 , Pn-li2' etc., at 4n3/2' •n-t/2'

etc. Si 4,ce the local pressure gradients within each groove and ridge region

are bounded in magnitude~th- saw-toothed fluctuations in pressure due to al-

ternating groove and ridge regions will reduce to a negligible magnitude as

the width of the groove-ridge pair becomes very small, i.e., as the number of

grooves becomes very large. In the limit, as the width of each groove-ridge

pair becomes very small, the smooth "overall" pressure distribution through

the discrete pointa P Pn-1/2' etc., will approach r-continuous distri-

bution P•(,n) which should provide a very good approximation to the actual

"saw-toothed" pressure distribution around the journal. Formally, one can

Sdefine the slope of P(•,i]) in the j direction at the point n as

i?.-
S=J lim )i+ (61)

where %,er U /a4/ an 4P /U refer to the Local.

whren-1/ 9.er rP/

pressure gradients within the groove and ridge region respectively.

Having defined the overall gradient 6P/a we next consider writing an ex-

pression for the mass flux normal to a moving groove-ridge interface

(see Fig. 39). In terms of the mass fluxes puh and pwh, V is expressed as

j_ -91-
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I- p[(-V) sin w•con hL.(
Substituting for u and v in Sq. (62) by means of Eqs. (51) and (52) and noting

that VP/ptc a aP/1V we obtain

eo 2 (U;V) h 8j] singroove region" it)Q 2

h 0
- L.J coo~ (63)

h sin 1• .. ' °- h,, .
"ridge region 2 r

V coho (64)
eM

Note that the factors G and Ga are subscripted r and S because they have dif-x

ferent values in the ridge and groove regions.

Next we make the folloving useful definitions

1 2- (G +G cot 2•)A (65)

120 cos 5
* I . - , -(66)

G23I sin 2

12 0

O3 -- -• (67)
sinP

-92-
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If, in Eqs. (63) and (64), we transform the derivatives of P with respect to

9 and z into derivatives with respect to end n, (go. ERA. (57) and (58))and

"collect terms, we obtain

W4R$n 3[Gi.ag +Igroove region 1 gsin G2.-- J

+ ph* 2R] (68)

i i•. .•- f i o % F-÷ %
ridge region 124 ir U 2 . 6J

. • + ph (69)
r

Note that the derivative 6P/Bn does not have to be identified by a subscript

g or r since it is continuous everywhere within the bearing film.

Next we note that by continuity of mass flow

4 w ,-(70). groove regi.on ridge region

Eqs. (61) and (70) constitute two linear equations in the "uirAtnowns" )P /ii/

and ýPr/6. Zqs. (61) and (70) may therefore be solved to yield

-Z +~ (1a)B2 (71)

-93-



b- + Pz B A (72)

where

A -G h
A1 lr r

A 2 -G IshS32 2• g

3 3
1 2g h G2r r

61 (h -h): s •(u-v) (73)
B2  R

A A /A

B1  13,2 A 2 /A3

.qa. (71) and (72) may be substituted in either Eq. (68W or (67) to. yield an

expression for the mass flux W4 in terms of the overall pressure gradients

p/4 and jPa/n (note that OP/6 may be written as 2P/2in because of the con-

tinuous nature of this derivative). The expression obtained is

-94-.
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w~ W &in~/ ~ h A h, ,

+ r + p hr (74)+ ~ p~ h11r VI~)

Next, consider the control volume AV, for one ridge-groove pair shown in Fig. 41.

We take the control. volume to move with the grooved surface at velocity V and we

consider that, at the instant shown in Fig. 41, the various ridge-groove inter-

faces are located at 4ns 4n+l/2' 4n+1 etc., as depi.cted. The mass flows entering

and leaving the moving control volume through the surfaces .ABd we denote as

Wdge ATI whereas the mass flows entering and leavinS the control volume through
the surfaces ASq we den~ote As W (n+1 - ind. The total time rate of ch nge of

the mass, AM contained in AV is given by

0- ) + v .V (M) (75)

By the conservation of mass we obtain that

Lw r + q j&, "IT] ýn+l iridge nl ridge '-I

+ V( () + 0. (Z) 0 (76)

Dividing Eq. (76) through by 46TI where 4 = •n+l -n' and taking the limit as

4 and al go to zero we have

+ ~wl+ + V -o0 (77)
6t An an

-95-. --



where ýW is defined to be
I •,

li- " (78)

The subscript 1 has been dropped from i because of the equality condition

expressed by Eq. (70). The expression for W1 is given by equation (74).

The expression for the mass flux i is

[(l-_olhL~

±L G'- + 4.- (79)

IZf we transform apr/s end BP /as into T -• coordinates by means of Eq. (58) we

will obtainan expression for in in terms of C,1b, 3?r/a and 6PS/I . We then

can substitute for aPr/B and 6P /a! by means of Eqs. (71) and (72) to obtain,

SI i.

-~ [(;~ Qh 3 .i~3  G2. A~+(.)i+ ('.a) f 2 j

+ (lc~ 3 [3 ~ A I cI .a)}(80)

where A 2 ' B, and B2 were defined previously by Eqs. (73)

The quantity &VA/6n in 3q. (77) is

Ssin

-96-
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4

while

. R v(82)IA,
Substitution of Eqs. (74), (80), (81) and (82) into Eq. (77) yields a second-

order differential equation in P(•,i) the overall pressure distribution around

the spiral-grooved journal. To solve this equation, ve must first transform

it back into the orthogonal 0-z coordinsae system. This is done by means of

Zqs. (59) and (60). The result is.a*J
+ ... : sn.

(R in ,h+ .(l--o (83):

at R ag P Chh9 83

• I.

Expressions for W4 and Wn in the 0-: coordinate system ay be obtained by

substituting Eqs. (59) and (60) into Eqs. (74) and (80).
ia

The Numerical Solution

Eq. (83) is solved for any combination of groove and seal arrangement with or

without feed or vent in the middle of the journal (Fig. 2). Thus, it can pro-

vide the solution for a seal-groove, groove-seal, fully grooved or herringbone

journal containing up to three distinct sections. The basic technique is first

to divide the bearing into a numerical grid with dimensions Ucn. Then write

the differential equation into a finite difference form of three columns. Thus,

each point in colcern is related to the five neighboring points. At the bound-

aries, the pressures are given. Therefore mxn equations are establish.d for

mxn unknowns. By means of the columnwise matrix inversion solution routine

developed by Castelli, Pirvics and Shapiro, the pressure field is obtained.

-97-
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SThis technique is fully discussed in Refern-ce- 6 and 7.

fi • Once the pressure field in obtained, loads, moments, torques, etc. are obtained

by numerically evaluating the following expressions.

Radial component of force (cosine component)

SFr= (P- a R cos 0 dO da (84)
F "

Tangential component of force (sine component)

Q P /R sP)Rsin o dO da (85)
0

Radial component of moment (cosine component)

- P j (P- )Rx cosn dOda (86)

-98-



Tangential component of moment (sine component)

L 2x

Mt J J" Pa R sin 0 dO d" (87)

0 0

Attitude angles

F M

tan~l , 6' = tan- 1  ( 88)
t NMt

Bearing torque

"T CU Rd dL + Ch d (89)

where Cf is the Couette friction factor which is plotted in Fig' 6 against
W60 in the local pressure gradient. By Sq.. (71), (72),..59) and

(60) the second term of Iquation (89), the Poismuille torque, can be written .

in terms of the overall pressure gradient@.

2 lE h dQ ds (. + )t in

C'-r (90)

-99-



I,

Journai torque

Where V load Vlr+lt

Ii
Flow

R W" d. (92)
"I Q-

0

' where V7 ia defined" by Eq. (80). 1
10

IiI
-100-
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i ~APitUA LL..

DERIVATION OF IBATIONSHIPS ZOR

iderthe CALCU14TING STIFFNIS6 AND I)AW4ING COOFFICIjlIS

Consderthereference axes shown in Fig. 3. The relationship between the forces
F and F and the forces P and Ft can be written in matrix form as|" y r t•

0F 1fsin 6 -cos Ft

For an infinitesimal~ly snail motion around the steady state position the dynamic

Fforces become

dF Cos6 sin 6 Or + F di

X t

-F sin. 4 -oo. LF F " d6 (94)I ,

The infinitesimal dynamic motion of the Journal center is described by' the

coordinates (x,y):

x d(e coso ) y d(e sin6)

or

de . ( C os6  Bin( N95
") = . (95)

ed6J L-i corns J ly

1 -101-



The velocities transform similarly:

€C

~ (96)

If, in the differential equation for preassre P obtained in Appendix 1, we intro-

duce the folloving dimensionless variables

.o - (U+V)I/I

a' - /L

h'- h/C

2UZ c (97)

6 " e/C
£-/a

we obtain the result that the dimensionless pressure P in a spiral-grooved bear-
UaS of fixed geometry is a function only of the dimensionless variables e, elm

and :;/W i.e.

f I

a P gL, ~ (98)

- 102-



The resulting fluid film forces in radial and tangential directions are:

F - -)Awff P cos, dx' dz'

F Y sin 9 dx' dz't ff

- W itn! (100)

where:

- ~ 12
ii E

F
F --- i)(101)

r 4NDL

-- Ft 2
it C

Differentiating Eqs. (99) and (100) we obtain

---- de + d -1 ±r (102)

-103-
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S-- - d +e d (103)
C )U) d"+

By substitution of Eqs. (102 and (103) into Eq. (94)

l t de r.e
d? Cosd sin de --e de

1
•d, - - w • •"""r

-4 e d

The stiffness and daming coefficients are defined by:

di. K x -B x- V. - l

K X x IX Ky - KY (105)

dF * K x-B x KY By- yy
y yx YX YY Y

To determine the 8 coefficienlts, substitute Eq. (95) and (96) into Sq. (104) and

collect the terma in accordance with Eq. (105) to get:

1 1 .u[.0c.2 + ~coo sin6 Fsi~ 1

,l * sicon (106o.,.)o,

1" 2

tRJIR.I + s 0 (107)

.104-



1 2 r

s i- 2ca sain (0K 1

CIO C . os + -n (109)

1 " - 2 b + - oa

-Co''•si + si sin:co (110)

4 1

('-4 gin 6- -~ .co (113)

tt

(-)cJ in Ca

2 Co-105-



where, in the coorlinate system selected#

CR 2.L (114)

x V.NLD C

1 0 (115)

y

and all forces and derivatives are calculated for the given attsdy state positions

defined by (co, o

0. .

1
ii

I

I

# -106-



APPENDIX III - COMPUTER PROGR FN 412

PERFORMANCE OF A HERRINGBONE JOURNAL BEARING

±ii.RAIZUSD' iinSi LURL'.UAL-S2. £REA.4*a
_ II

r All input data appears in the form oi name list. A full description of name

list can be found in Ref. 10. The input are contained in the namelist "INPUT".

The input data are:

S!1. REN = Reynolds number

-2 ItINi o R

where Ni and N are the rotational velocities of the journal

and bearing in cycles/sec., respectively.

R - Radius of journal, in.

C a Nominal radial clearance, in.
2

v - Kinematic viscosity, in eec.

2. ALOVD - Length-diameter ratio

ML/D

where L - Length of journal, in.

D_- Diameter of journal, in.

3. COR - Film clearance ratio

S=- C/R

4. PFIX = Dimensionless gage tressures at the ends and the middle of

the bearing.

P (Pressure, PSIC)

22
S)2(N, + N)

where V - dynamic viscosity-, lb-sec/in

The pressure at the initial end appears first, then at the

middle and finally at the final end.

5.11 -Number of axial grid points in the first region of the bearing

counted from the initial end of journal (see Fig. 2). An odd

number is required and also it must be at least 2 less than 12.

The minimum permissible value for 1I is 3.

-107-
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6. 12 * Number of axial grid points counted from the initial end of

LAZ a U'L ULI Lu L1S Asii&AJU U, 'L~ ftin~i V *W,&?.S a

bearing, 12 -eprerents the grid points of one half of a bearing. II
For a thre gion, non-vented bearing, 12 represents the grid

points for t,•. initial end up to the interface of the second

and third region (see Fig. 2). The minimum permissible value

for 12 is 5 and the maximum is 17. Again, 12 must be an odd

number.

7. W - Indicator to specify whether or not there is another set of
input cards to follow the present set.

DR a F, last set of input

MM a T, another set of input to follow

o N - N .

o+ NJ

9. N - Number of grid points in the circumferential direction. The

* maximum permissible value for N is 19.

"10: .IO.1T /21 (Ni + o)

where i a tims rate change of eccentricity ratio of the Journal.

11. P•NOT ' Dimensionless whirl velocity ratio

-4 */2,t (Ni + N)

where 4 - Journal whirl velocity, rad/sec.

12. GAHM a 1/2ff (Ni+ N)

where , = time rate change of angular misalignment,

13. SPS - Eccentricity ratio

O e/c

where e w eccentricity of Journal, in.

14. GAM s- Misalignment of journal, degrees.

15. VENT - Indicator to specify whether or not the middle of bearing is

vented. Set VENT T only for a bearing vented at the middle.

For non-vented bearings, set VINT - F.
-108-
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16. BETA Groove angle in degrees. Beta must be specified for the first

region cf the bearine (first value) and the second rvinn, nf

the bearing (second value). If VENT a F, the value of BETA

in the third regiou wau*L te spaiiied. For a pump-in design,

with grooving in the first region, and a smooth seal in the

second region, BETA should be read in as an obtuse angle,

the same value for BETA being read in for the second region as

the first region. For a pump-out design, with grooving in

the second region of the bearing and a seal in the first region,

BETA should be read in as acute angle with the same value of

BETA being read in for the first region as for the second

Sregion. If VENT - F, the value of BETA in the third region f
should be given. The third value of BETA should be a

conjugate of the first value of BETA, i.e. BITA(3).180°-BETA(l).r Never set BETA- 0.

I 17. DIP aGroove recess ratios in two or three regions of the journal
with the first value referring to the first region, etc,

.= /c

where 5 - groove recess, in.

To impose the condition of a smooth bearing (no grooving) in

either region, set DIP - 0 for that region.

18. ALPHA - Fractional groove width in two or three regions of the journal

with the first value referring to the first region, etc.
a

g r

41 where ag and ar are the widths in inches in the groove and

ridge portion respectively. To impose the conditions of a

smooth portion in either region, set ALPHA - 0 for that region,

19. PPOUT Indicator to specify whether the pressure distribution in the

bearing is required as a part of output.

PPOUT - T, pressure distribution in printed out; no pressure

is printed out when PPOUT - F.

-109-
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Output

1. Under the heading of INPUT, the Gomplete set of input in the namelist "INPUT"

1i prLnfte oUt. jeach quanL.Ly is usaLu V) ;y :-" . ....

the namelist "INPUT".

2. In the case of PIOUT = T, a heading of "Final Pressure Distribution" is

printed out. Below the heading, if VENT - T, there are a total of 12 number

of lines of pressures with the first line referring to the initial end of

the bearing. If N is less or equal to 10, each line contains N number of

pressures starting at - 0 (see Fig. 1). For the case of N > 10, the number

of lines are double. If VINT - F, there are a total of (12 + 11-1) lines

when N S 10-i The number of lines will be double for the case of N > 10.

3. Regular Output:

There are a total of nine quantities in one line under the heading of

RE NO., ,CC., TORQUE J., TORQU1 B., RADIAL LOAD, TANG. LOAD, FLOW, COS.

NMOT, II5 M)INT, which are defined below.

a. aUm No.. Sam as the input.

b. ZI - Same as the input.

c. TORQUE J. - Dimensionless torque on bearing

T

Vc

where Tj W torque on journal, in-lb.

V - total load, lb.

d. TORQUE B. - Dimensionless torque on bearing

Tb
"WC

where Tb * torque on bearing, in-lb.

a. RADIAL LOAD - Dimensionless radial component of load
Fr

IL (N1 + No) ( 2 i) 2

where F - radial component of load, lb.
r
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f. TANG. LOAD = Dimensionless tangential component of load

UF

2
ot 'C'-

[ where Ft . tangential component of load, lb.

g. FLOW - Dimensionless flow

2: q i
ri.' ~R C (Ni + N0) :,

where Q - flow, cu. in/sec.

h. COS. MOMENT Dimensionless radial (cosine) component of moment,

about the initial end of journal.

Xr

R 3
S(Ni + N0) ( •) R

where M - radial component of moment, lb-in.

i. SIN MOMENT = Dimensionless tangential (sin) component of moment,

about the initial end of journal.
; M

t
R2

S(N + No) R3

where H W tangential component of moment, lb-in./ t

A Fortran listing of Program PN 406 is provided in the next few pages.

Typical listings of input and output are also given.

I
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C IN tKK~r1~mvrE JVURiiAL
C WITH LARGE ECCENTRICITY AND MISALIGNMENT

IC INTURBULENCE REGIMEI I COMMON MOIAGDELXDEL1,DLL5,MM6,*MGIMG2.NmNP(17t19hAI(2,9,1 3
191,81(2*19).CC(2919).AF1I17.192 ,AF2C17,191,AF3(17,19),AF4I17,19),A 31
2F6(17919),AF7117919),AF5I17,19),PHsI(17919) 32
DIMENSION BETA(33.DEP(3)tALPHAI3).PFIX(31, Q00C191,H9(17 3-
1,19)sQOQO(191 .PP(17),PPP(17).PPX(17),PPPX(17),AX1(17,19).AX2(17,19 3
2),AX3(17919)hAX6(17919),AX7(17919),AX8(17,191,AX9(17,19),WS11(17,1 3
392,WSlIl?,17192,W513(17,19) ,WS14117,192,KX(171 ,AXL(2919).CZ(2tl93 36
DIMENSION rKUPT(11,19) 3
LOG.ICAL PPOUT9VENTvTOR~vMORE 3

2~. FORMAT(6H1INPUT2

10READ(59INPUT) 4

MDIAGwO ý
MD=O l

RATLDn2o.*ALOVD...
MGlIM1-l
AMGwMG15
MSuI2-II
IFIVENTI GO TO 102

*M812+11-1 5 f
OMMISM-l

MG2-MGI .

p 00 TO 101
102 Mu.12

c RATLOU2**RATLL)

BMMI4 M-1
a1402.0 *2 6'J

101 DO 30 ImIsM

DO 30 JuloN 6

NP(19J)al 6

20 NP(MvJlm1 7d

i 100 AN=N 7

PI*3o14l59265356979 7
DTHETAw2o*P I/AN

TPSuZ.'PI*SIGN
CON1U6**TPS 7
RADIANu*0174532925'19943 7
GA~nGAM*RADIAN 7

EDTmOvO dc
CON2wCOWIREN 8
TORQE*FALSE. 8

-- TPS1&TPS1890
TROuTPSI*REN
DELXEDTHETA
DELZmRATLD/BMMI

1!2,!I226 o 1-*
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AMSwMS S
DELZS=DELZ 5
ANGu0s _______________

PHIMCaPNDOT-flo-SI6NJ*O.5 9

L11a 9'

L2n!ll9
38 DO 4.0 ju1,N 94

CC(Ll*J)=Oe0
AXLIL19JINO* ____________91

CZIL19J)00.
Al (Llv2,Jl=OO 10(
Al(Ll939J~u0.0 - - - o:

IF(VENTJ GO TO 4.8 .10'

Llz2 10!
L2=12 ___104

IND=2 10;
GO TO 38 101

48 NR1l 10,

DELrnDELZ________11
DZ=0*5/DELZ11

200 BETaBETA(NR3*RADIAN 1
OEPM=OEP(NR) 1
ALPH=ALPHA(NRI 1

.LALM1lul-ALPH 121
ALTALluALPH*ALM1 12
SINBuSIN(SET) 12.
C0SB=COS(BET) 12
SlNb2wSINb*S!N6 12-
COSHi2uC0Sc*COSB 1
COT2zCOSB2/51NB2 12.
DLZaDEL*UTHETA 12
INrTORG) GO TO 1001 12.
Do 2000 IaISMM 12'

ZCOR*Z/COR 1____

EPH=___AI*CO 13

EPZG=EPZGH*PH IMC 13_________

DO 2001 JoloN 1

OSCS ANGSIN(ANG) 13

H1 .+CO*EPZGH 13
H9(19J~)=H 13
H3=H*H*H 14
H6zH+LUEPH 14.

HGHRUmG/H 1___________

AX9 ( I J) (.EDZR*CO+EPZG*Sl *SINU*P!*240-------' 14
HG3=iiG~*3 1
HGHR3uHG3/H3
Slale/SINB2
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__j~gyGmREN*HG . .* -..- . - 149
GXRwGfCF(R-EIR1*12o 5

- GXGmGTCFIRENG1*1.2. 1is
0 -iRa`GZCF (RENR 1*12. - 152

GZG=GZCF(RENGI*12* 153

__S6&(GXG+GZG*C.OT21i i'5 I
S7uGZG*S2 5

S9=GZROSZ

IlauqS 155
S, u-SS/S6/HGMtR3 6

-_S12a1..S11*ALPH-ALPH 161
S13=(S7-S81HGHR31/S61I2 162
-S14.RENR/HG3/S1Z*tl1 -HGHR)/S6 16-
ALH3uALPH*HG3 16~4
AlSUSINB*IALH3*56*S11-ALM1*SS*H3)/S1Z 165
A2.-ALMI*IALPH*S5*S13+Sei)*H3 16(Z
Aj2m(Aý?4AlpH3*(ALMI*S6*S13-S7) )*SINS 16-1
A3UALTALI*S14*(S6*HG3-S5*H3 )/REN 1 6E
A3.CON1*1A34.H*ALMI4HG*ALPH, *SIN8 16S
DI4YuN3'ALM1 17C
S7HuHGHR3*S7 171
81S=-H3/51Z*IS8*ALMl-S7H*ALPH*S11 )*SI NB 172
B2EALH3*(S9-S7*51 3*ALM1)+DMY*(S1O+ALPH*58*SI13 17-
B3wCON1*ALTAL1*5I4* 1S8-S7tfl 114
B2*-.82*SINS 17!
AXIloiJ).AIS+A2*COSB -* 174E
63u-83*H3*SINB/REN 177
AX? II.JI.A2*SINB17
WS11(ZJ)aSll/S1Z 17S

W513(11J)*S13 181
WS14(I.J0uS14 182i
AX3( I ,J)sA3 8
AXbtlI J).81S4.82*COSB 164
AX7I I J) *B2*SINB 1d!
AXOII IJ)u83 1dt

IF(MDoNE*21 GO TO 2001 181
IF f I*EQsIS* ANDeJeEO.1) 8

IWRITE16,2) AXI(IJ~,AX2IIJIAX3(1,-IhAX6CIJ),AX7I 18s
11 .J)*AX8(19J)9AX9II .J1 19C

2001 ANG=ANG+OTHETA 191
ZwZ4DEL 19;

2000 CONTINUE 19-.
?F(NR.EQ.1) GO TO 2010 194
IF(NR*EQ*3) GO TO 2014 19t
IF(VENT) GO TO 2014 19C
GO TO 020.0 - 19-4

2010 IKuI 19&1
G.Q 19

I IK MM 20~T~IlQQ * ~20
COMPUTE THE DIFFERENCES IN XS AND COEFFICIE'NT 20

JAGG G~s20
DO 4010 JuI9N 20
AFL(IP.!1u090 ------__ __ _ 20
AF2(IPJIuO. - - 20

~ 20
AF4( IJluOoO 20
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AF611I J)11.0
AF7I I ..I=-PFlX(NRJ 21

4010 CONTINUE
2020 IST2IS+l 21-3

Lmm1.mm-1 21;
60 '4000 11IST.MM1 21!
10=I-1 1
17=1+1 21,
DO 4000 J1,*N 21
DTH:L)THE221

rIF(J*E~o.1OR*J*EQoN) 'G0 TO 4004 22(
JOiJ-1 2211
J1Ji+1 22i
GO TO 4008 22.2

4004 IF(JeEQ.1) GO TO 4006 224
JO =N-i 22.r
J1M1 22(
GO TO 4008 221

40U6 JU=N 22t
J1=2 22S

40U8 AF1EI~jI=SIN8*AX71I*J) ý23C I
1. +S1N13*(AX7( 17,J)-AX7( I09JI I4DZ 231"

LAF3(11J)=AX2CIJ),COSI3*AX7CIJ)+SIN8WAX6IIJ3 23".fj rAF4( I.JI=(AX1CIJ1)-AX1IItJO)+COSo*(AX6(I.J1I-AX6(IJOf)4)DTH 234

H1 +SINB*(AX6(17PJI-AX6(lOsJ,)*DZ 235
Al 5I1,jl'lAX1(.1,J)gCOSts*AX611,J) 236

AFW( I 9J) =Oeo 231
AF7(11J)=(AX3(IJ~l)AX3(I ,JOl+CCJSB*CAX8(IJ1)-AX8(1,J0)fl*DTH 23E
I +SINB*IAX8117sJ)-AX8E 10,JI l*DZ.AX9(I 'JI 235
IF (MD*EQ@2 *AND. Js EQ. 1) 24C

1WRITEC692) AFI(1.JIAF2( IJ).AF3(IJ),AF4(I.J),AFS( 241

11 .4) AF7419 J) 242
4UUU CUNTINUE 24-

IF(NR*EU1I) GO TO 4020 244'
IIFiNR*EU*2I GO TO 4040 24!
I i~t 241
[E%12 241
GO TO 4090 2 4f

4020 Hal1 24S
I EMM25

GO TO 4090 251I4U40 H1al 25i
1Em1S 25-

4090 DU 4100 J1,sN25
Al11.1 .19 2r0.0 255
Al1III,5sJI=Ue 25fE
TRS=AX7(EtEJ) 2511
TRS~ZTRS*DZ*2e.25
Alt(11 4,JI:-TRSZ -255

V AiC II,2,JI=AUII,2,J)-TRSZ*ER02 26C
D0TmAX6( IEsJI*UTHE2
CC(IIJ)=CL( I IJ)-DDT 26i
CZ( I I J)=DDT26

B1(I1.J)m-CCClqj 11.4
Al(II93*JIlA1(II939J)+TRSZ

AFiC IE*J)wAXLI II ,JI-AXB( IEoJ) 2 64

AFiC IEJ)Ic0O 26E
AF3( IEJI*O.O 2?C



AFS( IE*J)uO.O 1
AF6( IE.J)=*O0_________ 274*

I WPITE!6t2l Al.I2;eA(...IAU1 IJ.tii,

I)9CC(fI.J).AF (E9J) 276

4100 CONTINUE ________ ____27-7

IF(NReEQ*I) GO TO 4102 27E
GO TO 41AO ____ _____27$

4102 IS-il--------1_________ 26C~
- tRi2 __ -- 2bl

AmMU2 2ts2
EROZQ28-3

_DELaDELZS 2.d--.---~~.

DZmO. 5/DELZS 28~
0 2T00O 2d

IFIKKeEgalI GO TO 4160 2

NMum 29
NRa3........___ 29
ERkd2'OS 29

_._.EL uDEJ. Z. . 29
DZ=OoS/DELZ 29

~4OJ.ZQQ -~ -. ~ -29

4160i IErn12 __-29

_____291

KK=2

GO TO 4090 30C

A0AFN*Ee2 '0TO .4160 301.~......

3U
CA[LL CICI (MD) -- 30

#4DQ -WIE(,3 - . 30
IF(PPOUT) WRT(9)3 0
DO_ 0 575 lml9M 30'
IF(PPOUT) WRITEf6.4)tPNI(ljiJ-1,zlN) .- 30

KUPT(I*Jl*O 3OT1.!. 1-

lFPHJ.I.jR!ttOkE-O9J. QTQ-:5 3121

___KUPTI )*1 3

575 C4NTINU

DO 4200 JulvN 3

VFI.(PIIIIIP.J+1)-PHI(lP.j-ii 3*DTHE2 3

13 *DZ+AFLOW 32

IF41DIAGoEG*21 WRITE(692)YF1,AFLOW 32..*

46220 IF(J*EQ*NI GO TO 4230 32
4I0YPls(Pt$I(IPv2)-PHIlIPN1))*DTHE2 32160TO 4210 32______

____ ____ ____ ____ ____ ____ ____ ____ ____ ____ ____ ____ ___ 332

'60 TO 421L



TORQR*TRUE. *

IT1al 331
1T2w11 33o

FTClm0O. 331
GO TO 200 33S

1001 D0 1000 11IT1.1T2 34C
DO 1000 J=IvN 341

IF(KUPT(IJ~eEQ.1D GO TO 100034
IFC!.EO.IT1.OR*I.EQ*1T2) GO TO 180034
DPDZ=CPHI(I+1.J)-PHI(I-1*J))/OZ 34'.
AFTR.1 .0 34!

1200 IF(J*EQ*1.OR*J*EQ.Nl G0 TO 1600 34f
DPDT=(PHICIJ+1)-PHI1(ZJ-1fl*DTHE2 34#

1240 HzH91IJ) 4
BOEH*ALTALI*DEPHW
AQ* *OBW1(9)-*LIW1(9)APHW1(*)(+EH) 35C
IDPOT 33]
AO=-AO+B041(-CON2*WS14( I J)-WS13E I J,*DPOZ*SINB)35
TQ=TQ+AC*DLZ*0*5*AFTR 32
GO TO 1010 351

16UU IF(J*EQ.N) GO TO 161035
DPcDTuCPHI (I 2)-PHI ( IN) *DTHE2 .35.f

161 TO 1240 WOT 11

GOTO 1240W
18OAFTRm.53C

IF(I*EQ*1T2) GOT 80362

GO TO 1200 36i~
* 1810 OPDZ=C PHI (IT2.J3-PHI ( T2-1,JI))IDELZ 36ý

GO TO 120036
1 C10 RE=REN*H 36f

TC2=TCC(RE)*ALMI 36-
RE.REN*(H+DEPH F 361
TCI.TC1+C TC2+TCC(REI*ALPHI*TRQ*DLZ*AFTR36

IF (J.NEel) GO TO 1000 37C
I F(MD*EU*2*AN~eI .EQeIT1) 373

WRITE(6s23A0,TQoREvTC1vTC2 37;
1000 CONTINUE 37':

IF(NRaEU91) GO TO 1400 37!
IF(NR*EQ*2) GO TO 141037
C-O TO 578 371,

14U0 Nk=2 371
I T1=I1 *37i.
I T2=12 38C
GO TO 200 3 a

1410 IF(VENT) GO TO 578 38;
NRx33
1T1=12 38'
I T2vM3r
GO TO 200 381

518 TQOw TQ+TCl
IF (SIGAI*LT*092 TQOO-T0O ____ 384

THE=0*0 35___

DO 580 J1,*N 3__
OQQQIJI=SIN(THE)_ _1

GQQQOIJ)=COS(THEI A_____-3
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30 THE-UTHkTA+tH[ 39 3
DO 590 I-l,NI 39'4

-Pop( I I*QOo 396
6u a- 1.ON 391

DUM=PH I(I J)39

PoJ( I) uPpP I+ 9QUQQCJI*DUm 31

PPCI)=PP(I)*DTHETA -401

PPP(I)xPPPII)*UTHETA 402
PPXCI , PP(]U*XXCI) -- .40o3

590 PPPX(I).PPP(I)*XX(I) 404J
FSINSSUM(PPoMeDELZ) ----- 40 .
FCO~mSUMfPPP9MDELZ I 40

--FMCSI=SUMIPPPX#MoELZ) 40

FMC 05=-FMCO 5 
40FCOSs-FCOS 4 1

WLOADuIFCOS**2+FS IN~** - .- - 41ý
WLOADiSQRT CWLOAD) 41
TrOzmTQO/WLOAD 41
TO! cTQO+EPS*FSI N/WLOAD" 41
WRITE (6*.6) 411
WRITE (697) RENEPSTQ!,TQ0,FCOSFSINAFLOW.FMCOSFMSIN 414

-6 FORMAT (112H REN NO. EPS. T 'ORQUE Jo TORQUE be RADIAL LOA .414

iD TANG. LOAC) FLOW COS* MOMENT SIN. MOMENT 141f
7 FORMAT (F9e29lX9F6o3t7(IXE13o6))

54ý9 IF(MORE) GO TO 10 
42ý

END* 42
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3tjH 4Cj T ltEC 1( 1 2
COMMON MDIAC L)A0 ' DLLLLELZSv,'-5M, G1 MG2 eN NP( 17*19) sAl(2 *501 -3
19 lob1( 2 tIV) o CC( (2 9191 )AF 1( 17.*19 1 aA~ ( 17* 19 *AV; 11 7.1 Q~ IAFt.1 17 710~ . A

2Fc,(1791y) 9AFf(I /I ;,) AFti( 1119) 9PH-1(17919) -5
01MENaIUPI A~l17.17) b(17,1 7),C( 17,17) D( 17.1?) ,F(20,17),AK.(17,17)t, 6I

217),Cj(l7sI7)9E(iL7,l7) aIANzl .U/DELX -
NC=O 10

M.MS+MGI+M0G2+1 -.-- ---- 4
MN1=MG1+l 12
MN2=MN'1+t5 .- .-

DXI=ANi*0. 5 14
DX2= AN**2 --I ---S

2U3 DO 205 I1 =1,M 16
D0 204 11 = I, M..-...-

F (1II1=U. 20
2U5 D (II1)1 -*-------- --ai

UO 300u J=1,N 22
WRITE(7)( CL( 1,1?) .D( 3,11)*I1,M)91=1tM) 2
IF- (MU*NE*2) GO TO 240 24

WRITE (69103 ) AFi (1 J) ,AF2( 1 J) .AF3 (1 .J) 9AF4( 1 .J t AF5 (1 9A oAF64 1 ---- 4
1) ,AF7I 1 J) 26
WRITE (69103) -4
1 AI( 1,.J),A1( 1.2.J) .A1(1.3.J) .AI1C 4.J) ,Al(195,J),B1(MN1, 28
1JI.CJCCMN1.JI ...

WR~ITE (6.103) 30
1 A1(2,1,J).Al(2,294),A1(2,3,J1,A1(2.4,J),A1(2,5.JI.9 . -.3j.
IUI (MN29J) .CC CMN29J) 32

240 DZ1=u.o5/(DELZl -33-
DZ2=I1./(DELL )4*2 34

241 D0242 I=19M ..-. 9
DO 242 1)1=1M 36
B ( 1 911) =0. -- X
A (o1I)=0. 38

242 CfI*I,)z0*-- --- 39
DO 250 1=14M 40

2U6 IF(I-MG1-1) 212,210,212 ------ 44-
209 AFJI(I)=-AF7(I.Jl 42

GO TO 250 4
210 IF(MS) 211P2129211 ---.----

211 DZ1:o.5/DELZS 46

IF(NP(IiPJ)20992329209 48
232 IF(MG1) 233,2129233 49*-
233 IF(NC*EO.2) GO TO 600 so

A( ivI-2)=A1(1,1,J)--
A(I,1-1)2A1(1t29J) 52

A( 11+1 )mA1(1I 4.JI 54

A(1 Iv 11.81(1t9J) 56
C(LJ)aCC(1wJ) 56-___

600 AFJI(1)=-AF11I,J) 58
GO TO 250 S-.- .. . . . .. - - 4

212 IF(NP(T9J))209m234,209 60
234 IFEI-MG1-M5-1) 215,213.215-
213 IFIMS) 2149215s214 62

-119-



214 DZIý-;*5/LELZ 0

IF(NC*EU.2) Ga TO 601 65I A4 1.I-2)=A11 291*J) 66
A( 1.* 1-1 )*Al

A (1.1+213 AI I2 .4J) 7
A(1,J+lsxl( Z,5J) 71

C(II,! CC(2q,j) 72
601 AFJI(13=-AF7(1,J)7)

GO TO 250 7
215 IF(NC*EQ.2) 60 TO 602 7ý

8(1.+Ia-lAF3( I .J)*D)Xl*Wl 1

A(1,1)=AF5(1 ,J)-2).0-AF41( IJ)*UX2 175I,)DXI
Al I# .+ I Ia-AF1 3CI s J ) * Z2X+IF2 I /a*Z18
C (1,1-1I'zF(*J*-AF3( I ,J3*OX1'79
C(1,IIUAF4CJJ)-*DX1+AFS(1,J)*DX2 8351#)DX1e

C(1#1+1 ).AFI(IZJ310X1*UZ1 d4
6U2 AFJI(I)P-Af7(19J3 05
250 CONTINUE 8

IFlNC*EO.23 GO TO 603 6
DO 260 1=19M 88
DO 260 111,9M 89
AKf*I11)=AlI9) go119
DO 260 II1=1.M 91

260 AKE 1,11 UAK(I .11 +811Il 3)*L(I 11,113 92
IFHMDIAQjLT*2) GO TO 262 93
WRITL46 .1013 J 94
DO 261 Iu1.N 95

261 WRITE(6*1001 (AK(1.I*I.~lu1.M) -96

262 CALL MATINV(AK9M9DUM90sDUM1I 97
603 CONTINUE 98

DO 4U4 1.1,14 99
bF I1) uAFJI(I 130
F(J+1913xG. 101
DO 4U4 11.1.14 102
E~lIIeII0m 103
BDII.IIlluQ., 104
DO 403 11!*1,M 105

403 EDlZ.U)sBDL.411-AKA 1.111)*CL111.11) 10b

DO 406 1ul.M 1U9
DO 406.-11 u1. sM 1101
DCIt.113.0 111'
0O0 405-IIRIOM - 112!

405 D (1,313 *0( 1.11-AK(I ,1111*BD( 111,113 113i

*".Fl - - 1141
300 CONTINUE -.-.-.-- ~.-.- 1615

DO 504 11.1,14 117

505 DD(I61)*I.eDD(IvI3 119f
- EIMOIAG4TAJ&2J ~ ~

WRITE 46.101) 2
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,. CAL v. i4, i 1 1

DO 5L;7 I1 .9M .25

S IN, IN 1 126
;;0 5 7 1! !: t -M1 7

GN(fi ll)=G. 128
DO (11b I I I 911 M 129

(N , I ti )=GN( It * l) (, I ll I *E(*i 1 1 I 1 130
131

DO 512 Km2,N 134

WfRITE(8) C (G(1, III. , , M) ,l 1 o.l 135
!3ACKSPAC[ 7 136
R LAD( 7) ( ( L .9 1 1 0(111 ) I * I ). -i ,.) .I I'1 .MI 137
B•ACKSPACE 7 138
I ý Mw, Au. Li, 2) wRITI. I6,IOU) ((L(i 9 1 1 1 1 il o•- .':) l lzil.fl 139

J=J-/ 140

Du 5U9 1= 1.4 A141
S J-1.I)=FIJ.I) 142

O0 509 IlsiM 143
GI( 111 ) =0. 144
DO 5u8 111=19M 145
,l 1 I=uJ I l+0 19111 )*ON( 111 *L I )+L( I .11 )*u( III .L 1) 146
IF(MII)IAUNI-*2) UU TO 506 147

508 CUNTINUL 148
5U9 SIJ-1,I }=5(J-lL l*LI o I*S(J,4 i)÷LI 1 ,I I I 149

Do 512 I=1,M 150
DO 512 lI=IM 151

512 .1 (I I -vL) ( .1911 152
280 DO I11 I=I,1; 153

Do0 516 11 =I , 154

ItI) Au.) 1.2) 1u TO 2Du 155

t o) I' • 0I, 159

jý' WFI T t ( () 9 .1 .)' ( .( . I . I I • 160
u 6b CALL. MAI INV(II'.t\iM L'MN'# I) I 1 I 161

I I MDIA,,.LI I ) uL' TO 270 162
I. 1b3
oVMI TL b.l Ul2i 1b4
L) 0t 21.3 i1 ,"4 q 165

2 1. WRI IL (69ji~o II. l I . III. I=I Ml Ib6

270 DO 515 1=,M 167
PHI (1l)=0 168
D)0 515 1 1MV. 169

515 Pt-I ( I.1 l UD.t I ,) I*., (1 .1 I II= .)( 170
DO 51b J=2*N 171
BACK bPACL 8 172
RLAU(d)I (01.1 11iI*.1 1II 113
BA(KSPACL 8 174

DO 516 1=19M 175
PHIlIIJI=S(JI 176
DO 516 11=1.M 177

516 PHI(I.J)aPHI( IJ÷+G(!.L I *PHI 11,I1) 178
REWIND 7 179
REWIND 8'** 1 0

IF 4M0*LU#,21 fO TO L O 1. . ... ý4 .

IF(MDIAG.LT,21 UO TO 268 182
110 WRITE (6.1021 1#

O0 267 alM 184
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267 WRITE (69100 OQIj~jlN

190FORMAT(IX91PIOE11*4) 

b&0 , oAMAT 4 1x .1lP7E 11.4 ) 
- - - - - - - - - - - .. 

190END 

197



SUUROUT INE MATINV4A9N~b#Mo.1)LTR)
C MATRIX INVER51QN OITH ACCOMPANYING SOLUT!ON OF LINEAR EQUATIONS__

FUIVALENCE HIROw#JROWj (ICOLU sJCOLU )o (AMAX, Tt SWAP)
C INITIALIZATION

10 DETER alsO
15 DO 2u n#
20 IPIVO (jI'O iC
30 DC) 550 11,#N ~

C
C SEARCH FOR PIVOT ELEMENT i
C

40 AMAX=O.C i
45 DO loS .J~loN 1(
5U IF (IPIVU (J)-l) 60o 105. 60 2
60 D0 100 K=1*N it
70 IF UIPIVO (KI-lI 80. 100o 740 is
80 IF (AbS (AMAX)-ABS (A(JtKU)) 859 100. 100 2c
85 IROW=J 21
90 ICOLU =K2
95 AMAX=ACJ#Kl 2':

100 CONTINUE-
105 CUNTINUE 2!
110 IPIVO (ICULU )=IPIVO (ICULU )+I 1

C INTERCHANGE R~w5 TO PUT PIVOT ELEMENT UN DIAGONAL 2E

130 IF (IROW-ICOLU ) 140, 260. 140 3c
140 DETER a-O)ETER 31
150 DO 2Q0 L=1.N 3
160 SwAPxA(IR0M.L)32
170 AUIRUw9L)=A(ICOLU 9L) 3
2OU AlICULU *L)=SWAP 3!
2j5 IF(M) 260. 2609 210 3
210 D0 250 L=19 M 310
2 20C SWAP= ( I ROW#Li J__f
230 B(IR0W9L3aBlICOLUl sL) 35S
25U B(ICOLU,9L)sSWAP 4C
260 IpNuEXlI.1IIROW 41
270 INDEX(1,2I=ICOLU 42_
310 PIVOTEII=A(ICOLU sIC0LU J I
32 EE LTE PVT] 4!

C 42!EE EER~IO()"
C DIVIDE PIVOT ROW BY PIVOT ELEMENT ___41

C 41
*330 A(ICOLU #ICOLU )v1.O 4

340 DO 350 LwlvN 4S
350 AIICOLU #L)=A(ICOLU 9L)/PIVOTII) 5C
355 IF(Ml 3809 380, 360 51
360 DO 370 LwlvM 5
370 841COLU *L)-8(ICOLU *L:/PIVOT(I) s

C 54
--C-REDUCE NON-PIVOT ROWS 5!

C ____ S
38000O 550 Lkni#N --- 5-
390 IF(Ll-ICOLU 1 4009 550o. 400____ $1_
400 T-A(L1,ICQLU 5s _______

420 A(L1,ICOLU Iw0.0 6C
4 .3000DO4.50 -LuioN .. -

4.50 A(LLL)SA(L1,L)-A(lC0LLJ *L*T
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C0 M1ERCHNG(Le lBCOLU *L)T S

C 6

600 DO 710 lal.N
610 LN+1-I %. .-- ____ ___,- 71

-- 630 JRWAouADKJR oW3 .

670 A(KJROW~uA(K#JCOLLJ 7)
700 -A(ikJO )SW7E

-705 CONTINUE 75
710 CONTINUE . .-- d
740 RETURN

END6



IF(RE*GT.100*0) GO TO 10I

GO TO 100
10 IF(REoGT.400O*O GO TO 20

TCC=4. 175/(RE )**.86.-
GO TO 100 E

20 IF(RE@GTel0OQ*O) GO TO 30 S:
TCC=*547/ IRE )***521 ic
GO TO 100 11

30 IF(RE*GT*40O0.O) GO TO 40 1
TCC.&342/ (RE )***453 l
GO TO 100

4U TCC.oU64/(RE)**925
100 RETURN 1

END



FUNCTIgN SU -PqM9 -DX _-

DIMENSION4 P(1-1- .. .-..)

2dSU1-tM+P (IO

6O TO 13C0,40*50)*K___ _________

3DG SmSMO/ 3 C
RETURN - .--.-- ----.-. - -.

-40 K-3
45 SUMeSUM*2*O

GO TO 10
50O Kul

KKAM ..--

I: KK~wM-1 i
GO TO 45
END 2
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FUNCTION GZCF(REYN)
REzREYN
IF(RE.LE*7090)GO TO 20
IF((RE.GT.70.O).AND.(RE.LE.4000.OU)GO TO 30I

10 I'F((RE.GT.4000.U(.ANO.(RE.LE.7.OE+03)$ GO TO 40
IF((RE.GT.7000.0).AND.(RE.LE62.OE+04)) GO TO 50- 1
GZCF=25.6/ (RE [**.756
RETURN

20 GZCF1.%U/12.0
RETURN

30 GZCF=1.858 E-09*(RE)**?-1*878E-05*RE+.0S46
RETURN -

40 GZCFz9.62/(RE[)**652 1
RETURN

50 GZCF=11.3/(RE I *.674
RETURN
END i
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FUNCTION GTCF(REYN)_______I REaREYN
lP(RE.LL*70*0)(3O TO ZO_0__
iF((RE.GT.7O.Oi.ANUO.R~eLE.2000.Ofl GO TO 3010 IFIR*T20*)AD(ELeoE0)G O4
IF((RE.GT.5500.0).AND.(RE.LE.Z.OE.Q4). GO TO 50
G-,JCFz20.5/(RE)**0*784

20 GICF*1.0/12*0 ____iC

RETURN _

40 GTCF*4.90/(RE)**.628_
RETURN 1

50 GTCFzlQ.35/IRE)**.716 it______

RETURN I11
END 1 E
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APPENDIX IV

COMPUTER PROGRAM PN 406

STATIC PERFORMANCE OF A SPIRAL-GRDOVED, FLUATING-k.LN JOURNAL

Input BEARING OPERATED IN THE TURBULENT REGIME,

All input data appear in the form of name list except when the characteristics

of inner and outer film are known and need not be computed within the program.

In that case, two sets of data, each containing 9 cards in a spetified form

as explained in detail below, are required to provide the information on the

film characteristics.

For the readers who would like to be familiar with the format of namelist, it

is recomnmnded that he read pages 14 and 19 of Ref. (10).

The choice of whether to provide or to compute the film characteristics is

indicated by the first word of the namelist "NGFUT". The preparation of input

for each case is shown below:

Case I: The film data generated within the program -

the namelist contains two listings; these are '•"UT" and "INPUT".

A. "NGPUT" includes the following input:

1. INPIRD, INPRD ig 1: The film characteristics will be generated

within the program and the information in the namelist

"INPUT" must be provided.

2. NEPS- Number of (inner film) eccentricities ratios to be

examined (maximum 10).

3. NCASE, NCASE - 0: Last set of input.

NCASE • 0: More input follows, starting from the namelisting

"NGPUT".

4. NN N Number of iterations to be allowed to achieve an

equilibrium condition in the floating-ring system

(recommend 10).

5. R2R1 = Radiue ratio of ring and journal.

L R2/RI, R, - radius of Journal, in.; R - radius of ring, in.

6. ANTT =Initial guess, on the speed ratio; w/l

w2 - speed of ring, rad/sec.; a)- speed of journal, rad/sec.
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7. DN - Incremental value of the ring speed ratio during the

iteration (recommend. .15).

8. REY - Overall Reynolds number under which the bearing is to be operated.

S�C L- - inner ftim thickness, in.,

!v - kinematic viscosity in 2/sec.

9.EPIS - Eccentricity ratios of inner film to be examined. There are

NEUS number of eccentricity ratios to be provided (maximum 10).

10.CORI = Inner film clearance ratio

= C l/i

ll.C0R2 - Outer film clearance ratio

- c21/2

12.PIS - Overall dimensionless puge presasue measures at the end and

the'middle of the bearing. 2

2- 2-:(pressure, ptsg) / 7r()

where g is the dynamic viscosity, in-2in 2

The pressure at the end appears first.

B. "INPUT" includes the following input:

1. ' 1Sp - The starting value of ring-speed ratio under which the film

data will be generated. It is noted that 0 _5 RINSP 51. Since

the film data of each film covers three different speeds, a

small number for RINSP, say .25, is recommended.

2. DELSB - The incremental ring-speed ratio, DRLSPB should be

sufficiently small such that RINS? + 2 x DILS !51. The

recommended value for DILSP is 0.15.

3. BLOVD - Length diameter ratio, L/2R1 , where L is the length of journal.

4. Il - Number of axial grid points in the first region of the bearing

counted from the initial end of journal (see Fig. 2). An odd

number is required and also it must be at least 2 less than 12.

The minimum permissible value for I1 is 3.
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B. 5. 12 = Number of axial grid points counted from the initial end of

the journal to the middle ot the journal. The iul .. U
permissible value for 12 is 5 and the maximum is 17. Again,

12 must be an odd number. The number of grid points in the

second region is 12-11+1 which gives (12-11) intervals.

6. N9 - Number of grid points in the circumferential direction,

maximum permissible value for N9 is 19.

7. EPSI - An array of three values of e for which inner bearing, film

data are to be generated. The range of EPSI should be wide

enough to cover anticipated operating eccentricities.

8. BZTA = Groove angle in degrees. BETA must be specified for the first

region of the bearing (first value) and the second region of

the bearing (second value). For a pump-in design, with grooving

in the first region, and a smooth seal in the second region,

BETA should be read in as an obtuse angle, the same value for

BETA being read in for the second region as for the first

region. For a pump out design, with grooving in the second

region of the bearing and a seal in the first region, BETA

should be read in as acute angle with the same value of BETA

being read in for the first region as for the second region.

Never bat BETA a 0.

9. DEI - Groove recess ratios in the two regions of journal with the

first value referring to the first region, etc.

- B/c, where 5 - groove recess, in.

and c - nominal, radial clearance, in.

To impose the condition of a smooth bearing (no grooving) in

either region, set DEP - 0 for that region.

10. ALPHA-Fractional groove width in the two regions of a journal with

the first value referring to the first region - a / (a + at),

where a and ar are the widths in inches in the groove and

ridge portion respectively. To impose the condition of a

smooth bearing in either region, set ALPUf - 0 for that region.

11. E•S2- An array of three values of e 2 for which outer bearing film

data are to be generated. The range of EPS2 shoul be wide

enough to cover anticipated operating eccentricity.
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Case MT: In the case of known film characteristicu, only the namelisting

"NGPUT" is required. In addition to that, 18 caras must e ;elu".

• .. ch contain the film data.

The content of namelisting "NGPUT" is essentially the same as those

of Case 1. provided flWRD must be equal to 1.

The inner film data appear first corresponding to three eccentricity

ratios aL three different inner film Reynolds numbers.

The data include (these symbols are defined below)

ase, 4, 0~ §~ 8

which are punched on one card with the format of (1X, F8.1, F5.2,

4213.6).The first three cards are for the same Reynolds number, the

smallest of the three values. Each card refers to a different

eccentricity ratio. Again, the order of the eccentricity ratio is

ascending. The next three cards correspond to a higher Reynolds

number but with the same set of eccentricity ratios. In total,

there are 9 cards for the inner film.

Following the inner film data, there are 9 cards for outer film

data arraenpd in an order similar to that for the inner film.

The six quantities used as input for the inner and outer film

are defined below.

1. Re - Reynolds number
v2)11Cl (for inner film)

3 a)2!1 C2 (for outer film)

2. e - Eccentricity (see Pig. 3)

a el/Cl (for inner film)

a e /c2 (for outer film)

3. T! U Dimensionless Torque of Journal

A- (for inner film), where V - load, pounds

STj (for outer film)
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Case II:

4. T B- Dimensionless Torque of Bearina

a B (.for Inner film)

B TB

- - (for outer film)
w2

5. S Sommerfeld Number

R 2

LD1MN+~ 1

= • (for inner film)
w

LD2iN 2 4 t 2.

- 2 (for outer film)

where N1 and N2 are speed of journal and ring in rev./aec.,

* 6. - Attitude angle, degree (see Fig. 3) respectively.

" (for inner film)

- y2 (for outer film)

* Output
The output appears under the title of "Flosting-Ring with herringbone journal".

1. Main program input: it prints out the title of "Main program input".

Immediately, there follows the title of "Namelist NGPUT" and the entire

contents in that namelist. At the end, it prints out "end namelist

NGPUT".

2. Input for subroutine-O°HERNB": it prints out the title of "Herringbone

Bearing Input" and & title of "Namelist INPUT". Then, the entire contents

* of that namelist are printed out. At the end, it prints out "end namelist

INPUT".

3. Single film data

A. For Inner Film:

There are three eccentricity ratios at three different Reynolds

numbers corresponding to three different speed ratios. The output

starts with a title of "inner film data" and then the headings

REYNOLDS NO., ECCENTRICITY, INNER TCGQUE, OUTER TORQUE, SOMMERFELD
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NO., ATT. ANGLE, FLOW, on one line. Immediately, there follows

9 lines of data. Each line contains seven quantities under the

appropriate heading. The first six of these seven quantities are

defined above in the input list for NGPUT, Case II. The flow is

defined as

Q .- A.nenhionless flow

" 2 (for inner film)
R 2C (N+N)

- (io outer film)
R2 C2 N2

F Flow, cu. in/sec.

B. For Outer Film:

After the output of the inner film, there are a set of output referring

to the outer film just like those for the inner film. The output com-

prises the title of "OuteL Film Data", the heading and 9 lines of data,

4. Final performance characteristics of the floating ring bearing at the steady

state equilibrium condition. Under the title of output, there are four values

in a line. These are:

ECCENM/C 1 = e/c1 - the overall eccentricity of the Journal at

equilibrium position divided by the nominal

-" clearance of the inner film (see Fig. 4).

N2/P 1 C2 /C 1 and R2/A 1 as previously explained.

Next, there is a table of output referring to the inner film, the outer film,

and the overall bearing. There are seven values in a line and a total of 3

lines. Each line contains

( 0l-,2)RlCl
REYNOLDS NO. - (for inner film)
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"- (ior outer film)

"* •(for overall)
V

ECCENTICITY - e I/C (for inner film) -

(see F'ige. 3 . 4;

e2 2 2 /2 (for outer film)

£ " e/C4+C2  (for overall)

: . ... . . T t 1 2
TORQUE *Dimensionless form defined 85

"7] S e Ft (for inner film)

21 1-t

TB - S 6 (for outer film)

- ] + •S2 r2t2

(for overall)

where F•i and 't2 are defined on page 139.

SUPPLY PRES Dimensionless supply pressure

P (for inner film)

••1) (N1+N2)
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P (for outer film)

N2 _2)

P 2 (for overall)

1

SOWFD NO. - Sommerfeld Number

2

'82 (for .outer film)

LDgNI (a)222V

R1

S1(for overall)
w

ATT. ANGLE - Attitude angle in deg. (see Fig. 3)

= 01 (for inner film)

0 02 (for outer film)
t2

• 0 • (for overall)
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TANG. FORCE Dimensionless form of tangential force

FFt (for inner film)tI w sWSI

F t Ft 2  (for outer film)Ft2 2

where Fti - Tangential force of the inner film, pound

Ft2 - Tangential force of the outer film, pound

A Fortran listing of program PN 406 is provided in the next few pages. Typical

listings of input and output are also given.
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- - -- - ___ 03/04/69 -

FLOAT!Hc-p!NcZ !4 CIJ-aN!IO WTH WFRRINGSflNF JCLRNAL IN T-0ROULENT
C REGME

DIMENSION ----
CIMENSICN AI(,3 ,P1( 4,31,hI~EPI(4,3),8A1(4,36),SA(4),S11 B4) 3 554~

____ IMENSzCNPS(3,eehcI 4,p3),A6H1c( .p4s3 ),5!sz(I I56

5-00 FORMAT(j~,F8.,IF5.2,'.E12.EI 5
525 IORMAYW61PE1205I) 58

C INPRrJ.1,CATA FCR HERAINti80N-EBEARING READ IN 6
NAMELIST/NGPUI/INPRCNEPSN.CASE,ýNNR2Rl, AN7TTDNREY,_ 63

IEPISCUR1,CCOR2,PRES/1INPL-T/P.INSPOELSP,BLOVD,11, T2,19.
IEPSIt8ETh_O_~kP.tALPH-A-,E-PS2 65

52 NREmI 66
GAMwO.0 67

lOT f 68
MUSTSO

PHOOTO.069
KDIA~i370i
NSESIU71

NSES~oO 72

IF(MUSTshEolI C-0 TO 53 73
KO IAGI74

NSESZIm 75
53 NCCml 77

-- . Of ti I TO6 14
-SOS. F ORMAT (14N1.~ F LCATING-RING WIT.H HC-'RRINC-13ONE JOlURNAL

C2CL1C1-01tCCP.1*R2RI 81
WRITE16,210)----------- 82 15

PCS=FES(2)83
210 FORMATi2OH PAIN PROGRAM INPU7 1 946

VP IY T N0PUiT3 85 16
IF(INPRC*EQ.1) GO TO 202 86
READ(5tlfPUT) 87 20

wR~rI~,123as 21
21Z FORMAT( kT9 HE ARRING60i EVtARINT VW0 8I-

__WPITLI69INPUT) 90 22
I'PAS-l 91
REOwsREY (II 92

t LIEI9SLcv0tOR1, CCR2 V-90ETV 11- i2,f*N49tET IFHCat IElps1,VGA MIETA,9 93
1OkPALPHARINSPREOR2IRZELSPMPASIKCJAG) 94 25

RY-I09 5 2
-00 1213 Ku1,3 -- - -.------- 96

00 1213 J-i; 3 oly,
I.REAO(91 (P(1,JK),P(ZJK),P(3,JK),P(4,JKiP(!,JK),P(6pJK-))-. 98. 3.1

ERNCR MESSAGE KUMBEP I ______ .

-i 1213 CONTINUE 9
_____REWINC 9 ___41

GTO3410
2Q.2. ! 1.P.AC-0 IPII1,J K IP 2 J KI P 13 J K),P 4 JV ~3P15 J K I P 6 J K 101

Ii ,Jsl3) ,KUL,31 102 43
3.2 LMUSdA,1)hRTE(,~O~((P1,JhPIJK,!tJKP(,JKP(5 103 -

1,JKIP16,JK IJwl,3lqKs1,3) 104 9
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-- ~MA1FK EFN SOURCE STATEMENT -IFh(SI 3/46

00 1 1=196 106

DO 1 J-1i3 107
DO I as,310i

1 CfltJ#K~nP(19,JK) 109
-2 00 -5 Js-1,3 110

00 5 1-3,611
1(- 2J,1-1 0-0 112

A (1-2: 1 9110.C 113

Di ( -29 j,)400.C 115
* AP1I-2,J,1)uO0 11

.BP(1-2tJ93luQ.0 119

S- 123
- .&, U47 - 2

Y0 RY s2, 125

X1MX4 127
X2xX3 1-26

tY3=Q(IIJgK1I) 129
X3xQ(LJtK-tl)13

CTZnX3.X2 .. 1322

ClsYZ-y1 133
c2ml-yz .134-
c3'xaý-X1 135

C24zC2*C4 1 37
Al I.,tEmCAC/CTC3138
Of1,I.49,J eg as(C2.4+C1/C4I/C3 1 39
GO iC (3,51,1k 140

_3 AP(I-2vIK~wA(I-2tJvK1 141

5 CONTINUE 143
GO TC 1,1,K 144

7 IF(INPRCoEQ,1) GO TO 20e 145
MAa-2 146

CALL MfiRth(BLCVDCCR1,CCft2vPRESo Ile12,N93,EOOTPHCOTtEPS2.G*M,,BET.A,147
I kPt ALPHA vRNSP#A EU9k2RIvOiLSPtMPA S KC tAG 1 148- 131

REWIND 1.0 149 13.2
DO 1210 KaI1931
00 1226 Js1,3 151

ERRC.A YESSAGE NUMBER 2
1229 CONTINUE 1..53

GO TO 309 154
206 RtEADt5,500)(IC(h'JK),0(2,JK1,Q(3,JKIQ(4,J,'K')Q(5,JK),C(6,JKI

39IF4MUSTo6Q.I~hAITEI69§*CI - .----



03PO4/69
MAi -K EF1% SOURCE STATFMFNT - I FN S)

__ I ((rE1,JKIQ(*J*zJKQ(3J*K)" (4,JqK)qQI 5,J,14JCI6vJIC 1s8
1.Jm1,3) =1931,3 159 165

163 I
2091r IEmlvNAE 162

00 ZUYI IC18) E 166

LANRTmANTI 166
N~onui 169

NA-J 170
'to ni-rec.*( .- ANAT)17

9E2.82RI*CC*R.41/(1.3/ANPT-1.C) 172
C1 P(19193) 173

10 KC=J i75
60 TC 14 176

11 00 13 K0203 177
C1aP(!v1.K) 7
IF(REI-CL) lZ,13tI3 179

12 KCmIK 160
GO TC 14 lot

13 CONTINUE 162
14 00 j.U 1.1,4 183

CO Is J8193 164

efRnpfI IIJqKC) 186
CA.P(142tJ9KCj 167
XRwP(IIJ9KC) 68a
KLAKC-1  189
ALuAPII ,JKL1 190
8L*SPIIJ9KL) 191

SCLmP(I*2tJ9KL) 192
XLOP(1,JtKL) 193

C2uRil-XL 196
C2mCLfC2*( BL+C2*AL) 197
MFKC-2115s15e16 198

15 C2aui 199
Gorc is 200

16 IF13-KCI 17,17,18 201
4.7 CIRC& 202
16 AA1I,J) (IC2/. 203

P4NSESZNie.1 GO TO 88 204

206 3
____ .207

APlI113)'00* 0

_ PI.)040 209
XuP(2 .0.0- 211

____X~aP8,Z13 ________212

rp(I..1101,02,12 13



03/04/69
MA If K SFK SOURCE STATEPMENT l FklSI-)-

V3sAAk(1921*X3 215
COOTC Lj! 2 16

it! V9UAA(!,12 - 2il?
Y3sAA(192) -216

103 DO 19 J-2,.z 219
YL'YZ220

V2zY3 291-
Xjs'. - 222
X~wX~j
X39P(2tJ4,#Il 224
IF(I-'4) 1;4,GC5910 2-25

1C4 Y3AA*(Ij.j.)*)f., 226
GO TC 106 227

105 T~AI,~ ~226
106 CT~uA2-*X1 2292

&CT~sX3-X2 230
C1RY2-Y! 231
C2*YS-Yz 232

C3=xj-xi233
C4mOT1/CT2 234
C24*CZ*C4 2235
APl(I#,J~wIC24-CZ)/fOTl*C3) 3
BPllIqJj*C244C;,/CuR/C3 ~ 237

20 KAw3 241
GO TC 24242

21 00 23 J.2,.ý 243
-CloP(29,J,1 244

.I F IE -C I' i3 2'31 245
22. KAuJ 246

GO TC 24 247
23 C04TINUE 248
24 00 1C9 I1*.4 249

-APuAP1I!,iKAI 250
*R'PwB1( IKAI 251
XPAP(29KA*1.I 252

IF4I-4) l1v3.i.9,13i 254
cauCimpr 255
132KsA- 256

£LuA~iIKBI257
B~uSPIIKBI258

XLEPI2,oKetti 259
C ~~ 961___ 260
IFgI;W-1T~,3,3 261

S- 262
114 CI-EP-Xp 263

CjwCA4Cj.4(8A*Cj*AR) . -264

cz2aUp--XFI,-- 265
C2'CL4C2*(8L4C2*AL) 266

IFCUIK - . .. . .. . .. .. . .. . 266

00 TOZI 2i



2. MA 116 - rev~ .- ~**'~~ 03/04/69

27 C1acl 27026 IF(I-4)107T,1C8,107 27110? AEIa(CC~j(2.cp,272
00 TC LCS 273

108 SAlIIIUC1.C2l12. 274
* Q9 CONTINUE

RF*SA(L) 276
SA) 277

279ATTIOSA(') 
8

CIR~i1403281C!Cl'cA*c 3 282
Ci- C*CC283

284C1AQ(1, 1,3)28
IF(Ra.-C11 34p3o,3j 286

*30 JCSi 287
GO TL 34 288

31 033=29 2a8

IFeAu2-CIJ 320.33i3 290
32 J~K2q2

GO TC 34 293
33 CONTIriNUE 294
34 DO 3d J1814 .294

00 .b J219329
APAwII,j,JC) 

9postustiJc) 298
4CREQ(I+Zjjcl 299

XRU'J(1,JoJcl 9
JL J C-i iCALmUt(oJLI 

iGL-S(ItJoJlI 3J2
XtaQt± ,JJLI 

GCLa011429J,JLI -304

Cl NCI; *CA* 08OR4C.& *ARt 3 07

C2oCL+C2*4BLC2*ALI39
IF(JC-2) 3593!#36 309~

35 C28CI 311
GO Tc .39 31?

36 1F(3-JC) 37,37,38 33? Claci 13 L
38 8BlILJ)wC4.Ci20z. 314

IF(NS2.Ntell GO TO 90) 316
89WRITk(69923)(Igu8IIoj),js,31),

1a1 4 ) 317 338
90 00 59 J41,331

C30Q12tJ.1) 319
CIaC3*C3 321

UCINI..C/c1322
* .. A(NO1u1(6e3tJ) 322

-59 CONTINUE 
324

* -144-



5- 03/04/69
NAIR - F Pw cmar c -&ancge

XjmSAI1) 329
SX3sBhf2) -330. .

Y!"eC-( 1. 331

Y3=8C1f-J2-3 332-
334

xi*xz - 336
XISK3 337

E3saA(j41) 338

DTloX2-XI.11
CT~sk3 -2 342
0TA2X-;2 342

CUwY.-Y2 343
* C3uX.3-XL 344

C4 ;d!?-Cf 2-345
C24wC2*C4 .446
A1I3;J)m(C-4-Cl)/(CT1*C3) 347
81f3 .J)x(C,ý4tCl/C4J/C3 348

39 CONT INUE 349
C1UI~h(3353

ThF1S2C1I 414~.4~351 .

40 KCS3 352
GO TC 4.C 35

41 DO 43 Js2#3 354
____ ____ __ 356

GO~~ TC4 59
0 COONU-1359

-44_ARmAl(3,PhCJ 361)
P, 8Putj;iLsC) 361

CR=BC(NC I 362
XP.SA(CD . 63

- LuNC-1 .364

ALrnAl 1StL) 36!
U--Lxb&I39hL) 366
CLUIdClf4L$' 367

-_XLuBAINLI 368
clus.-X. 369

C~a~44CS(_~A.CAR)370
CZuSZ-XL 7

C20CL+C241 8L+C2*AL) i 72

IFMtC" -2345,4!,o~c 373

*6 IF3NI4,74 7

1 -143-



MAIN ____OURC STATEMENT -~ f~ 0 3/0'416

CXuY-Yq2 t457
--- ILL0

tA 112 _ ____ -. _39

~iuQI2,393
IP(EP2-Ct9 4m2.0A 4 39__40

*2LOCU 421

114 LLLCI9~l*X
A~aALbIL)________________ _02

-144"
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MAID' EFN SOURCE STATEME!NT - IFR(Sl

* C2aEP2-XL 440____ ____________

5p iFLC- 21_550 SS56 442

Go T 505 444
56 .i ciff'F.C 57.14)57,o8 445 -

57 CI*Gi____ 446

S1 SSIl~~i.c *c/(2.*E-P2) ___ 4
GO TC 2C 449

119 S (I )dtC1+.A )16. 450
120 CONTINE~ 451

ATT2=SB(41 ....- _ 452

__.-P~P~l0 454

--- C2am 6O.-A TT1.ATT2 4 .9.

191 C2m ISO.-C2 458 9

fcaaz f i - .. -4

jjC__;!!pgRC2 ..... 462

CANCCS(Cg21 it '"'403 494
t ~~152 CS~wSIN(CZI " 9

CSO-CL*CSA/gPP ---46
CC cbiSO AR1.-Ci " Mc s -p es. 467 . -490*

TBATANI IrTS)
_ PwATT1*PAO-Te 470

'I~mtRf-4 471

-- . CFZjlS-(SI(11S3H1-J2)/;...................................... .--......- - - --- 471 -

_FT~n;Lij 1-38 1 i I VIS 2E P21 474

IF l.-A!PT),i~l C1.4 * .476

C~mS*FT*P/2@477*

ACFI-C2-C'1 479

Rfln.PCFI/PCFC 0
ER RIO-CC .. - ..-... .

ZF7NSES1.Ni.1i GO TO 30 4

WPIT~gb,55)1Cpi.RCFT02COeMS1,2.......- .. . . 43761 ?

~WftMT(602510i2).SBI.)Sel3tfi4),ATT1.ATT2 433 so@

*7.0 O1.ER 490
C~mAh RT41
htNRT&O1fCtN 492.. . .. . .___ ..-
hAul49

-L47-



MA - - E~~~1 SOU1RCESTATEMEFVT -i~~ 30.

73 'dM. 4954QNANZR 495
O3-AhR 497
ANRTatg14,.03I, 498
GO* TC_ 30 499

14 CLOANAT *-.-500*

OANE-l;CN 502

100 WRITt I(60 U2) NN F E ,1 . H IM S
* . 70 FORMAT 115H C!VERG5VC AFE *1, 514 21,

GO TO 201

10 FIDL*Eft7a777 300

011 CER so$
510

GO To $~. 11
Ti 03m~kftT Sig

Imjojtp .ý Ok33e2 3 14

~.3 -. 515

Class$51

C3u(V3-CW9T0A 523

H1 CA-VaICS gas
cc To 12 526so OTAm.5ec3#cz 523
IPIOTA) 13p84#8## 52930

63 C~m-c4 ISO
44 C4&C4-OTA 3
82 SNPTu0*4C4 3

GO TC'50 533?9 S36S1/,f1..*ANA1) 534
IF( PUs) 01092,91- 935

91 0014004 53?
08004 9379

cc Tc 9j538
91. O~m ost539S PD2mPOS*(CCRi/CON1I4**ANRjT 540

hRZTE16011j) $4. 551AR!T~f4.SOI)EPP#ANATvCC#.R211 543 950
hS1TE(6#50j) 5445 S

546655



14A A IF EA SOURCE STATIMENT * IF1tIS)

__0__________________________I__NO__gG_______TRIM _______________SOON___s

APP O AD NL TN@FREIV
HL - _NTM gll

IN

f

-si



_____________--03/04/69

-EA EFN SOURCE STAT9PENT _ IFtK(S)

SUSCUIFE ERB(LOcCOR1i,CO2,PRtS#ilft 2;4.!VOTf,PNOOt EPSi GA 1.

c I ETUBULNCEC REGIME L ,CRETFRTNU 6CV?7DRGO,-

COgMON fC*,~KOL,1Z,,SM1fG,,Pi,9,~2B
19) ,B1(2,1'ICCI2,199)AP1(17,19),APF2(17,19)tAF3121,19).Ar(17.1, S

DIMENSICh et:TP(3)#CEP131tALPI-A(3)tPFIX(3)9 01q.91 10

21tkjeIgocoL7919 PX127 bPPi)_A17.IPP(1AXPP(1791,)AXlhll,19) ,ANRl(17,19 12

DIMENSION EPS1.(3),PRES(3) 14

L.GICAL P2 UT VfiNT1IOPG
2 -7pAMAT "Ii N.,17

F600MA 139H AEYNOLDS NC. ulccG~fAIcrrv INNER 7CNdU9 OUtER TOR0UE 1
I SOPMENFILC N~O AT?. ANGLE FLOW 1 201.a,14.3- 1~

7 FORM*TMfN SINE AND COS 10OMINIS ABOUT 160 21-6*7,21. 114.7) 22
TTG*V~IWAPR'SUPOITRIBUTION. /fl 23

IF KOAG AQ) WRITE .14921 ILOvD9COPI*COR2,P!~)PE()PEI 24"

1.GAM,IET*IL13,ETA(21,IEIAIS).DEPI11IDEPI2),O!-P(3),ALPIAII),ALPN4A(2 26
rI~~rrI;TI~PA~oRzR, OLSP27 2

ADiAdso 29

MPASSPPAS31
* . IF IMPAS.EQ.13 WRITE(6951 *.- .

If IMPASdo.ial WRITE (6,13 32 10
- W iP~.G~iWRITE' (6,21) 33 12

F~ORMAT JI5X17t__INNZR FILM_ DATA).............. .. 34
"1b0 POMzAT~T FU FLM 0*1* 39

- WRITE.-4 9631 36 13
~AI4~i .. 0 . 37

'S1*11-139
ANGPG140

41
-VENTmeTRUE. . .42

IPIVETF~b C ±0243
-- 14.2.!1-144

BMMA-M-145

GC TCt 1O*d*F. 47

6M!M~IRB0*os

10A I-F(MPAS.efQ2) GO TO 35 .- k51

00 2ZU ItM, 53

- I... ... 00-



03104/69
HER ?A EFN SOURCE STATEMENT__ IFK(S)-

NP(1qJ1A0 39

3Q N K U E

100 ANmN 6
Pf.3.14199265358079 63

--- TNCTA!2 .1!ýj/AN - - - 64
DTHE200.5/DTHiTA . 5

-. .-.- 66
SPRITOmP!NSP 67
PFJXVIsIPRES431 68

1R (PASSI~.1 00 ~TO

00 TO 0773
lop- .D.LSIas CELSP __- 74

IFINPA1SeEG*21 GGTO 120 76

CORECON 1 79

SIPa1 f 1X2iP1/ANPI AN 60

DEA~uL CV 6P2
PENNNu~ESANMI*f-"') .. 0

.....-.g...TC- 3 .. -.- 8
120 SIGNm-1. as

CORmUCOS2 06
"Opi X( 216pititS0(3*CdR2/CR1 10*2/SPRITO 67

.-.ALOV0qBLCVG/AA1R, 39
*t-E0uNIO*AR2RI**20CORaCCOR1*SPR ITO 90

k 130 ELVD-ALCVO 91
WATLcQ6d.iALUYf""'''" 91
DO 592 L7m1,3 ...

Eps-aEpsiET) 99
TPSmZe*PI*S ZGr 96

'-ONi.614e .....-. .. .. .. .. .. .

RAOIANneCIO I4 92519943 96

ED ..-101

____________________ 102
TPS2.aTPS/6.0 0

DELX*DTHeTA 4 ;
* - ELZAftATL0/J.M±... - -0 -

Ar4SwMS -___ _-_-108

DE LZ SWELZ-1 1649
M0-090 -----~- .ILL

PH1MCwPHCOT-(1.-SIGtI)*0.5 III.



03/04/69 -

- eE. c,.,ap eYA~Mc~112

____ ___ - ~1I3
JU-11 _____

If Cc t.*J.suoC I11'?

CZL(Llt,J.!IO t

___ ~120 _ _

40AFfLL29.Jlm_0_.O.. 1122 ___

IF(JND.EC*2)aC TO 48 123
IF(ViNT I GO TC 48 121

LZIZ __ 128

GO -TC-38--. 128

1.30

"Mmll 135

O~Ea~A~)T1IAN - ___ - --.----.

OEPHEOCP(NNI) 13
_ALPWsALPIAIffN-)T 2.39- - * --- --
hj.MIal.-ALPI9 140
ALTALluAL~k"iLf . . . ... . . .- ~141-
S1NSmSIP(ET) 1*2 99

ICW C.SN~SINcso~ 149.
*COT2*COS12/SINB2 1.. ... . . . .. ...

CLZuC9L*CfHE1D 14?

1P(TCRsAJ 104- --.-. .

XXII)*Z 150

EPZGHmEPS*GAI*ZCGR 1 .. 52...... . .. . ~ ~
EpzogapzGH*PtiIpc _____ 154

SIMSINIAWG 16 1IU9
CO&CCS (hf0)
Nalo*Ca*UPZGN 15

H3oH*H*lI. 160

- GMAHOIP 182.

HOGRAuGS/H3 184

S1.1./SthIz 185

S2a.COSM/ING218

-152-



HERN~__ EFN- SOCURC.E STATEMENT - Fk(S) -.

RE.~~L. .* .- .. * ~168 -

0 ENGUP.Eh iHýG 169

GZ~mGZCF(-R NIG 12l.-12 it

S-GX R4GZR SCC T 2 174

S~uGZG*12 176
SB=GZR* S, 177
S9*GZG*S1___ T

SIIA-S5/56/I4G1R3 ISO__18
iim-l.-S I .*ALPH-AL Ps --..- ___-.--.-------. 8

S13rniST-SU/HGIR3l/S6/312.2 __--

ALH3mALFI-*HG3 184

A2o-ALM:L*(4LP9*S5*S134Sl1*)H316

A3.ALTAL1'SI4*I SS*HG3-S!*N31/REN Is@--~ 6
oW~ CNof Aj.4kA Lkj..iA LOH)3* SINS
0NY-If3*ALMI19

BS1S-N3/Sli*IS8*ALMI-St-*ALPI.*SL1)*StNI 192
S2AL3mC~*ALSALI 5 * (3 'L D1)CV*7Hii*S 194

-S ý. 6i.- -- *S 1i.. - .... 4 519.4 ..

AX7fjlw u*S+D2*CO5B -........- 196 -

838-834144'INE/REN" 197

AX71Z,.J)oA2*S!NB 9

AXii 1,4-J 203

IFIMCoNi;Z) "O TCR t 20

2C31 ANGutINGICTHETA t
ANG~uu. M
ZFEI-64.EQ.If94 C, TO 90400 - 1
ZUZ*CEL 214

- - 216

IN(VENT) GO TC 201'.4 . 216
GO TO- 2J2-0 2d----- 219

GO TC 3600 221
204IKiJA P 223

CO CGV 3809



031C069
Il~lib - SOURCE STATEMNE~T - IFNIS)-

livi i 1tPKI~CI C NS CQ!FFICITEIT ~ . .. 224
0 RIK225

440 4L Jul h~ ___

-WrI7-Di227

S231-

AF6IIJ1al.0 232
-- 01-GjIt ja-WfFI 4NARI 233

4010 C0O4T1NUE 234
~fiit~iSi -235

VK..~ uN19t_ 236 *

-004000 I-ISTIMN1 237

D0 4000 J-!LN 2 40
1~~~f~f~i* GO DA04.0 .. . . .. 2*

- _J1uJ.t24
Go ft o ofi 245

4004 IPEJeodiel CC TO 4006 246
'-A-04-1 " *,, 247

A T 241
It. 249

4ý00 4j00 290

4000 APl1IRJ)-i1N5eX71 R.J) .252

Vat3IiJ).-kkf(tJiOl hE7fIJO)#,So~*1AXN(eI.J31A1f J1'* 255
I . SIftU**fX7 I?,_J)uhx7( IQqJ)1*OZ 25*

AP4(Z*Jla(AXl(,tJlAXjI,~J0)4OCOSg*(AX6UtJ1I-AXi6(1,J0)II*TH 256
I 431hf~is(A'X6(1?vJ1-AXfeE IOJ))SOZ 257
AF5(I.IJ~aAX1(IJ~COssA6OE( i,JI .250

AF 6 9 J oe-0 259
AFILoJINjAX3gItJ1I-AX3fIJ0).C05E*IAX8(!,ji)-A)1IIlJ0)i)*0TH 260

1 ITNI 0 1AXt4vJif*As kJ1fI ioZ#AX91 1, J1 261
IF fNO9IQ.2 *AND. Jo EC* 1) 262

W~tT16,2 AFP(I.JlAF2(I.J).AF3fIJIAF4IIJI.AF5i 263
lIIA7IIJ)264 226

265
1MPoft9iCa) CC TO 4020 266

268

269
GO TC49 -LG-q 270

~1Ji~fi --271

- -. -.- 272
GO TO 4090 273

-'qc.C *0 4100aL0 JWIVN 276
h1(IdJ~0.0277

ii AI Oki j).0.0 273
TASsAXT(tiIJI 279



Nt~ - EFh SOURCE STATEMENT - IFNIS)- -I

200

Alftl1I2,J)-Al(1i,2,J)-TRSZ*ER.O2-ý. 282

- CCfIII.JI.CZ(!JJ)-CDT 28- - --

-. IIII0JJI-C( 2,.I0266

AF7I IEJ)wAXLLI !,JI-AX8I IEJ) 266
AXLIII,J1zAxf1EpEJl 269

AFIIIEoJ)w0.O 0 290

* hF3(_____292

AF4tIEJ.J~u.O 9
AF5( No A=0.0O 295

I FfMC9EQ*2sAND.jeEr.P.h)I 296

___k&Cq(!ILj) LUIEji . ~ ~ - - - - - - 298 260 f
4100 CONTINUE 299 47it

IF(NR#SQ*V GC TO_'.102 _300

.410 4155-- .. 0 0
41C2 I~ll302~

~uJ2-~-- -. .304

* - ~~ERO2uO. ----

OEUCSLZS........... 306
I~u - '_'_"" ' --L 'S 307'

GO TO 200 .306
4 Y100 _ IFYNRtt IGOC_4 193 309. -- -4 IFfK.K.EC*lI GC TO 4.18------- 310

JELCEL 312
N0*3./EZ___ 313
EO T200. 317

4160. IEmU 316
ER0oZl. 319
KK .2 320
it1*2 321
GO TC 4090 322I ~ 1T~rII.EC2I C 1~ 41E -. 323

4190 MTSRuMO 324
MD *D'TSA 325

-- LLCICi (MCI 326 3111
mNO.0 327'
PPOU__?ý0TwtFALSE a 326

IF (K00I*G.El GOT 739
IFtfthO3oEQ*1.CR*INC3@EQv2D PPOUT=@YAUE* 330
IF(PPOUT) Wg"VE(699) 331 327

IF(POU) WIT46pI(PI4vJ ~u N)333 332

KUPTE I,Ji-0 335

*153-



0I
HZPP -k SOURCE STATERNPT - !PMSI-

IF(PI41IIJ)*Gio0.0) CC TO 97! 336
PHIIIvJlzo.O 337
KUPTlI.J)wA 338

0,5 CONTINUE 339-

C DIMENSICMLiS FLOW 340
I~aI~-l341

4204 AFL~hu4iaC 342
00 4200 JuloN 343
!F(JsEQ*L.CR..JokQoh2 GO TO 4220 344
VFla(PNI(lPJ411P11l(IPJ'11)*CTHE2 349

4210 AFLugv(FI*AXeijpjIJ4AX8(IPj).AX?(TP,J3*EPN1I1P43.,J)-PHIITP-1,J) 346
ll*Dl4AFLCW 347
KFEMCIAG*EQ*2) WRtT,:I,2IVF3,AFLOW 348 364

GO C 4200 349
4220 IF(JoEQ.I'I GC TO 423C 350

YFLuIPH!(IP,2)-PHI(lPNII*0OIIEZ 351
GO TC 42101 352

4230 YFeI*PHI(IP,1D..PHI4IPN-11I*CT*4E2 3533
GO TC 42IJ 354

4200 CONTINU: 35 5
AFLOW-UALOW*VýhI-TA/12 * 356

C TORQUE CIVICEC OY MUXKXPXRXPXR/C 357
Mal 358

TORQ=.TAL2* 359
T~)u) ? 1 60
IT1*L 361

113*Il362
TC.&.C.* 363
GO TC 20C .364

1001 00 1501, -::1;IT2 365I
00 luou Jwa4 ,N 366

tFIKPT~vJ~oC~l GC C IoCC366

DPD~uIPIHI(141,J)-PI-III-3,Jfl/CZ 369
AFTRu1.O 370

1209 GFJE..PJ3.)cri TO 11001 371
OPOTuIPlil~l j41 )-PI-I( 1,J-1I )4OTHE2 372

L240 HatH949lIJI 373
8QmH*ALTlLi*Cl~h 374
AQuI-8Q*CCSOSkSI3I9iJ)-.+SALPI2*WS1211IJ)ALPH*WS11(IgJ)*IH4CEPHI)* 375
I OPOT 376
*0SACBC1(CCS.ZIJ)WS13tjlw!49lJ *0p0L*sIN8 377
lguTQ+AC*OLZOC@5eAFTR .378

GIO TC 1013 379
LOCO IFIJ*EQ.hl GC TO 1610 360

OPDT.(PIIIIZ)l-PHI( Ift))*0T1-E2 381
00 TC 1240 382

1611 OP0To(PPI,1o)-PHI(IvK-D)I*C1I*'2 383
GO TC 1240 364

1800 AFTRm*5 9
IF(IoEQo1T2) CC TO iela 386
OPOL.(PI-iIITI1,1J)-P11( IT1,J)I/CELZ 387

GOYTC 1200 IT-,)/~Z389.
1810 OPOZ(lPIhiJIT2,J)-PHI(IT2IJID- 0..

GO TC '200- 9
1010 REaREN;H 39

-16.



HiAN ~ - FN SOURCE STATEMENT - I~h(SIS -

r:: y~y-i ______392 432

TC1UTC*.'(TC2tICCI-RE)**LPH )*TNQ*OLZ*AFTR 394 433

F F(MC*EG*2*ANC*!.E(~.!T1) -*.. . ~ ________ 396
1 ~~WRITE16#2)AQ*TQR oTClTlC2 43

ICO ____ __________ 396

IF(NR.EC.11 GC TO 1400 400
IF(NR.EC.2) GC TO 141C 401

GO TC -? - 402i7z
Mall 406

GO TC 203 406 *...

IT2ai _ 410

98TQOO.(TQITC1II1
THFRU*O 13F

00300 Jw1,N 414

CGOOl(JwCOSMTE) 416 470
580 TH2-=CTHE1A+TIPE 417 -

0O 593 Iu1,P 1

PPP( I I 420
00 6A0 J*1N 421
CUMSPHI (I ,J) 422
PP( I IUPPf I FCCC(JI 4UI 4P23

600 PPP(I)uFFP(jj4CCQQ(JI*CtLM 424

pPP( I)wPPI I)*CT-.'TA 425
PPP(I3.PrPIII.CTHiiTA 426 -

50PPPX(I)sFPP(IIOXX(II______ 428
PSIN SUOI(PPMCELZI~ 17W4 ~ ~
FCOS:SUP(PP*PP~DELZI --- 430 502

F'MSIK~~~~'3 &t(1,PbiZ ''03'
FMC0SuSUP( PPP~vMP1 c~LZ I 432 504

FMCOSo-FPCOS____ ____ _______________

--WRMT(6,6DIFSIh9FlCOS _______434 50?p
WPtEfil6,7TPJVflN-,-FMCOS -3 '---a

594 %LOACnFCCS**24FSIN**2 ____ ____ ___ _______ 36 __

WLOACwSQRTj(jLCAOI 438 510
SOM9Rm2 .0O*ELVC/WLOhC

PH *jATAN2IFSI~vFC9Si) ___ ________ 440 sit

TQOATQO/hLOAD 449
-tola'TQO4EPS*FSifN'LAw-c* c 44__-

(6221 P~~ENPEPSTI.TQI tOsSOMERPPHEEtAFLOW 447 M512
IFIMPAS.EQ.1I GO TO 593 446

-157-



HEP1 Ell', SOURCE STATEMENT -IFNISI *
WuIrE(101 8fN9EP.AiZG!vTGO@SONERtPHEE _ __449 $is

593 VRT 91RiP5 0,?OSOMERoPMES 451 3467

" I9 C C N I U 1_ _ _ 4 5 3

599 SPITOUSPWIT.4CELS 1 154H
RETURN _____ 455
END



MIS. - *N SOURCE STATEME47 IFhISI -0946

4SUGRCUTINE CICJINCI 2

191 toRzt.19Ti219),*AF1 4179 19) 1 AF2 (11,9 12 31,9)A.(?,9,
2F6(L?,191,AF7(17,19j,*F~ll7 191,PHI(171,)

1N117,17h5S(20,11),AFJ1(17),UCELT172,SlF(1?I,-DDI 11,17l.0S(L?).GILT*, 7
-21T),GIIS17l 9 1 7,171l? 6
AW'1.O/C!J 9______

0X1 AN*0.5

04*AN*02 1

EDO 2G411=10. 17
204 OlijilluC. ____ ___ __ 19

IF IMD*?%EeZ) GF 24-0 -

II, AF7 II,~ 2
WRITE f6v1O3) 2

T174Jj.A±(1.i.-tJ ItAlit* 39J I oil(f1,9J I Ali 99*5J) 9811MN1. -26
1J1,CCfmN1,JI 29 42

iI 2,~ A1(9PJol(,2')A92,3,),Al(otJtL2. 4, JlAi2,5,J), 3

2 0 22 hI 1wispT 36

2106 IF(I-SI 211,212tl,211 41----. - . .. .~~

211 DZ~aO.UftELZS .46

OZ~e1*/ICILZSI**2 47

.flIj.LjEGV~k 133.211 233 ___ ____ 49
233 If(NC*E-C*22 fC TO ~-

P~~~~ Al, . ) II . , J



03104/69
CIIF F ~f% SOURCE SIATFMENT - IMhS1

600 AFJI(I~u-AF7(lJI 59

213 IF(M) 2i4t2l!#Zl4 62 I
21.4 UZ' ' -,.5/CULZ 63

012a .-i/CEiLZ 3**2 64
IF(NC9t1.ZI1 C*C TO) Jil 65
As!, i-2I.A.2,i,J) 66
*U1,1-I3uAj(jt2,J) 67
hE1#0-AI=*3t,3J) 68

3l~~l~i('~~ 69
Als*E1,. m2AJ.(2,,j) 70

71

6CI. AFJ1(13a.-AF7(1#Jl *73
Go Tc 5c 74I ,

215 tFlNC~tC*23 GC TOi e...Z .75
9II,13-.lAF3(1*Jl*CXl*ClZ. 76
U(I1,13uDF(1,j)*CXý,&P..EIJ)*OXI. 77

I B(I1,Ii~uA-F3(1.JI'X1CZ-F1lJ*I 78
AI,1.A6I,3..~(F1I,)*u4tAF5IIJ)*DX21 80

AJII,413m&FLI1,j3*CZ24AF2(lj3*0Z1 6I
Cl!qi-tljs-AP3(IIJ3*OX.-*tZl -- I. . 82
Cit!,I)nF4( 1,J3*DX.4hFS(1,JI*CX! 03

* C(1lpl*12AF!fIj3*CX&*CZl 84
6ý2 AFJ1(Ilo-AF7.(Ij3 F5
2 38C CUNTINU-;8

IfINC.EL.Z) GC Tf tl ST9

Do 2C.. ae li.9mP 89

00 160 11I-1,P' 91I

tF(?0C14S.LT*2) GO TO 16; 93
WFITE(6v!4)J 94 188

261 W01%16,I.I.'3 (KIlilt$*Ilm1l1.) 96 19.9
262A CALL MAT1?NVlAKsMLUM,~.~,CU~Lllq 19
&r.3 C014TINUEL go

*CU 4w4 1.1,9'9
sFl13uAFJ~lll 1-00

00 444 11.1,9' 102

evltstl3u0. 104
DO 41j3 ItteltP 105

403 IrF(,I.k(,I~C(!,! 106

DO 4,J6 1819P~ 109
CC 4ý6 11td,9' 110

CC 4.j5 £1IsloP 112
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- Fh SOURCE STATEMNTN IMhS1

300_CONTINUE lit____________________________

Do 505 foat 11

s CO 504 J:elyll __ _ _ _ ___ _ _ _ _ _ __ _ _ _ _ _ _

IPIM AAGaLT.T2-1I GO" TO 264 1
WRITE 1691013 ____ ___ 121 ____

DO 263 1=19M
263 WRITE 46@1001 (C1DOI.113g!!.1,MI 123 _________ 1__

DOr 507 11=103 _____ is?

GNfI ,11f _______VT1 '1 lofil I)

DO 50 12u120 12A

11 )7 III* I tills M 1 135FN.'1309

BACKSPACE 713 1

JE J-1 .j

DG 3U9 I*Ltk 141 -

IF(MCIAG.NE.21 GO TO_501 147

~0~CON 11 ~ 146

SO-~~~ DO -1 w~f

iMiNCIAG.LT.2l GO TO 266- 162

00 263 1a1, _______ 1059

.26* ALL 'T1I'ioo 3 CDU iortCU1i1 161 408
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-- CI. -EFN SOURCE STATEMENT - IFP4(S)-

DO 5!.6 I*29%17
fHI,~SJI 1726 4

DOKSAC 51 a~JM_ _ _ .~ 177 5

REWIND 7 179 465
It FIN CE.*.G a' IS0O6 466

IF_____*1: G.iT.l 618s

110 WRITE 16#102) .163 473
ogaiV~x~g 1S4

267 WRITE 16t1')0) fPHI4ItZj)9j.1,I%) 165 477

100 'FORMAT(I PI ; A XX i 4) 167

102 F0444TUt1-013091ONFINAL -PHI 11.HO) 189
C!popWATi2Nfk1 190

191



MATh. E FN SOURCE STATEMENT I FN S I

SUBRCUTJNE' MATINVI hoN,8.MtDETEP) 2
c M'ATRIX ItV!.RSICN WIT' ACCOMPANYING SOLUTIONI UF LINIEAR EQUATICNS 3

DIMEpNSICK I0IVC17J,A( 17o,17)tB(179I ),NcExfl7v2 1.~aif 4

EQUIVALENCE IIOW,JROW)v lICCLU *JCOLU 1, (AMAX, T, SWAP)_ -

10 ETER -1.0
__ _ __ _ __ _ __ _ __ _ 13.__ _ 9

20 !PIVC (JI)0
30 00 550 Im1,h 1

c 12
C SEARCH FCR.PIVCT ELEMENT 13
C 14 4

40 AHAXO.0. 15
45 DO lU0 Jul,N 0Ic,6
S0 IF IlPIVC WJ-11 60,1096 17
60 cd 1loo lco'k,~i
10 AF (IPIVC WK-1 1 80* 100, 740 1
.00 IF (ASS IAMAX)-AIS (*(J.KI)) 65, 100. 100
as IRflWAJ 21
90 ICOLU ag(

99 AA~n~~pKJ23
100 CONTINUEW
105 CONTIN~iJ 29
110 IPIVC liCOLU InIPIVC'IICCLU )+1 26

C INT-1:CHiiGi RCWS TO PUT PIVOT eLSMEN N DAOAL *
C 29

13J IF (IROM-ICOLL i1-#', 240t 140 30
140 CETi~t a-CETER ..... 31
150 00 ZivQ Lol,k
160 SWAP=A(ZIROWeL) 33
170 A(IRLW,#LlwA(ICCLU ,Ll
200 AE.ICCLU ,L).ShAP - 35
205 IFIM 260t 2609 21-3 36

213 DO 25u Lol, N 37.. .

220' SWAP-BlI AOW,LI
230 B(tRCWL)u8(ICCLU 9L) 39
230 BfICCLU ,L)m'SWAP -0-

262 INOCN(I,1)nIRCku41
270 INDEX1I,2iiitcLu 42
310 PIVOTEI)nA(ICCLU ,!COLU 43____*
320 DM 44 TVO'

C 45

3 330 ( I C C LU.I- tCOL i~* .o-b U.. . .4

350 AiICELLU ,L)*'*(ICOLU ,L)/P!VOT(1)- ~ 1~
355 IF(04 30 380, 60 360
'00 00 370 L-1, M
370 BlICCLU kt ,LVL!JIY OT I1 5

C- 
.. .. ....~~1Y l M ...

c 56
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___MATh. - p ~P~_SOURCE STATEMENT - !P(S) I-

r 390 tPILI-ICCLU 1 400v 550, 400
I~ 40~ I. COLU 59

Ii~ IL1,CCLU10.060
430 00 450 La4"N -61

I5IAL1,~aAL1,~~AICCL. ,)*I62
455 IFIM)_55C9 510, 460 63
460 DO 500 Lolm 64
J98!L1,L)we(L1,LI-BUICCLU L)1-65

SIG cofltiNui* 66
C_ 67

C INTCH~hECCL?~~S66
S- 69

G00 00 710" latiN. 70
*610 LoN.L-l 71.

6al~I~E.Id-x0Et,2)6309 710, 430 72
630 _JROWOINCEXIL*1) ? 3

6a0 JtL lhbLX (L'tI 74'
69. DO ___ 75

670 AlI@JJI0WjoA(KvJCOLU,)
-406 AK, jCOLJ iUsA'P' 76
705 CGNTINWI 79

T'. fEY~N - 9

1140 62t~

ai 0



GTCF. _ _ -03/04/69

FUibkCTC 'GTCF(REY.d -I

ftEaRYN

IFIR(.I.?4.IGo7CaAC T020 E*-COs 00 TO 30 9 .
id lt ma Ge *Y 2ffl*tI&ANC l*CmLSftCSfl03I10 T0 40 4'

-_F((RE.G7.55OC.0IANC.(RE.LE.2.OE404dI GO T0O S14
GTCFs2j.S/(ftE)4*O.7S'. a

20RETURN 9 .~-.~- -I

RETUNN 11.
30 GT^Fs.619E-u8*(RE)**2-3.465E-0$*RE4.Oe3565 12

RtETUR 13
4.0 GTCFw4*9G/(RE)***62S 14 is*

RETURN .1
s0 STCow1c.35/lRE)**0?16 16 20

RETURN I?EN



GZCF* EfN SOURCE STATEMENT - IF#N(Sl ___

-414

RETURN 9



$UP* EFN SOURCE STATEMENT -IFN(S)U

FUNCTIGA SUMlFrMDXJ
0ZP4Eh9!OF P(1)1 _________________

KKUM1 ________

TO 0-0 i2Q-fWIOKi'WLKKIR~ ~ ~
GO f 3 0 !)KI

40 KsI

__ It~uM17

Go iC 45 19
eND 20

mma



--- TCC. EFN SOURCE)-STATEMENT_______

- F(Z640.)GO- TO 10

20 IF(Ni*GT*1OOO.OI GO TO 30 9
-Ice's' 547441E-e".52l -- 1oI 1
GO TC 100 1_

-30-IF(RE.GT.4-Jdb.Q) GO TE 40 12
TC~.34/(jj*.45 .13 19

40 TCCm.064/IPEI***29 1s 22

' 140- -T R

.17



ORNINPUT

du"t

3231 * C.2001oaccol -______________

OPUS. -- cao6oo-o .1coomso-co, 0.500000009 00, -0.ooca00oc1-19,, i0~ U~
S -0.0oo90ocOo-199 -O.CO000000CE-190 -00000000o01-1, ______

b.!994991-03,

$INPUT

00CO06co. 0- 00000 do

rw______

SLkI coqqqq* i



I NNEP FIL Po CATA
REYKCLOS NO. ECCENTR ICITY INNER TOPOUE OUITR TORQUE SOMIMERFELD NC 0 ET. ANGLE FLOW
3.550C00ji 01 C.20UCC00E-00-1.1273!6oE 02-0.12e5375E C 2 0.2129888E 01 0.3618759E 02-0.7216548E 01
0.55CC0O00 01 C.300CCOOE-OC-0.e335'.93E 01-0.84839R7E Cl 1.136993SE 01 0.3651181E 02-0.7565-4101 01
J55CC003E 01 0.5a00COOE 00-0.4678258E C1-O).4985645E Cl 0.733'O086E CC 0.3793541E_02-0.8679913E 01

0-650COOOE 01 C.20OCCOOE-OC-0.1537C37E C2-0.1548261E 02 0.199322!E 01 0.3424303E 02-0.6979188E 01
O.e5CCCOOE 01 C.ý.OCM)0E-00-C.1C01766E 02-n.1018751E C2 0.1279345- 01 0.3440471E 02-0.7299742E 01
3.650C00CIO 01 C.5jUC:,jOE )-0.563q432E 01-0.09!2835E (I 0.6908451= CO 0.3564804.E 02-0.8330470E 01
0.750CO005 01 C.20GCCUOE0C C-).179!C3lE O2-0.lS25662E C 2 ).1.8474295 C1 0.3211124E 02-0.6772657E 01
0.750COU.)E 31 0 . J0CC~u3t JO-). 116E 741L 02-0.1l44764E C? 2 .118325CE C L 0. 322 83 071 OC2Z-0.-706664-73-E 01
0.75aCOOOE 01 C.5JOC:;OO1 U0-0.6565-435E 01-0.6839612E C) 0.6259591E CO 0.332.7680E 02-0.8012116E 01

CUTEA FIL m CATt
REYNCLDS NO. ECCENT I CITY INNER TORQUE 'IUTTP TORQUE SOPMMERFELD NC 6TT. ANGLE FLOW
0.360C000:z U1 C.530C~,;OE 'JC-ý.6034q2tbE 01-0.611646SE Cl 1).3480303E-00 0.93856C4E 01-0.28026R7h 02
0.360,100C '11 C.bjJCý02A ,j1).L48 ,2'1-').E1346921. Cl 1.27220087-00 0.1358461E 02-0.3048566E 02
0.380C000: 01 O.8 C6UCi0 JC-O.4138659; C.-3.4349845E CI 0.178150HCCO 0.1530646E 62-6.1678 25 6Z
0.504CCOOZ 01 C.:500C.c0cl Jý ') 713S!47E C1-'I.?2!3334E C 0 O416065SE CC 0.1280149E 02:0.2057270E 02
0.9C4C003i 31 C 60COZOE 0C-O.5B8C~g99 CI-f) 6025070E Cil 1.3147292E-0.3 0.1396234E 02-0.2231984E 02
0:5C4COO)cE 01 C dJoC':432 ?O-:,470373!3 0CI:0:4960753E Cl 0.200853eE-0O 0.1074024E 02:0 26,81073E 02
0648C000Oý 01 0.500CJCCOE OC j 79L1438C0 0l-9.042833E C 1 0.4465474E -00 01523563E 02-0.16 3149E 02

0.648C0JO- 01. C.*J0CCOOE JO-i.646EE42E C 11. X663 7570E Cl ).343929CE-00 0.16332651 02-0.17783ý2.7 -02 _
0.64eCD090 31 C. Ij2CQ0r UI-'J.5;74 ?6 3E C!-0536 1702E LU ).215720eE0-0 0.2114944E 02-0.2126711E 02
CUIPLI
ECCENTR/CI NU/ll C2/C1 R2/Ri
0.61CIE 00 0.39'.IE-O0 0.12COE 01 0.120nE 01

85YNN:CLS NO .CCENTRIC TORQUE SUPPLY PRES SOPIMFO NO ATT. ANGLE TANG. FORCE
INNER RING -0.6)59E 01 J.2JCOE-CC --0.14276 02 0.3^1?E 01 0.2C55E 01 0.3512E 02 0.2800E-0O

--OUTER .PING ( .5*76EQ1 QI .2411E-CC -C.1201E 02 0.12821 02 0.6qTCE 00 1.1390E 02 -0.5694E -00
(vi PAL L C ljOJE v2 ) 27;8E-CC -u1421E 02 J 42CCE 01 0.1474E 01 0.2083E 02

ECCENTR/Cl NC/NI CZ/C1 R2/ol
0.864.IE 00 0.3947E-00 J.).COE Cl 0.1200E 01

RtYNCLCS NO =CCENTRIC TCQi2UE SUPPLY FRES SOMPAFO NO ATT. ANGLE TANG, FORCE
I&NEAR ING 1.6u53: 01 O.30CCZ-CC -O0.9?44E 01 '3.3C21E Cl 0.1!21E 01 0.3541E 02 0.43881-00
CUTER RING -U.5684; 01 0.4el71...CC -0.7q17E 01 0.1284E 02 0.448!E-00 0.1389E 02 0.5425E 00

CVER6LL 0.1jOOE 02 0.3928E.-CC -,).9257E 01 1.42(PE 01 0.9468E 00 0i.21211 U2
CUlP~lj
ECCENTP/Cl N;/NI C2C1c R2/R1
0.14C4E u-1 0..35971-00 O 12CCE Cl_ 0.1200e 011

REYNCLCS NO -CCENT RI C TORQUE SUPPLY PRES SOMMF!) NO ATT. ANGLE TANG. ClORC -
INNER RING 3.6403E 01 0.5OCOE CC -0.5694E 0 C.3Ct91 01. 0.6E616 00 0.3588F 02 0.8542E 00
OUTER RING J.5190E 01 3.76EAE CC -0.49871 C' 2.11811 02 0.21785-30 0.1798E 02 0.1432E 01

CVEAALL 0.10001 02 0.63E2E CC -0.!548E 01 0.42CCE 01 0.52461 (1O 0.2426E 02
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