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ABSTRACT

In this volume is presented an analysis of the static anu dynamic characteristics
of the gpiral-grooved journal bearing operating with incompresgible lubricgnt in
both lamingr and turbulent regimes. Both single film and floating ring tearing
configurationg are considered. Extensive design data are presented giving load
capacity, attitude angle. bearing torque, bearing flow rate, stiffness and damping
coefficients and critical rotor mass for limit of stable operation. 1In 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 spccial export controlg
and each transmittal to foreipgn governments or foreign
‘nationals may be made only with prior approval of the
_ Air Force Aero Propulsion Laboratory (APFL), Wright- .
Pattergon Air Force Base, Ohio 45433.
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SYMBOLS

Bxx’Bxy’ Bearing damping coefficients, lb-sec/in.

Byx>Byy

Exx’Exy D‘ﬂensignlzss gamgmg for overall floating ring bearing,

ny’g;y Bxx = :%g;l q;%) etc.

(_fxx)'l'(fxy)l D‘i_.mensionlessBdamgingdfo; inner film,

(Byx)ls(ﬂyy)l (Bxx)l = 2y SR WLD ( ) etc.

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

B, >2.<s g, B - a2 2]
2 2 2
't c Bearing mean radial clearance, in.
r D Bearing diameter, in.
{ e ‘Eccentricity, in.
[
» Fr Radial component of bearing film force = Wcose, lb.
i _ : I"t Tangential component of bearing film force = Wsiné, lb.
F::'Fy Bearing film forces in x and y directions, 1lb.
Fr Dimensionless radial (cosine) component of bearing film
force = Wcossg CZ/u(Ni + ND)Ra

\ Et Dimensionless tangential (sin) component of bearing film
; force = Wsing CZ/u(N, + NO)R“
l 3 Gx’Gz Turbulent flow corcrection factors
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SYMBOLS (continued)

Local film clearance, in.

Local film clearauce in groove region, in.
Local film clearance in ridge region, in.
Dimensionless clearance = h/C

Bearing stiffnegs coefficients, lb/in.

Dimensionlesgs stiffness for overall floating fing bearing,
K C

Kxx uN LD (R ) etc.

Dimensionless stiffnesses fof inner film,
K c

Kxx)l = u(N1 + NZ)LD P‘ﬁ etc.

Dimensionlesa stiffnesg for outer £ilm,

C
(Exx) = -L—N 2 wz ('ﬁ—) etc.
2 M M2 Rl

Bearing length, in.

Length of grooved region, in.

Shaft mass, 1lb.

Critical mass for threshold of whirl instability in floating
ring bearing, lb. |

Inner film critical mass.

Outer film critical mass.
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SYMBOLS (continued)

Radial component of restoring moment, in-lb.

Tangential component of restoring moment, in-1b.

McN1C13
Dimensionless critical mass = ———5-—‘
uRl LD1
M (N, + N,
Dimensionless critical mass = 2
. R

1

. Mc2N2023 .
Dimensionlegs critical mags = 2

uR

2 D0

" ‘ensionless radial (cosine) couponent of bearing film
2 5
force moment Mr c /u(Ni + No)R
\
Dimensionless tangential (sin) component of beacing film
9
force moment = M_C /u(N, + N )R5
t i o
Ring mass, 1b.
Speed = N1 + Nz, rps
Speed of journal, rps
Ring speed, rps
Speed of inner member, rps
Speed of outer member, rps
Ring speed ratic = N2/N1
Pressure, lb/in2

Supply pressure, 1b/in2
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SYMBO continued)

P
1

Smoothed, "overall' pressurc distribution around spiral

Dimensionless pressure = PRIZ/HNIC

grooved journal, lb/in2
2
1%
Dimensionless supply pressure, inner film = P'Rlzlu(N1 + Nz)Cl2

2
2

Dimensionless supply pregsure = PBRIZ/HN

Dimensionless supply pressure, outer film = P.RzzluNéC
Total lubricant flow rate, 1n3/sec.

Lubricant flow due to self pumping of spiral grbovea, 1n3/sec.
Lubricant flow due to pressurization of supply, 1n3/sec.
Dimensionless total lubricant flow rate = .Q/k?cgﬂi f_ﬂb)__ f',
ﬂe;¥ing faaiu;, iﬁ:.“ -

Overall Reynolds number = 24 lelcl/v

Local Reynolds number = 24 (Ni - No)Rh/v

Inner film Reynolds Number = pr(No - Nz)Rlcl/u

Outer film Reynolds Number = 2xp NZRZCZ/H

2 y
)

uNlDIL (E.l.

Overall Sommerfeld Number =
w C1

p(N1 + NZ)DIL R1
Inner film Sommerfeld Number = W =)

Outer film Sommerfeld Number 22

Bearing torque, in-1b.
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SYMBOLS (continued)

=3

Journal Torque, in-1b.

AP
[ S

3

Dimensionless bearing torque = TB/WC

Dimensionless journal torque = T, /WC

]
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Time, sec.
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Hl

u Surface velocity of bearing, in/sec.
i - ¢
r % u Mean flow velocity in direction of rotation, in/sec. g
! _ - f .
up Mean flow velocity due to pressure gradient = u - V/2, in/secc. :
} {
v ’ ’ Surface speed of journal, in/sec. : v
W Bearing load, lb. ;
! H€, W Mass flow components, lb/(oéc-inz) :
w Mesn flow velocity in axial direction, in/sec. ‘
®,y : Coordinates in direction of and normal to load vector, in.
Y Ratio of length of grooving to total length of bearing = LIIL
]
t ka,zxy. Complex dimensionless bearing impedences
. ,
¥ ,2Z
1 yx© yy
]
3
, z' Dimensionless Z coordinate = Z/L
]
;
4 Greek
S o Ratio of groove width to groove plus land width = ag/(a8 +a)
8 Groove angle, deg. (radians in equations)
r Ratio of groove clearance to ridge clearance = hg/hr
v Misalignment angle, deg. (radians in equations)
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SYMBOLS (continued ;

Whirl frequency ratio = v/ o
Eccentricity ratio = e/¢

Skewed coordinates B h

Cylindrical coordinates

Dimensionless parameter = E%L (c/R)2

Viscosity, lb-ueclin2

Kinematic viscoaity, inzlaec.

Whirl frequency, radians/sec.

Density, 1b/in3

Attitude angle, deg. (radians in equations)
Moment attitude angle, deg. (radians in equations)
Total rotational speed = (cb1 + u&), ra@isns/sec.
Rotational gpeed jburnnl, radians/sec.

Rotational speed ring, radians/sec.

Refers to inner film .

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 4n orxder to avoid the complication of a separate lube
system with accompanying seal problems. In many instances, process fluids may
have low kinemstic 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 numher 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 quentities of lubricant must be circulated through
the besaring for cooling. o ‘

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

- {e-the floating ring bearing.- This is & journal bearing in which a loose ring . . .

is fitted between the shaft snd the bearing housing. Thie ring is free to rotate
vhen the journal rotates, and by so doing, cen reduce the rate of shear betveen
ad jacent bearing surfeces thereby reducing power loss.

In plain bearing form, the principal digadvantage of the floating ring bearing is
the rather poor stability cherecteristics of plain journal bearings, particularly
vwhen lightly loaded. Thers 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.
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because ot the potential sdvantages of spiral-grooved floating ring journal bear-
ings for many applications, an anslysis 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 data sre presented for
both floating ring and single film configuration of the spiral-grooved bearing.
These data include stiffness and damping coefficients and evaluations of critical
mass for fractional frequency whirl finstability.




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

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

E o configuration shown is that in which the grooving 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
the bepring.

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 & manner

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

The axial flow of lubricant can remove hegt from the bearing. The flow through
the besaring can be increased by pressurizing the grooved end of the bearing to

a supply pressure Pg as shown.

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

spiral grooves outwerd from the center of the bearing. Lubricant may be supplied
| to the center of the bearing at an elevated pressure Pg. Configuration 3 con-

sists, 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 i8 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 asituation in
practice.

~ The performance of a spiral-grooved bearing depends on the values of the groove
‘ parameters B (groove angle), @ (ratio of groove width to total width),I’ (ratio
of groove clearance to ridge clearance),and ¥ (ratio of length of grooving to
totel length of bearing). These groove parameters are defined in Fig. 1. By

a suitable choice of these parameters, vne can optimize various performance
charscteristics of the bearing. In this report, we have chosen to present per-
formance data for the case where the groove pirameters are set at those values

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

-3-




The radial component of bearing stiffness at zero eccentricity is defined as
the limiting value of W cos #é/e as e approaches zero vhere W {g bearing lczd,

38 the journal displacement from the center of the bearing and ¢ is the at-
tivuie gngle for the bearing (see Fig. 3). 1In determining the optimum values
of groove parameters for maximum radial stiffness, 1t turned out that optimum
valueg of z, B 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 es valid for all Reynolds
numbers and all L/D ratios between 0.5 and 1.0. The optimum value of groove
depth ratio I" however, did vary significantly with Reynolds number. Optimum
values of ¢, B8, Y and I gselected for configuration 1 and configuration 2 type
bearings are given in Tables 1 and 2 below.

Reynolds No. o a Y r

laminar, Re < 500 0.5 151.5° 0.75 2.1

1,000 "o " " 2.7
5,000 " " ] 3.0
9,000 " " ] 3.0

Reynolds No. a B Y r

laminar, Re < 500 0.55 149° 0.67 2.4

1,000 " " " 3.1
5,000 " " n 3.8
9,000 " " n 3.8
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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 shatt
and the bearing housing. 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 subacript 2 refers to the outer film.
The floating-ring bearing shown in Pig. &4 Lis 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 axisl midplane
of the bearing. Ilubricant is supplied to the two lubricant films at supply
pressure Ps vie supply holes in the beafing and in the floating ring. Circum-
ferent:;l.a_l grooveg 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 floiting rihg. The ring is free to rotate, and
under the influence of shear stress from the revolving journal, turns at .some
ring speed Nz legs than rhe-speed.Nl of the journal. B8ince in journal bearings,

“losd capacity is essentially p:qportionul,to.(N1”+ ,Né)“wheregn_powexvloln_Lg“u

roughly proportional to (Nl -,Nz), it follows that rotation of the ring will
improve the lond'capacity of the inner film while reducing the power loss. This
is the principle of operation of the floating ring bearing.

Calculation of the performence characteristics of the floating ring bearing
requires calculation and matching of the performance characteristics of the
individual lubricant films. Thege 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. Forxr the
calculations presented in this report, the groove parameters were taken to be
the game for the inner and outer film and were selected to be those which pro-
vide maximum radial component of bearing stiffness for each individual bearing
film. (See Table 2).

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

Analysis of the performance characteristics of the turbulent, spiral-grooved,
single film and floating-ring journal bearing is based on the concept of solving
for the “overall", "smoothed" pressure distribution around the bearing, neglect-
ing the local zig-zag details of the pregsure profiles which arise due to the
discontinuoug groove-ridge geometry. "he theoretical basis for this analytical
approach 18 discussed in detail in Reference 1. Esgeutially, this analytical ¢

approach is velid in the limit as the number of grooves approaches an infinite
number, but practically speaking, the anglysis proves to be quite accurate when
applied to bearings having a reasonable number of grooves. Experimental verifi-
cation of this analyticsl approach has been provided by a number of investigations
(References 2 and 3).

The differential equation that had been derived in Reference 1 for the smoothed,
overall pressure distribution around s spiral-grooved Journil bearing was re-
derived in the present study 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 Ng sand Pan ' (Reference 4). In this
theory, which iy bamed on the concept of a turbulent eddy viscosity, there are
developed turbulent flow correction factors Gx and Gz vhich relateuthe mean
pressure flow in the direction of rotation (x direction) and the axial direction
(¢ direction) to the pressure gradients in these respective directions. The
relationships developed are

2 .
" B -
up -e m Gx ax (1)
2
v =-2 -3
w W Gl az (2)
-a




where

el
"
ci
1
g L
[ ]

the mean flow velocity in the x direction minus 1/2 the
surface velocity of rotation .

v = the mean flow velocity in the axial direction
h = local £ilm clearance
4 = viscosity

In the genexglized theory for turbulent fluid films developed by Elrod, Ng and
Pan (Reference 5), Gx and G‘ are functions of the pz"‘e‘uure gradient in the film,
the angle between the pressure gradient and the direction of rotation, and the
"Reynolds number based on rotational velocity. In the linearized theory of Ng
and Pan, G‘ and Gz are functions only of the local Reynolds number Rh- p Vhiu.
Values of Gx and Gz, plotted as a function of Rh’ are shown in Figure 5.

A discussion of the theoretical basis of the lineariged theory of turbulence is
beyond the scope of this preaent report. For such a discussion, the reader can
consult Reference 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 I, is given below in dimensionless form.

n n
§+%—5§-+-mag—
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and where Glr’ Glg’ 20° Sog° etc. ave lumped, turbulent flow correction factors
defined by Eqs. (65),(66) and (67) in Appendix I.

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

wise 1nflqen¢e coefficients developed by Castelli and Shapiro (Ref. 6) and

Castelli and Pirvic. (Ref. 7). 7Two separate computer progrsms 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-

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

Calculgtion of Performance of Single Film, Spjiral-Grooved Journa' Besring

The computer program for calculating the performance characteristics of s siugle-
film gpiral-grooved journsl bearing requires that the following quaatities be
specified. (Symbols are defined in the nomenclature).

Reynolds number based on mean radial clearsnce in the geal region of the
2% (Ni - No)kc

v

bearing =

L/D ratio
C/R ratio
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i Diman=insnlogs srlséuic ai vuilh ends Of che bearing = :z§:=;-525 (i)
NO-N
Speed ratio factor = “1 > No

Dimensionless rate of change of eccentricity ratio = g%/Zﬂ(Ni + NB) )

A SN P, Ay e ]

Dimenegionless whirl speed ratio = gflzn(ni + No)

Dimengionless rate of change of misslignwent angle = g%IZR(N1 + No)

RIS FE AT T TERREt

Eccentricity ratio, €
Angle of misalignment, 7

Groove gcometry parameters g, B, I, Y

MR

In addition, one must specify whether the bearing is of coniiguration 1l or
configuration 2 (see Fig. 2). Subject to the above input conditiens, Eq. (3)
is solved by the computer program to determine the dimensionlegs pressure
distribution P. From this pressure distribution, the computer program then
deterninenvthe following performance characteristics of the bearing.

Dimensionless tangential (sin) component of bearing film force,

'

_ 2
P = —!—ﬂ‘n—i'? (':') (see Fig. 3)
“(Ni + No)l

LEE o R N O S . AR SR A ) ]

'

Dimensionless radial (cos) component of bearing film force,

- 2
!r - —Lw-—z (g) (see Fig. 3)
p.(Ni + No)k

Dimensionless tangential (sin) componert of the moment exerted by the

bearing film force about an axis ihrough the initial end of the bearing
! 2
; M ~Msiné G
e T :(Nn-u-n)n:’ &
I - u 1 [«

BT TN e IR PO LA b RN P - 1
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force about sn ax%o through the initial end of the bearing,
. 2
i Hcus p C
% o, + NOR ®
w8 o

Dimensionless flow through the journasl, 6 - —2

2
R C(Ni + NO)

Dimersionless bearing torque, EB - a%

' ‘ T
Dimensionless journal torque,TJ - ié

The problem of cavitation of the begr;gg»filq_il handled by the approximate

" method of setting all sub-ambient fluid film pressure equal to zero before

integrating for loads and flows. Experience with plain journei besarings in-
dicates that this approsch yields values for load which are on the order of
5% to 10% conservative when compsred to & more exact trestmeat (Ref. 8). For

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

bsarings. Thus, one would expect thet the error introduced by the approximate
method of handling cavitation would not be significent in the casse of spiral-
grooved bearings. :

In the cslculation of besring torque, it is sssumed that regions of sub-
ambient pressure sre cavitated 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 radiel end
tnngont;nl couponents of £fluid film force 'r and rt as functions of the steady

_ stete eccentricity of the journal, e, the instantaneous rate of change of
"eccentricity of the journal, de/dt, and the instantaneous whirl velocity of

the journsl O¢/dt. Let us now see how this program may be used to obtain

-12-
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stiffness and damping coefficients for the bearing. Congider the reference sxes

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

W, and y is normal to this. The atiffness and damping coefficients arc definad by

- - . o o -

d’x xxx X Bxx ot xxy Bxy g% “)
- - - h - « B al

e T kyy ¥ yy ot G

It is shown in Appendix 1I that for bearings possessing rotational symmetry, ‘kx'
ny etc. may be determined from derivatives of F_ and F, vith respect to e and
€ by means of the following expressions

K, " rcon 6+:: cos ¢ sin ¢ ‘ (6)
T %coa ¢+:—r£co.¢.m¢-%ﬁ[éo-dg?nindgﬁ'. )
X, - -:;tlinzii"::—rconéuind (8
nxy- ;’iunzi+§: co.d-1n6+99-:-¢[conﬁg: + sin ":;E ¢}
K x o, o .

yx = " Je- co 6+ 3. coséuind-Teind (10)
ayx---;‘-co.'zu-g%-co.hmd-ﬂ:—i -méE;--cond ] (1)
Kyy = g;i ein? § - ;;5 cos ¢ sin ¢ + % cos # (12)
I -g;lunzi--:-:-‘ 6 ain g4 5208 .md - cos é;;-‘] (13)
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vhere ¢ = Q% is the instantaneous rate of change of eccentricity and ¢ =

3

is the whirl velocity of the journal.

The determination of the derivatives JF /de, blrlbé etc. from the pingle film
program is tedious but essentially straight forward. Care must be taken, however,
that the changes in e, é and & used to evaluate these derivatives be chosen suffi-
ciently small guch that the results accurately apply to infinitesimally small
smplitude motions of the journal center about a steady state popition*. It is
recommended that one keep Le/C < .os,a&/zx(ut + No)c < .05 and eNZﬂ(N1 + no)c

- &€ .05 for evaluation of the above mentioned derivatives.

A detailed degcription of how to prepare input for the single film spirasl-grooved
journal bearing program is given in Appendix IlI together with a listing of the

program.
lculation of Stead te Performpnce Flogting Ring Bearin

The program for calculating the performance of a floating ring, spiral-grooved
Becring consists, essentially, of two parts. The first part contains the program
for a single film, spiral grooved journal bearing described above. This {s used
to calculate the individual performance characteristics of the inner and outer
films of the flosting ring bearing. The gecond part of the program consists of
the logic required to determine the correct ring speed and eccentricity ratio of
the outer film 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 foramulation represented by Eqs. (4) and (5) implicitly carries the
assumption that the motions x, y, dx/dt, Jdy/dt are vanishingly small.
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surface of the ring. In detail, the computationsl procedure works as described
below

|

1. To determine the overall preformsnce of the floating ring bearing requiresg
that the following quantities be specified as input to the program.

T T R T Y e e Ve g WA e el

——

KRL,

R L R L e

Radius ratio of ring and journal = R2/R1 where R, is the outside radius

2
of the ring and ll is the radius of the journsl.

Overall Reynolds number under which the besring is to be operated
Re = 27N.R.C. /u

1}16
Eccentricity ratio of inner film to be examined = e1

Clearance to radius ratio for inner film = cl’il

Clenrnnce.to radius ratio for outer film = 02/22

Dimensionless supply pressure to center of bearing -(P./uNl) (Cllll)2

Length to inner diameter ratio for bearing = L/D1

Groove geometry parameters @, B, I" and Y

NG Sl AR RUY . . dmbieriEem

A A AN N Lt A ey | TR T PIRA ALR E  Srk

2. Given this input, the first thing the program does is to calculste and store
in tabular form the following performsnce data for the inner and outer films of
the floating ring bearing.

Inner film H(Nl + NJD.L 31 2
Sommerfeld No. §, = ——tol 1 =
1 W 01
(Tj)
Dimensionless torque on journal (T,) = —_—
1 ¥

-15-
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_ (T,
Dimeasiunicey tusque vn luside wi ziug (EB> - we 1
1 1
Attitude angle 61
Oute lm
uN.D.L R 2
Sommerfeld No. §, = —ai— (_Z)
2 w c2
('l‘j)
Dimensionless torque on outside of ring &j) = —'c—'z
2 2
T —
Dimensionless torque on inside of bearing (rn) = “wWe
) 2 2

" Attitude angle ‘é

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 predetermined. values of eccentricity ratio and three predetermined values
of, Reynolds number. Thus, 9 separate calculetions of performance character-
istics must be made for each film (18 calculations altogether). The Reynolds
number for the inner film is defined &s

27p(N, - N.IR c1
Re, = —_—1 2711 (14)

1 B

while the Reynolds number for the outer film is defined as

2%N,2,C
Re, = —422 as

2 B
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Note that since the overall Reynolds number Re is specified, Rel and Rez are
determined uniquely by the ring speed ratio N2/N1. Typically, the three values
of Rel and Rez for ghich film characteristics are calculated are those corres-
ponding to NZINI = 0.25, 0.35 and 0.45. Typical values of eccentricity ratio
for which the inner film charscteristics sre determined sare €, = 0.2, 0.3 and

i

0.5. The three values of €, selected for calculation of outer film daca are

2
chosen in sccordance with anticipated operating eccentricities of the vnrter

film.

3. Once the tablea of inner and outer film characteristics are prepared, the
program next considers an initial guess for the ring speed ratio szl' This
initial guesa is resd in as input to the program. From this ring speed ratio,
the program then calculates a value for Rel. Corresponding to this value for
ael,_nnd the value of € resd into the program, there will be specific values

of 31 and f?n)l which the program will determine from the tgbular data for the’

inner film cheracteristics. The program will interpolate within the tables if
necesgsary. '
4. The progrsm next det:rmines 82 from the condition that the load capacities
of the inner gnd outer film must be equal. This condition is expressed by

B h b &)
ek Gen)E € ® 8

ihl prograt also determines Re
retio.

5. With 8, and Roz calculated, the program next determines the coiresponding

values of, (TJ)Z end €, from the tabular data for the outer f11n performance

cheracteristics. The program then checks to see if

T,

. ¢ |
- @ g an
<2 1

¢,

.17-
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{.e. the program checks to see if the torque on the outside of the flosting ring
matches the torque on the inside. If they match, the solution is complete. 1f
the torque on the outside of the ring is lower (higher), then a slightly bhigher
(lower) value for ring speed is guessed and the process is repeated until a con-
vergent golution is obtained.

When a convergent solution is obtained for the flosting ring bearing, the progranm
prints out verious performance data for the individual films and for the cverall
floating ring bearing. This output is cescribed fully in Appendix IV. Detsfled
ingtructions for preparing the input for the floating ring program sre also pro-
vided in this appendix along with a listing of the program.

Stiffoess and Deuping Coefficients for Floaiing Ring Besring

In order to determine the overall stiffness and damping coefficients for the
floating ring bearing, it is necessary to first determine the stifiness and dawmp-
ing coefficients for esch individusl dearing film. ¥or each steady state solution
for the floating ring bo;rin;. the stesdy state operatiog conditions for each
film an' established. Stiffness und damping coefficients for sach film can there-
fore be determined by the single-film, spirul-grooved journsl bearing program as
dascribed esrlier. '

Let us denote the stiffness aud damping coefficients for the inner f£ilm by the
subpcript 1 and those for the outer film by the subscript 2, i.e., ‘xxl’ K. _,s
etc. The overall stiffness and damping coefficients for the floating ring bearing
are denoted simply as ‘n’ txy‘ etc. Consider that the shaft moves in sychronous
whirl with s frequency w, = 2, radians/sec. and with amplitude compenents
;lnwlt. The overall damping and stiffness coefiicients are defined by the rol-
lowing relationships.

rel [+ 4 C,w, B K C,w,B
e T _L'u+1_l_‘1'_n)_;;‘w1:_ (-Ai‘!*'i_l%‘l’z_l‘mlt

1
(18)
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i
b4 :th c.x C,w. B x C.X C.w.B ;
S A o 7 S i Lo .1,1«»1:_1 Xy, , S0 N e
|
(19) :
or in short: g
x ,
" zﬂ XY | X ?
S (z0)
J - z s -
v Byx Yy N1
vhere:
c.x Cc.w B
- —LEx Alxx
B T Tw tE Ty (emelogoss for oz, 2o,z @)
;1
1t e (22)
1
;1 (23)
1 %o 23
1 c1
7 9t = ot
Let the center of the ring have whirl amplitudes x,¢" 1" and y,e™"1" and let:
x, .
- -t
I (24)
v,
- £
2.7 % (25)

The dimensionless dynamic coéfficientn for the ianer and outer film are obtained
in the form:

-16-
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L Inner film: :
! i
'i c,X C,(w, + w,)B !
: led Ll L, etc (26)
% Outer film: ;
czx czm B
3 2, : 2, e . @n 3
Define: ;
» Inner £ilm:
f C.K C, (w, + )8 .
1 : - Ll XXl S S St | “2 xx1 :
; L] w *11a v (28) :
(similarly for 2 .., Z .4 2 .))
Quter film:
2 - El EZ.‘.BZ -+ i..c.l. i fﬁfﬂ (29)
xx2 62 w c2 n |
(similarly for zxyz, zyxz, zyyz)
where:
} N
: n o= &
. "1
]
P Hence, the dynamic forces acting on the shaft become:

n A
SR ¥ z

’ - - (30)
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In order to bring Eq. (30) into the same form as Eq. (20) and thereby determine

]
the ‘overzll dynamic coeflicients it is necessary to eliminate x

and Y, from the

2
equations. This is done by setting up the equations of motion for the ring with
nass m:
C. o 2 *2 zxxl z:xyl ¥ 7% zxx2 xy2 X2
11
- v = - - (31)
Y2 2o Zyn1 Y1 7Y |%x2 Eyy2 Y2
or:
2
C, o
I S W -
@x1 ¥ Zex2 v @51 ¥ ey X) - %
2 =
. ’Clnwl
(zyxl + zyxz) (zyyl + zyyz - ra Y1° 9,
¢ m,?
@2 = ~W ) xy2 *)
(32)
cym, ®
zxyz (zyyz ) W ) 41
Substitute Eq. (32) into Eq. (30) and compare with Eq. (20) to get:
cl mlz -1
zxx zxy zxxl zxyl (zxxl * zxxz ] ) (zxyl + zxyz)
-
2 2 z_, 2 (2, +2..) @, +2 -clwlz|
yx Yy yxl “yyl yxl © Tyx2 yyl = Tyy2 v
C,mw 2
(2 - 1 1)
xx2 W xy2
cl“‘“’lz
Z:‘m2 (zyyz R ) (33)
-21-
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Salving for zxx’ zxy’ etc. and using Eg. (21) yields the overall dynamic coef-

ficients for the float’ 1g-ring bearing.
In general the msss of the ring is relatively small such that:

2
C, o C.X
Ll AKX
v <<%

in which case it can be ignored im the calculations. This condition applies
to all the numerical results given in the present report.

bili lculation for Flo arin

The oversll ptability of the floating ring journal besring to self-excited
whirl may be calcuiated from the overall dynamic coerficients described above.

" In this pregent study, the stability calculations were performed by meens of

the computer program developed under USAF contract No. AF 33(615)-3238 and
described in part V of the finai documentation issued under this contract
(Ref. 9). A brief description of the analysis upon which the stability cal-
culations are based ig provided below.

At any given rotor speed and with a known static load on the bearing, the
journni center occupies a certain unique equilibrium position relative to
the'hearing'center. When the journal whirls around this equilibrium in a
small orbit, the dynamic forces L and ry generated in the bearing fluid
film can be expressed in linearized form as:

- - dx _ - dy
- K, x-B it oy 7 Bxy ac (34)
- v - dx _ - dy -
ry ny x Byx yre xyy y Byy T (35)
-22-
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where x and v are the whirl amnlirudes measured froz the statill Squiliis ium
position, t is time, and the four spring coefficients (the K - coefficients)
and the four Jemping coefficients (the B - coefficients) would be determined
for the floating ring bearing from the analysis described above. For a given
earing geometry and known lubricant properties, the 8 coefficients are func-
tions of the bearing lcad and the rotor speed and, if the lubricant is compress-
ible like a gas, they are algo functions of the whirl frequency. In the latter
case, Eqs. (34) and (35) are only valid for harmonic motions such that:

x = x, cos {vt) - x, sin (vt) . ’ (36)
y = y,cos (vt) - Y"lin (vt) 3n

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

x = Re {(xcd-ix')eivt} S : (38)

y = Re {(yc + 1y.)eivt} | (39)

where 1 = \/-1 and 'Re ( }" means that only the real part of the bracketed

ivt

expression appiles. For convenience the "Re ( }" and the e are dropped

whereby Eqs. (38) and (39) are written

x = x + ix' (40)

y = ¥ty (41)

s

S -,
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When these eguations a2re uged in the analysils theiiv couwpleie wesning is defined
through Eqs. (38) and (39). '

1

With this notation Eqs. (34) and (35) can be written:

Fx - . zxx x - ny y (42)
-Z_x-12 s

'y - zyx x zyy y | (43)

where:

- . 3 . -

z Ko ¥ 1 (@) w8 =K+ } (44)

oy ¥

r - & ‘ (45)

and gimilerly for i;y, i;x and i;y. Here, w is the angular speed of rotation
and ;'givea the ratio between the whirl frequency and the rotational frequency.
In this form, the aquations are equally valid for an incomp.essible and a com-

preaseible lubricant.
To 1llugtrate the procedure for calculating the threshold of instability, assume
for simplicity that the rotor is rigid and symmetric such thet the two bearings

support an equal mass M vhich equals half the mass of the rotor. Then the equa-
tions of motion for a journal become:

Ny X . p (46)

-24-
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By substitution frodi Eqs. (41) through (43), these equations can be written in

matrix form:

- 2 —
(zxx - My®) zxy x
=0 47)

2
z zZ -M
yx (yy v©) y

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:

- - 2 - 2 - -
A Ac + m. z My )(2” MV°) - 2 zyx 0 (48)
or
- = - 2 2 -
Ac Re(A> (K 7m)(x - Y "M0") ny
- I wB - . (A
7 wB By mey <" 0 %9)

a,=wm{a) =7 [(x - Pm?)un + @& -Hﬂ’)ﬂm = KoyBys Koyl xy]-o

yy xy yx
(50)

These two equations must be satisfied sinultaneously at the threshold of insta-
bility. They contain two unknowns, namely the whirl frequency ratio, ;, and

the angular speed of rotation, . In the general case, the 8 dynamic fluid
f.iim coefficients are functions of both 7 and ®, making a cloged form solution
impossible, and the solution is most conveniently obtained 3raph1c111y. For
any fixed value of w, Ac and A can be plotted as functions of 7 to find their
gero points. With 7 >0 1t 1- seen that A has one gero point and A has up

to two zero points (only true in this limple case). The calculht:ion is repeated
for several values of w and the results may be plotted as shown:
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Threshold

The intexgection of the two curves define the speed at which instability sets
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RESULTS

Single Film Bearing

Results of calculations of the performance of single film spiral-grooved journal
beerings are shown in Figs. 7 through 18. 1In all cases, the results shown are
for bearings having groove geometry optimized for maximum radial component of
stiffness at € = 0. These optimum values of groove geometry parameters are given

in Tables 1 and 2 presented earlier in the text.

Load capacity of the pingle film spiral-grooved journal bearing is shown in Figs.
7, 8, 9 and 10, in terms of dimensionless load H/uN1UD (c/l)2 vs. eccentricity
ratio €. Fig. 7 shows results for a bearing of configuration 1 {.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 sre 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 encirély by sction of the spiral grooving (P. = 0). The load capacity
of this bearing is seen to be slightly less than that for the configuration 1l
bearing. .-On the other hand, the through-flow of lubricant is useful in removing
heat from th2 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 < 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 gshown for Re = 5000 but ere typical of those obtained
at all vslues of Reynolds number. The degzee of prelnuiizatlon congidered i
indicated by the di-eusionlell perameter P G_ D/L where P is the dimensionless
supply pressure defined ac P = [? /u(N + N ) (C/R)2 nnd G, is a turbulent
viscosity correction factor corte.ponding to the mean &eynoldl ho.(uz is obteined
from Fig. 5). When the supply pressure parameter P' Gz (D/L) is mainteined st
0.35, the net flow of lubricant through the bearing due to pressucization is
approximately equal to that due to self-pumping of the grooves, independent of
inynold- ausber. When this parameter doubles, flow due to préj.urinntion doubles.

In general one may conclude that for values of 3; Gl (D/L) less thaa 0.7, the
effect of pressuriszation on load capacity may be neglected. In any case, it is
congervative to do so since pressurization tends to increaze load capacity*.

¥igs. 11, 12, and 13 show curves of attitude angle ¢ vs. eccentricity ratio for
configuration 1 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.

Referring to Fig. 11, which gives attitude sngle for a configuration. l bearing,
we sse that for laminar flow ¢ decreases slightly with eccentricity ratio. This
decresse is mostly dus to effects of cavitation in the besaring film. At higher
values of Reynolds number, very little or no cavitation occurs in the bearing film
out to € = 0.7 and, as a consequance, attitude angle shows very little dependerce
on €. The extent of cavitation that does occur in the bearing will be discussed
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-
surization will help to promote rotation of the ring in a spiral-grooved float-
ing ring bearing. Getting the ring to rotate can be somewhat of a problem in
plain, cylindricul floating ring bearings. Whether this is true for spiral-
grooved floating ring bearings remains te be seen.
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For confionration 7 bearinga. wve find again that for laminar flow. ¢ decreases
with € due to cavitation whereas this effect is less pronounced at higher values
of Reynolds number. #We aiso find that pressurization tends tv deciease atitituds
angle. In most instances, this effect is not great, although for laminar flow
and L/D = 0.5, a pressurization of i; Gl D/L = 0.7 produces approximstely 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 wve see that for'éonfigurltion 2 spiral-grooved
journal bearings, attitude angle deécreases quite gubstantially as L/D ratio is
decreased from 1.0 to 0.5. This latter effect does not occur in plain cylindrical

bearings.

In general, we can observe that development of turbulence in spiral-grooved journal
bearings xeduces the attitude angle by a significant smount i.e. approximately
10 degrees at low eccentricity ratios for both configuration 1 and configuration

2 geometries.

The bearing through-flow, Qp. that is generated by the self-pumping of spiral
grooving is shown in Fig. 14. Results are plotted in terms of Qpllzc(Ni- No)
vs. €. The results shown were obtained neglecting effects of cavitation. This
was done because the vay 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 fluid 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 asyuptotic values.

It ghould be kept in mind that the regults shown in Fig. 14 pertsin to a bearing
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with Y = 0.67 {.e. a bearing with grooving on 67% of its length. Flow through
the bearing can be increased by 1nctel-1ng‘§ slightly with very little penalty
paid in terus of loss of load.

The flow of lubricant, Qs’ through a spiral-grooved bearing that renul;: from
pressurizing either end of the bearing is directly proportional to r.c Gz/u (D/L)
for any given eccentricity ratio and Reynolds number. Curves of dimensionless
pressure flow, Q.u/Gzcs(L/D) are plotted va. ¢ in Fig. 15. Use of the turbulent
viscosity correction factor G' in forming this dimensionless flow takes account
of the influence of Reynolds number quite well although some slight dependence
on Reynolds number still remaing.
The dimensionless torque, TJCIHHtls
is plotted in Pig. 16 for a configuration 1 bearing and in Fig. 17 for a con-

L, on the journal of a spiral-grooved bearing

figuration 2 bearing. The solid lines show the torque for s bearing with a com-

- plete fluid film vhile the dashed curve ghows the torque taking account of cav-

itation that would be expected to occur. Cavitation is accounted for by assuming
that all regions of subambient pressure are cavitated and that shear stresses in
these regions sre negligible. The discrepencies between the dashed and solid
curves in PFigs. 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 besring, cavitation does
not set in uatil ¥ 0.3 for laminar flow, until ¢ ¥ 0.5 for Re = 1000, and doas
aot occur at all below ¢ = 0.7 for Re = 5000 end 9000. For an unpressurized
configuration 2 bearing (Fig. 17), cavitation occurs at lower values of ¢ than
for a configuration 1 bearing and does occur at Re = 5000 and 9000. Cavitation
can easily be eliminated, however, by modest pressuriszing of the bearing.

The solid curves shown in Fig. 17 aleo apply with ressonable accuracy to bearings
with L/D = 0.5. The dashed curves do not, howaver,because there is less tendency

for @ spiral-grooved bearing to cavitats as L/D ratio is decressed.’ For configur-
ation 2 bearings with L/D = 0.3, no cavitation occnrs for Re ¥ 1000 and ¢ € 0.7.
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An important quantity to consider is how the dimernsionless ratio of friction
torque to load, rj/wc, varies with Reynolds number. This i= shown in Fig. 1R
for ¢ = 0.2, 0.5 and € = 0.7. As can be gseen, torque increases more rapidly
than does load when turbulence develops in the bearing film. One can note at
this point that cne 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 1f 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.

Flosting Ring Bearing

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 ghaft.

Two values of the ratio of inner clearance to outer clearance were considered
i.e. czlcl = 1.2 and 0.8. Results were cbtained for no pressurization of the
bearing (3; = 0) and for a degree of pressurization corresponding to i; 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 digcussed below.

Curves of dimensionless load, E} ve the eccentricity ratio of the inner film
€, are presented in Fig. 19. The curves are for CZ/C1 = 1.2 although they
apply within a few percent accuracy to the case of CZ/C1 = 0.8. As can be
seen the degree of pressurization considered for the floating ring bearing

(dashed curves) regults in a substantial increase in load capacity over the
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unpreasurized case (solid curves). For the single £ilm bearing, the same appar-
ent degree of pressurization repylted in only s slight increase in load capacity
(8ee Figure 10). The reasons for the greater gpparent effect of pressurization
on the floating ring bearing are as follows.

First, the parameter F. GzDIIL for the floating ring bearing is based on the over-
all L/DI' The effective value of this parameter for each half of the floating
ring bearing is actually twice :Pe overall value. Second, the value for Gz uged
in establighing the paxameters P. G‘DIIL is based on the overall Reynolds number
Re = z.ulnlcllv. Because of rotation of the ring, the individual Reynolds numbers
for the inner and ocuter films are esch less than the overall. Hence, the effect
of pressuricetion of each film is greater then is indicated by the parameter

‘;; G‘ DI/L because, in turbulent flow, the lower the Reynolds number the greater
the amount of flow for a given supply pressure. Third, the dimenaionless supply
pressure i& is based on the shaft speed Nl' For spiral-grooved bearings, iﬁ Eﬁrnn
out that rotation of the ring decreases rather than increases the load capacity
of the inner film. Hence pressurization of the inner film becomes relatively more
significant with regpect to load capacity of the film.

Roughly speaking, the increase in load capacity resulting from pressurization of
a floating ring bearing is linearly proportionsl to the guage supply pressure.
One can therefore linearly interpolate between the curves shown in Fig. 19 to
determine load capacity at supply pregsures different from that considered.

Curves of overall attitude angle ¢ of the floating ring bearing are shown in Figs.
20 and 21. Overall attitude angle ip 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 sngles for the inner film are considerably greater than for the outer film.

Values of dimensionless jourual torque, 33.' rj/wc. are given in Fig. 22 for a

floating ring bearing with czlcl = 1.2. Similar curves for a bearing with
czlcl = 0.8 would run about 7% higher.
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One of the primary advantages of the floating ring bearing is that, for a given
eccéutricity of the inner film, the ratio of torque to load is much lower than
for a comparable gingle 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 groovegs 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 ghaft 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 ratic. 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 = 0.5. This pro-
vides a fair comparigon 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 gelf-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 gingle 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 individual film being considered. The pressure flow
that is calculated can be added directly to the gelf-pumping flow calculated from
Fig. 24.

Ring speed ratio, NZ/NI' is plotted as a function of inner film eccentricity €

in Figs. 25a and 25b. Results for laminar flow and Re = 9000 are shown. Resulty
for Re = 5000 are nearly the same as for Re = 9000 while regults for Re = 1000
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lie betwcen the Re = 9000 and laminar curves. Ring speed ratio for laminsr flow
tanda to decrssse with ‘) wvhile, for turbulent flow, ring enesd ratio remains
relatively corstant with eccentricity. Note that ring speed ratio is not strongly
affected by the clearance ratio cz/cl.

€y the eccentricity ratio for the outer film, is plotted as a function of el in

Fig. 25. In general, €, increases approximately linearly with € As would be

2
expected, 62 is congiderably greater than ¢

for 02/01 = 0.8,

, for CZ/CI = 1.2 and more nearly

equal to €
Dynamic data for the floating ring bearing are given in Tables 4 and 5. These
data consist mostly of stiffness and dnmpinh coefficients for the individual
bearing films end 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-
ing for the inner film pertsin to the fluid film forces that develop in the inner
film due to relstive motion between the shaft and the ring. Stiffness and dawping
for the outer film pertain to fluid film forces developed in thgt film due to
reletive metion between the ring ard the outer becaring.

Stiifness and demping coefficients for the overall floating ring besring are
given in Table 5. These pertain to the forces dewveloped on the ghaft 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. € for a ramber of representative situations in Figs. 27 through

32. Qualitatively, the behavior of the overall stiffness sand damping coeffici-
ents as eccentricity ratio increases is similar to that for single film bearings.

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

to calculate a critical mass at the threshold of whirl instability. The critical
nasses determined from the inner or outer film damping and stiffness coefficients,
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while not of great physical significance, are still of interest tn calculate,
The critical mass Mcl' determined from the inner film coefficients, is the
critical mass of the ghaft within the rotating ring assuming thet the ring
were restricted from any translational motion i.e. assuming that the outer
film were infinitely stiff. sz. 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
sents the critical mass for a single film bearing operating at Reynolds number
Re2 and eccentricity ratio €

repre-

2°

Mb’ the critical mass determined from the stiffness and damping coefficients
for the overall floating ring bearing, represents the criticel mass for the
shaft rotating within the composite floating ring structure. It is the ap-
propriat> value of critical mass for the shaft of the floqting ring bearing.

The critical masses Mcl’ Mcz and Mc are pregented in Tables 4 and 5 in the
dimensionless form

= Xl (N, +N,)

cl 2
u(RI/cl) Lp,

L 2%

2 R./¢.)2 LD
HR,/C, 2

_ M C N

M - c 1 1

[+

2
u(RI/cl) LD1

In attempting to compure the critical magses in these tables one ghould keep
in mind that each is made non-dimensionlegs on a slightly different basis.

Values of overall critical mass vs. €, are plotted in Figs. 33 and 34 for
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czlcl = 1.2 and 0.8 regpectively. In general, critical mass for hydrodynamic
bearings increases »iih ecceiniiiclty ratic. However, wvhen operating in the
turbulent regime, ‘al-grooved bearings exhibit the anomalous characteristic
that critical mass a.creases with eccentricity in certain ranges. This char-
acteristic may be related to the fact that the attitude angle of spiral-grooved
bearinga sometimes increases with eccentricity ratio in the turbulent regime.
This incresae in attitude angle can be qualitatively explained on the basis
that as sccentricity incressses, the usual plain-bearing-type of hydrodynamic
action becomes relatively more significant compared with the self-pressurizing
hydrodynsmic sction of the spirel grooves, particularly in turbulent élow.
Hence, there is s tendency for attitude angle to increase with eccentricity

in spiral-grooved besrings.

It is interesting to note in Fige. 33 and 34 thst pressurization of the floating
" ring bearing has a more significant effect on bearing atebility than it does on

besring load capacity. It is obvious that preassure feeding of the bearings is
an effective means of stabilization.

An important point to investigate ig whether the spiral-grooved, flosting 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 ch calculated for the outer film. The L/D ratio of the
outer film is about 20% less than that for the inner film but this fact should

not greatly effect the comparigon.

For laminar flow, the single film bearing 1s more stable than the floating ring
bearing with 02/01 = 0.8 and, at low eccentricities, is also more stable than
the floating ring bearing with Czlc1 = 1.2. However, at high eccentricities,
the critical mass for the floating ring bearing with Czlc1 = 1.2 exceeds that
of the gingle fiim bearing.

For turbulent flow, the stability of the single film configuration is clearly

-36-




> -

e

st BT i gy

eunerior ¢ thgt of the fivaiing ring vearing.

The floating ring configuration of spiral-grooved bearings suffers in regard to
stability for the following resson. The good stability of spiral-grooved bearings
is due principally to the gelf-pressurizing effect of the spiral grooves. This
self-pressurizing effect is proportional to the difference in speeds, (N1 - Né).
Consequently, in a flosting ring configuration, rotation of the ring reduces

this self-pregsurizing effect in the inner £film and, hence, reduces the stability
of the inner film. The stability of the overall bearing suffers as s consequence.

W,

i

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

a plain floating ring bearing in Fig. 37. At low eccentricities, stability of
the apiral-grooved configuration is better but, at high eccentricity, stability
of the plain bearing increases rapidly due to the effect of cavitetion and begins

- ARl S SRS

to surpass that of the gpiral-grooved besring.

[y S )

An important point to keep in mind when comparing the stability of plain and .
splral-grooved bearings is that the plain bearings echieves 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, pai:icul-
arly with liquid metals as lubricants, it is undesirable to operate with cavit-
ated bearing filws because of the gfoblem of cuvitation damage. If a pressur-
ized supply is used with plain benfinga to suppress cavitation, the stability
of the bearingé 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-pressurizing action. Moreover, use of

a pregsurized lubricant supply further enhances the stability of these bearings
as is 2videnced by the performence charts presented in this report.
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UMMARY AND CONCLUSION:

An analysis has been performed of the turbulent, spirsl-grooved, Journal bearing
with incompressible lubricant. Optimum values of groove parameters have been
determined tov provide maximum radial stiffness. Performance charts are pregented
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. 1In addition, stiffneass and damping coefficients are presented
for the floating ring configurdtion and values of the critical mass for threshold
of whirl instability are determined. Performance data are presented for bearings
operating with and without a pressurized supply of lubricant.

The following general conclusions can be drawn concerning the performance of
spiral-grooved single film and floating ring journal bearings:

1) Compared with plain, cylindrical journal bearings, apiral-grooved bear-
ings offer the following advantages: (a) They possess greater gtability
under lightly loaded conditions. (b) They tend to operate without
cavitation due to the self-pregsurizing effect of the gpiral-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
through the bearing eliminating the need for a pressurized supply. (d)
All performance characteristics of spiral-grooved bearings can be easily

enhanced by uge 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) 1In spiral-grooved bearings, development of turbulence results in an
increase in frictional torque, an increase in load capacity, an increase

in gtability and s decrease in attitude angle. In general, the ratio of

frictional torque to load capacity increases with development of turbulence.
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ABLE DY C_PERFORMANCE DATA FOR THE FLOATING RING JOURNAL BEARING
(3] =l » " " " " L o o L] x0 -
ol O A A - A A O O - ‘| I
N2 (] . x 8
Tl ~» ¥ n
wlalce - =
- [ 4
~ -
t-lﬂ [ )-P
A
»
1.2 0 LAN .2 785 .762|- 616 .637 | 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 o 1000 .2 -909 .652|- .592| .782 | 1.29 S4ll- 041 L.31 106 [ .48
-3 1.06 J790(- 676 .799 | 1.51 «743| .020 | 1.46 113 1 .49
5 .18 2.42 006 ] 1.58 1991 2.8 859 | 2.43 A7 1 .57
1.2 0 5000 .2 1.81 1.04 |- .928|1.58 2.10 .8421- .087 | 2.16 223 | .46
.3 1.97 1.15 |- .985]1.62 2.40 1.03 |- .021 | 2.28 264 | W45
.5 J.u 2.07 |-1.27 |[1.1 3.84 2.40 .555 | 2.92 356 | W44
1.2 0 90600 -2 2.44 1.38 [-1.19 |2.23 2.97 1.09 |- .089 ; 2.93 337 .43
3 2.85 1.58 |-1.45 |2.34 3.33 1.40 |- .016 | 3.20 236 | .46
5 4.88 2.91 |-1.72 ]2.49 5.38 3.15 697 | 4.10 538 | .42
1.2 4.2 LAN 2 1.26 5281~ 492 | 1.06 1.44 431)- .039 | 1.36 243 | .36
' 3 1.51 .655|- .588 [ 1.11 1.23 «607] .004 | 1.48 258 § W7
5 12.72 1.3 |- 965 ]1.20 3.3 1.60 417 | 2.19 4533 ] .3
1
1.2 5.13| 1000 .2 1.54 473 (- 482 | 1.42 1.38 3924~ 051} 1.31 3151 .38
] 1.68 542 (~ .582 [ 1.44 1.62 .506{- .036 | 1.39 .308 | .36
.5 3.n 1.47 {- .608 |1.44 3.18 1.96 514 | 1.98 [-1.33 21
1.2 10 | 3000 w2 2.97 802(- .784 |2.74 2.25 637~ .097 | 2.18 595 ] .35
3 .12 869 |- .814 |2.76 2.53 J241- 063 | 2,20 849 | 3%
+3 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 [3.6% 3.10 .808)- .098 | 2.88 .907 | .33
3 4.84 1.28 |-1.3& |3.99 an 1.14 |- .067 | 3,18 830 ) .37
3 5.77 1.80 [-2.05 |3.95 6.13 2,09 261 | 3.77 999 | .35
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Configuration 3 (Vented Bearing)

Figure 2. Various Configurations of Spiral-Grooved Journal Bearings
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Figure 3. Coordinate System for Forces and Displacements
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Figure 4. Geumetry of Floating Ring Bearing .
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Figure 10. Load vs. Eccentricity, Effect of Pressurization
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Attitude Angle vs. Eccentricity, Single Film Bearing

Figure 1l.
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Attitude Angle vs. Eccentricity, Single Film Bearing
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Figure 12.
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Attitude Angle vs. Eccentricity, Single Film Bearing
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Figure 13.
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Figure 19.

Load vs. Inner Film Encentricity Ratio, Floating Ring Bearing
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Figure 21. Attitude Angle vs. Inner Film Eccentricity Ratio, Floating Ring Bearing
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Figure 24.
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APPENDIX 1
DERIVATION AND SOLUTION OF EQUATION FOR

TURBULENT SPIRAL-GROOVED JO L -

The differential equation for the pressure distribution around s spiral-grooved
journal bearing has been derived previously by the present authors. for the case
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 bearing film will be

§ ; -
[.AE, accounted for by means of the linearired turbulent lubrication theory developed
3 z by Ng and Pan (Ref, 4). The derivation will involve four major steps:

!
’@ i 1. Express the local mass flows in the ridge and groove rvegions in terns
' 4 qf the local pressure gradients in those two regions.
i | 3
g g 2. Define an "overall" pressure profile around the bearing neglecting the - -
ot zig-zag ripples in the profile which arise due to the discountinuous
o groove-ridge geometry. ' C
i 3. Use the requirement that the flow normal te a groove-ridge interface be
3

continuous across the interface in order to solve for local ggqove-ridg&
. pressure gradients in terms of the "overall” pressure gradient.

o\ e

4. Apply the principle of conservation of mass tb obtain a differeritial
equation for the overall pressure profile.

. ol
R W RIS FRLTE T SR

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

turbulent mass flows in a bearing film can be expressed as

§ | oh’G
ot puh =- u"a-‘3+p31;ﬂh (51)

-_m&hawkkbpﬁjugg
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where x and z are the coordinates in the direction of rotstion ard the axiai

direction relpectively and where U snd V are the surface velocities of the

bearing and journal respectively. The factors Gx and G' can be congidered,

esgentislly, to be turbulent viscosity correction factors. In the linearized

4 turbulent lubrication theory Gx and Gz are considered to be functions of the

; local Reynolds number, Ih, in the bearing film where R - p(V-UDh/u. A plot
f of Gx and G, vs. B 1is shown in Fig. 5.

Next, we introduce the “skewed" £, 0 coordinate system shown in Fig.38 in
vwhich lines parallel to groove-ridge interfaces are lines of constant § while
planeg perpendicular to the axis of the bearing are planes of constant 1.

The relationships between £ and 7 and the cylindrical coordinates 9 and =

R

are given below

.
e v e e

:  "§ - @ !Lsgsqﬂ- L o : : o (53) o
; .g n' = z/sind - (54)
" 0 = fa4lcul (55)
! t = qainp (56)

- note also that

T

j; §§‘-§-g’ (57)
e

-

T 2 _ 38 1 2P sotB

L d " 3 wnp gf 1 (58)
. |

Doy . 2P

e %? 38 (59)
N

¢ P cog B P

Sg % -.ga R +g; lil‘lﬂ (60)
¥

!

' -90-

i

}
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In the §, N coordinate system, the pressure gradient dP/dn is continuous
everywhere i{n the bearing film because the geometry has no discontinuities

in the n direction. On the other hand, the gradient dP/Q§ is discontinuous
at groove-ridge interfacea due to the digeontinuity in (ilm height. Con-
sequently the pressure profile in the § (circumferential)direction will have
tae "zig-zag" appearance as shown schemstically by the solid line in Fig.39 .
In this figure the svmbols En’ €n+1’ etc., denote the interfaces at the begin-

ning of ridge region while § 2° etc. denote the interfaces at the

n+1/2° €n+3/
beginning of groove regions. Now,by neglecting the saw-toothed ripples in the
actual pregsure digtribution, one can conceive of an approximate, smoothed

'overall" pressure distribution around the journal shown in Fig. 39 as the

PR ST

dashed line through the pressures Pn-3/2{ Po.1/20 ©tc., at 5n-3/2’ gnfllz’
etc., Siuce the local pressure gradients within each groove and ridge region
are bounded. in magnitude tha snv-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 “

ey

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

the discrete pointa Pn s etc., will approach r continuous distri-

! -3/2* Fa-1/2
bution P(£,n) which should provide a very good approximation to the actual
"ggw-toothed" pressure distribution around the journal. Formally, one can

define the slope of';(é,n) in the § direction at the point En, as

- 2 - P . QP oP
azéf.m . 1lim 1 212 w ji0 |a =B+ (1-0) ae—r (61)
£ oE0 sfo | %

n

where Af = €n+1/2 - 5n-1/2 enc where aPslaﬁ and a!;/aﬁ refer to the local,
pressure gradients within the groove and ridge region respectively.

Having defined the overall gradient 35/55, 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, He is expressed as
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He = p L(u-V) sin B - w cos 5J h (oz)

Subatituting for u and w in Bq. (62) by means of Eqs. (51) and (52) and noting
that JP/3x @ JP/RO8 we obtain

3
h” G 4
we .--p [_x__m o . W h J!inﬁ
groove region n Rov 2 8
3
h™ G oP

- _I_..IE..S;‘ cos P (64)

Note that the factors G,t and G. are subscripted r and g because they have dif-
ferent values in the ridge and groove regions.

Next ve make the following useful definitions

6, = 126 +6, cot2p) /nz (65)
12G_ cos B

cz - - __.Lz_. (66)
R asin'g
12 6 )

G - - ——r (67)

3 linzﬁ
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1f, in Eqs. (63) and (64), we transform the derivatives of P with respect to
9 and z inte derivatives yith respect to £ and n (see Eqa. (57) and (58))and

collest terms, we obtain

oP
- —B QP
groove region Rsinp 12u g Glg of + GZg an]
(U-v)
+ ph8 7R (68)
P
§ - —I . )4
“ridge region R sin B lzu by % EY3 + Gy on
(U-v) - |
+ pho g (69)

Note that the derivative JP/3n does not have to be identified by a subscript
g or r since it is continucus everywhere within ihe bearing film. '

Next we note that by continuity of mass flow

§ I - (70)

groove ragion “ridge region

Eqs. (61) and (70) constitute two linear equations in the "unknowns" anlaﬁ
and BPr/aE. Eqs. (61) and (70) may therefore be wolved to yield

op = 2P = <~ 2P
) g; ¢ 123, - X gf (1)
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i 4 & i ol
w
J

hbauiniad B IR e
w

[
o
L

B, = =——dehe (p.y) (73)

6uCh, - h) | '
Tl un >

>1
]
>
-
~
>
w

>
[ ]
>
~
>

wli
.
[--)
S
>

B, = 52/A3 /
Zqs. (71) and (72) may be substituted in either Eq. (68) or (67) to.yield an
expression for the mass flux W’ in terms of the overall pressure gradients
é?/aﬁ and 3P/3N (note that 3P/3n may be written as OP/JN because of the con-

tinuous nature of this derivative). The expression obtained is

SRR T, el

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

faces are located at En’ § etc., as depicted. The mass flows entering

n+l/2° €n+1

and leaving the moving control volume through the surfnceo-asfidse
wfidge An whereas the mass flows entering and leaving the control volume thrqugh

the surfaces AS" we denote as W(§

‘we denote as

0kl En). The total time rate of ch nge of

the mass, AM contained in AV is given by
%—t (M) + V.V (M) (75)

By the conservation of mags we obtain that

§ 3 n n ( )
W -W an + (W - W gn - &
ridge ridge +l n
€1 £, TN 1
+%;(AM)+V.’v'(AM)-o (76)

Dividing Eq. (76) through by afan where of = § ) - § , and taking the limit as
&F and An go to zero we have

g%§+g§_"+g?é%+v.a—(&-o a7
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where aﬂ‘/aﬁ is defined to be

§ Y ;
R &

The subscript ridge has been dropped from H‘ because of the equality condition

expressed by Bq. (70). The expression for Fe is given by equation (74).

'Ibi expression for the mass flux W is

3 3
_,»ga)h

' oP " oh” JP : g
M .- =L g —K & _ : }
W a = S - 5 S R (79)

L

I£ ve tt.n'for“ ar /a' '“d BP /Bc 1“t° f - codrdin.ten by means of lq‘ (58) we L

will obtain an cxprcluion for 'ﬂ in terms of 3P/am, IP, /3¢ and JP /a§ We then
can substitute for ar /3¢ and ar /a§ by means of Eqs. (71) and (72) to obtain,
tinally '

W' o= 2etap 2= (an? [ L. (-'A'l_a + () 5, B+ (0 iz)]

3: on
3 3 "- = : '
+ (l-adh [Gh %FI * 6, z gg c:zl!1 an °‘,‘2’] (80)

where I;, il and ii were defined previously by lﬁl. (73)

The quantity AM/&EAn in Bq. (77) is

3@% = . poRsinp [(l-cx)hr + ahJ (81)
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v.a-;,{-ge- (82)

Subgtitution of Eqs. (74), (80), (81) and (82) into Eq. (77) ylelds a second-
order differential equation in ;(ﬁ.n) the overall pressure distribution around
the spiral-grooved journal. To solve this equation, we must first transfcrm
it back 1nt9 the orthogonal 6-g coéidinage l&lttlf This is done by meana of
Eqs. (;9) and (60). The result is .

£+ sor f %ﬂ + oin'p %ﬂ

‘35’ {n o sin ﬂ Ea h8 + (l-a)htj} =0 (83)

—————
P
W<

!kpresqions_for H€ and Wﬂ in the 8-z coordinate system may be obtained by
substituting Eqs. (59) and (60) into Eqs. (74) and (80).

ThelﬂumEtigal Solution

Eq. (83) is solved for any combination of groove and seal arrangement with or
without feed or vent in the middle of the journsl (Fig. 2). Thus, it can pro-
vide the golution for a aell-grébve, groove-geal, fully grooved or herringhone
journal contsining up to three digtinct sections. The basic technique is first
to divide the bearing into a numerical grid with dimeneions mxn. Then write
the diiferential equation into a finite difference form of three columns. Thus,
each point in coacern is related to the five neighboring points. At the bound-
aries, the pressures are given. Therefore mxn equations are established for
mxn unknowns. By means of the columnwise matrix inversion solution routine
developed by Castelli, Pirvics and Shapiro, the pressure field is obtsined.
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This techalgque is fully digcussed in References 6 and 7.

Once the pressure field is obtained, loads, moments, torques, etc. are obtained

by numerically evaluating the following expressions.

Radisl component of force (cosine component)

2%
F = - [ ('i-r.)nco.oaou

Tangential component of force (une»couponclit)

x
'lt" ; (P*P‘)lutnOdOdz
b i

Redial component of moment (cosine component)

2x

L
Mr - - [ [ (;_' P.) RE cos O d6 d=

«98«

(84)

(as)

(86)
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Tangential component of moment (sine component)
L 2x
¥ = f f (F-P)Re sin 0 d0 de , (87)

0 o0

Attitude angles

-1 F a % : |
6 = tan ;l , #' = tan n . (88)
t o t .
Bearing torque )
| 2 g o2 z 2« 52 IR o
- Bo(U=V)_ R
T, . f [ Ce RAO dz + 3 [ ! h & o - (89)
0

where cf is the Couette friction factor which is plotted in figi 6 against
Ry 3P/ 1is the local pressurs gradient. By Eqs. (71), (72), (59) end
(60) the second term of Equation (89), ilie Poiseuille torque, can be written
in terms of the overall pressure gradients.

* 2x ' g - -
%[{ h §§ do ds = %[ {ahs[u-q)il (gf+£9-§-2§§) sin B

4 A)

+ (1-0)E, - & ]+ (1-ah_ l::\-z .05 @+l & up

- aiz J de (90)
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Where W = 10ad = rr +r

'l‘lou . - . ] 1

0

‘where W' is defined’ by Eq (80) . "
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DERIVATION OF RELATIONSHIPS FOR
CALCULATING STIFEFNESS AND Ni 1

Consider the reference axes shown in Fig. 3. The relationship between the forces
!i and 'y and the forces Pt and 't can be written in matrix form as

!& - W “{cos # sin ¢ 't o
- - - . R (93)
ry 0 sin 6 -cos ¢ 't

For an infinitesimally small motion around the steady state position the dynamic
forces become
dF cos ¢  sin ¢ dF_+ B, d8

dry sin 6 -cos ¢ “t - Pr dé (94)

-

The infinitesimal dynamic motion of the journal center is described byfthe

coordinates (x,y):
x = d(e cos #) y = d(e sin 4)

or

de. cos ¢ sin §° x
' - ' (95)
‘ L edg -sin ¢ cos 6 y
B
} i -101-
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The velocities transform similarly:

de cos 4 sin é ;
= . . (96)
edé -sin § cos 6 y

If, in the differential equation for pressure P obtained in Appendix I, we intro-
duce the following dimensionless variasbles

(V) /R

g' = /L

h' = h/C
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we obtain the result that the dimensionless prculurc';' in a spiral-grooved bear-
ing og fixed geometry is a function only of the dimensionless variatles ¢, ¢/w
and g/m 1i.e.

P =7 8,8 (98)
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The resulting fluid film forces in radial and tangential directions are:

Fo- -mff? cos 9 dx' dz'

- €
= A Fr ‘e, o £ )

y
[}

. A.mffi sin 0 dx' dz'

where:

, F. . aF
drr-%*’ .as_fd,.,.-:-) : de+~$ _;edd
3¢ 3¢
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aF dF, . oF .
dFt-%\-&—&dei»i ——E’-de-d»"]';——-i_ed.‘J (103)
B(:) ()

-~ -
- = - R

F F ) . oF, Y[ -

’er r¢:on ¢ sin ﬂ 'a—e-t' _e£ de ——5 -——!— r4:‘.e )
3§ &
. b { \ (WY Y

‘ ﬁ C ﬂ ) @ ’
: 3F, -F 3F, OF . 4
i dar sin ¢ - cos & gg _G_r, ed —t —5 || eas i
W S - J v J L B® odJ L J |
B The _n_:_iffneu snd dawping coefficients are defined by: i!
| !
d!’x--K“x-Bxxx-nyy-nxyy §
(105) !

aF = - K x - -k .y -
y y® " ByxX " Kyy¥ 7 ByyY

To determine the 8 coefficients, substitute Eq. (95) and (96) into Eq. (104) and
collect the terma in accordance with Eq. (105) to get:

- - -

. oF oF 13

Ku - %Mn L-s-‘; cooz b+ cos 6 sin & - _c! sin 6] (106)

K F

: mm- %Mn ——r_'cojz b+ —'ECOO $ sin ¢

| L3 2& .

' oF F z
. MRt Leogg + —F ain d)] (107) ;

o) 2d
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{ A ny - ¢ * sin” ¢ + il fsin g + < cos ] (108)

(o 3 o

E ] B = i —_?'linzd'o- —ZL cos ¢ oin 8 !

i xy ¢ € 3E

| -3¢ &

, .; F AF t
f + ﬂ:"é (—=cos 6+ —= ain ‘)J (109) I
| 3 2
‘ ]

¥ 3F F :

L xyx - % An|- .be—t ccu2 6+ be—t cos ¢ sin 6 + -EK sin d:’ (110) s
L -—e

. - 5 : -

}' ] nﬁyxi %m-—?coozi+ —= cos 6 sin 6

L & &

. 3 - - '

t oF oF

’L f - -'if-i (—= ain ¢ - —£ cos dﬂ (111)

o a<§> a(ﬁ)

|

- 5 & ¥

| s ‘yy - -(13 A [-;t- linz $ - g‘ cos ¢ sin ¢ - —;‘ cos ﬁ] (112)

|
F 7
wa- %m[—i linzd- —?couininé

i ) 3G Q)

|

| G 3F 3F
\. + 208 (L gl X, 45' (113)
é &) 2
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where, in the cvoordinate system sclected,

2

I )
¥ = IND @ (114)
ry- 0 (115)

and all forces and derivatives are calculated for the given steady state position,

defined by (co, 60).
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APPENDIX III - COMPUTER PROGRAM PN 412

PERFORMANCE OF A HERRINGBONE JOURNAL BEARING

UIERALSU 1N IHBE TURDULENL RBGLuD

All input data appears in the form of name list. A full description of name
11ist can be found in Ref. 10. The input are contained in the namelist "INPUT",

The input data are:

1. REM

3. COR

4. PFIX

Reynolds number
ZnJNi-Nol RC
v

where N& and No are the rotational velocities of the journal

and bearing in cycles/sec., respectively.

R = Radius of journal, in,
C = Nominal radial ciearance, in.
V i« Kinematic viscosity, 1n2/|ec.

Length-diameter ratio

L/D

where L = Length of journal, in.
D = Diameter of journal, in.

Film clearance ratio
C/R

Dimensionless gage rressures at the ends and the middle of

the bearing.
P _(Pressure, PSIC)
2
n oo+ N
C i o
where p = dynamic viscosity, lb-aeclinz.

The pressure at the initial end appears first, then st the
middle and finally at the final end.

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 I2,

The minimum permissible value for Il is 3.
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6. 12

8. SIGN

9, N

. 10:_¥DOT

11. PHDOT

12. GAMDOT

13. EPS

14. GAM

15. VENT

Number of axial grid points counted from the initial end of

tin Juuiual Lo Lthe eud of the sucond 7egion. Tor & vemisd
besring, 12 —eprerents the grid points of one half of a bearing.
For a thre glon, non-vented bearing, I2 represents the grid
points for tis initial end up to the interface of the second
and third region (see Fig. 2). The winimum permissible value
for I2 18 5 and the maximum is 17. Again, I2 must be an odd

number.

Indicator to specify whether or not there is another set of
input cards to follow the present set.

MORE = F, last set of input

MORE = T, another set of input. to follow

N -
- N

N TR

Number of grid points in the circumferential direction. The
maximum permissible value for N is 19.

¢/2x (N, + N )
where ¢ = time rate change of eccentricity ratio of the journal.

‘Dimensionless whirl velocity ratio
W2 (8 4N

where 0 = journal whirl velocity, rad/sec.

§/2¢ (8, + N)

where ¥ = time rate change of angular misalignment,

Eccentricity ratio
e/c

where e = eccentricity of journal, in.

Misalignment of journal, degrees.

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 VENT = F.
-108-
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156. BETA

17. DEP

18. ALFHA

19. PPOUT

Groove angle in degrees. Beta must be specified for the first
region ¢f the bearing (first value) and the sacond region of

the bearing (second value). If VENT = F, the value of BRTA

in the third region wust be specified. 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 obtuses angle,

the same vaiue 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 stould be read in as acute angle with the sams value of
BETA being read in for the first region as for the second
region. If VENT = F, the valus of BETA in the third region
should be given. The third value of BETA should be a'

conjugate of the first value of BETA, i.e. BETA(3)=180°-BETA(1).
Never set BETA = 0.

Groove recess ratios in two or three regions of the journal
with the first value referring to the first region, etc.

= 8/c '

where & = groove recess, in.

To impose the condition of a smooth bearing (no grooving) in
either region, set DEP = 0 for that region.

Fractionsl groove width in two or three regions of the jourhul

with the first valus refarring to the first region, etc.

where a_and s, 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 = O for that region.

Indicator to specify whether the pressure distribution in the

" bearing i{s required as a part of output,

PPOUT = T, pressure distribution ias printed out;'no pressure
is printed out when PFOUT = F.
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3.

tnder the heading cf INPUT, the complete set of input in the namelist 'INPUT"
is Ptlntld out. macn qunni.ii.y iv ldeuiiiicd ¥ vy the sams :}"-'a'n:vl as us2d i

the namelist "INPUT",

In the case of PPOUT = T, a heading of "Final Pressure Distribution" is
printed out. Below the heading, if VENT = T, there are a total of I2 number
of lines of pressures with the firgt line referring to the initial end of

the bearing. If N is less or equal to 10, each lina contains N number of
pressures starting at ’ = 0 (see Fig. 1). For the case of N > 10, the number
of lines are double. If VENT = F, there are a total of (I2 + Il-1) lines
vhen N € 10i The number of lines will be double for the case of N> 10,

Regular Output:

. There are a total of nine guantities in one line under the heading of

REN NO., RCC., TORQUE J., TORQUE B., RADIAL LOAD, TANG. LOAD, FLOW, COS.

'm. SIN mu'r vhich are defined below.

. a. NN NO, « Same as the input.

b. 2P8 = Same as the input.
c. TORQUE J. = Dimensionless torque on bearing
T
* T

vhere Tj = torque on journal, in-1b,
W = total load, 1b.

d. TORQUE B.

Dimensionless torque on bearing

Ty,

we
wvhere Tb = torque on bearing, in-1lb.

e. RADIAL LOAD = Dimensionless radial component of load

Fy

- —r—
R.C.2
BN+ No) (5) R

where Fr = radial component of load, 1b.
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i.

TANG. LOAD

FLOW

C08. MOMENT

SIN MOMENT

Dimensionless tangential component of load

2
P IN 4+ W) /5\ 92

]
- \-'i -~°' \Cr -

where Ft = tangential component of load, 1b.

Dimensionless flow

> Q
RC (N1 + No)

vhere Q = flow, cu. in/sec.

Dimensionless radial (cosine) component of moment,
about the initial end of journal.

M,

—

R, .3
b(N, + N) (E') R

where Mr = radial component of moment, 1lb-in.
{
Dimensionless tangential (s8in) component of moment,

about the initial end of journal.

M
t

2

R 3
k(N +N) Q) R

where Ht = tangential component of moment, lb-in.

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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FEKK L NODBUNE JUURNAL
WITH LARGE ECCENTRICITY AND MISALIGNMENT

IN TURBULENCE REGIME
COMMON MDIAGIDELXDELZIDELZSsMeMOsMOL sMGZoNINPILITe1F)sA({2951
191981¢2019)sCCI2919)0AFL(1T7919)9AF2(17919)9AF3(1T7s19)9AFL(17919)A

2F6(1To19)0AFTLLTs19)9AF5(17919)9PHI(17919)

DIMENSION BETA(3)eDEP(3)+ALPHAI3)sPFIX(3)y QQQ(19)sHI(17
1019)9Q0QQ(1G) oPP L1 T)sPPP(L1T)oPPX(1T7)9PPPX(IT)IsAX1(17+19)sAX2(17+19
2)0AX311T7319)sAXOLL1T919)sAXT(1T919)sAXBI1T919)1sAXI(17919)sWS11(17y1
39 ) oWSINU17919)oWS13(1Te19)sWS14(1T 919 e XX(1T)sAXL(2+19)sCZ12+19)

DIMENSION KUPT(17419)

LOGICAL PPOUT +VENT » TORQsMORE

NAMELIST/INPUT/RENSALOVOWCORsPFIXs11912
1IMORE+SIGN» Ne EDOT 2PHDOT s GAMDOT s EPSeGAMIVENT +BETA#DEP+ALPHA
1PPOUT - : :

FORMAT{TE14.7)

FORMAT(Z100()IXoFlle 7))

FORMAT (29HOFINAL PRESSURE DISTRIBUTIONe //)

FORMAT (6HL INPUT)

READ(5+ INPUT) -

WRITE(6s1) )"

WRITE(69 INPUT)

MDIAG=0 _

MD=0Q ‘ ' L
RATLD=2e®ALOVD ==
MGlall=1 = '
AMG=MG1
MS=12=11
IF(VENT) GO TO 102
Mul2+11-1
8MM]1sM~1
MG2=MG1
GO TO 101

102 M=12

RATLD=®24#RATLD-
BMMls M-]
BMM]1=BMM]1#2,
MG2=0

101 DO 30 I=1lM
00 30 JuleN

30 NP(lyJ)m0

00 20 J=1lsN

NP(lsJ)=l

20 NP(MyJis]

35 KKs)

100 AN=N
P123,14159265358979
DTHETA=2.#P[ /AN
OTHE2=Q.5/DTHETA
TPS=2.,%PI#SIGN
CON1=b6 s #TPS
RADIAN®017453292519943
GA1=GAM®RADIAN
EDOT=040
CON2=CONL1/REN
TORQs+FALSE,

__IPS1sTPS/840 R :

TRQ=TPS1*REN .
DELX=DTHETA
DELZ=sRATLD/BMM]

— . IPS]u(2,%P1)wu208, . .
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38

40

48

200

]
AMSsMS o 8
DELZS=DELZ 8
ANG'0.0 . . 9’_(
PHIMC®PHDOT=(1+-SIGN) #0e5 91
IND=1 _ o i
ERO2=1. 9:
L1=1 o . 91
L2=11 9
DO 40 J=1sN L ) o 9¢
CC(L1+J)=0e0 9
AXL(L1sJ)=0, o 94
CZ(L1yJ)=04 gt
Al(L192+J1=040 o 10(
Al(L1s3+J)=00e0 10:
AF7(L2+J)=0e0 . . 10.
IFUINDsEQe21GO TO 48 10:
IF(VENT) GO TO 48 _ o 10¢
L1=2 10!
L2=§2 o 104
IND=2 ‘ 10°
GO TO 38 L 101
NR=1 10°
MN=MGL L L 11¢
MM=11 Ii
185=1 _ . 11;
DELeDELZ 11:
D220e5/DELZ 11.
15=1 11
22060 . B . 11¢
BET=BETA(NR)#RADIAN il
DEPH=VEP (NR) o 11
ALPH=ALPHAINR) 11
ALM1=14=ALPH _ 121
ALTALLl=ALPH#*ALM1 12
SINBaSIN(BET) 12.
COSB=COS(BET) 12.
SINB2=SINB*SING i 12
COSB2=COS3*COSH 12
COT2=C0OSB2/SINB2 12
OLZaDEL#VUTHETA 12
IF{TORG) GO TO 1001 12.
DO 2000 IsISsMM 12
XX{1)=2 . 13
ZCOR=Z/COR 13
EPZGH=EPS+GA1*#2ZCOR 13
EDZR=EDOT+GAMDOT#ZCOR - T3
EPZGREP2ZGH®PH IMC 13
DO 2001 JslsN - I3
SI=SIN{ANG) } ) ) 13
CO=COS{ANG) 13
H=1,+CO#EP2GH o 13
H9{1sJ)=H 13
H3zH#H®H 14
HG=H+LEPH ' T4
HGHR®HG/H 14
AX9(I2J)=(EDZR*CO+EPZGRSII#SING#PI #2440 14
HG3sHG##2' ‘14
HGHR3®HG3/H3 o - 1R
S1=1s/5INB2 ‘10
523=-COSB/SINB2 - :
RENR=REN#H j
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__RENG2REN*HG o e e -
GXR=GTCF(RENR)I#*12,
_GXGmGTCF(RENG)I®#12.
GZR=GZCF(RENR)I®*12,
GZG=GZCF(RENG)I®*12.
852 (GXR+GZR*#COT2)
$6= (GXG+GZO*COT2)
$TeG2G#52
$8=GZR#S52
SO=G26aS1
" .510=GZR*51
S$11==§5/56/7HGHR3
5128)1¢=S11%ALPH=-ALPH
$13=(S5S7=-S8/HGHR3) /867512
__S14=RENR/HG3/S12%11«~HGHR)/S6
ALHISALPH®*HG3
Al1SsSINB*(ALHINSE#S)1~ALMI#S5#H3) /512
A2u=ALMI# (ALPH#S5#513+58) #H3
_A2e A+ALHIH(ALMLI*S6%S13-5ST) ) #SINB
AZmALTALL#S14#(S6#HGI~S$5%H3 ) /REN
A3sCON1I*(A3+HBALML+HG*ALPH) *SINB
DMY=H3®ALM]
STHSHGHRI*ST
BlS®==H3/512% (SB*ALM]1=-STH®*ALPH®S11)#*SINB
BZIALHS'(S9-§7'513*ALM1)*DMY*(SlO#ALPH*Sa*Sl3l
B3mCON1I®ALTALL¥*S14#*(58-S7H)
B2==-B2#5INB
- AXL¢loJ)mALS+A2#COSB
B3u-p3#H3RSINB/REN
AX2(1eJ)mA2#S5INB
WS11i{lsJ)aS11l/512
WS12(1sJ)mlesS12 -
WS13(1+J)=513
WS14(1l+J)=S514
AX3(IesJ)mA3
AX6(I+J)=BlS+B2#COSB
AXT(I»J)=B2%SINB
AX8(1sJ)=83
IF{MDeNE«2) GO TO 2001
IF ( 1eEQelSe ANDeJeEQel)
1 WRITE(612) AX1UloJ)sAX2(10J)sAX3(19J) sAXE(1eJ)sAXTL
11eJ)sAXB(10J) 2AX9(I9J)
2001 ANG=ANG+DTHETA
2=2+DEL )
2000 CONTINUE
IFINRsEQel) GO TO 2010
IF(NRsEQe3) GO TO 2014
IF(VENT) GO TO 2014
60 TO 2020 . .. _ .
2010 IK=}
.GQ T0 3800 .
201# IK=MM
.00 19 3800 . _
CONPUTE THE DlFFERENCES IN XS~ 'AND COEFFICIENT

DO 4010 JslsN
FltleJ1=0e0
AF2(1eJ1=0.0
_AF3(1eJ}=0s0
AF4(19J)=0.0

—AE2(1s.J]1%0:0 e et e e e eoem

=-llh-

14§
15C
151
15&
153
164
152
15¢
157
15¢
15¢
16c
161
162
162
l64
16¢
16¢
167
16¢
16¢
17C
i71
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4010
2020

4006

4008

LAVIVIY)

4020

4040

403S0

AF6(I19J)=1e0 ._210
AF7t1e.0)2=PFIX(NR} 211
CONTINUE 218
1ST=15+1 213
MM1=MM=1 214
DO 4000 1=1S5T sMM1 21¢%
10=1-1 i _21¢
17=1+1 215
DO 4000 J=14N 21k
DTH=DTHEZ2 21%
IF(JeEQeleOReJeEQeN) GO TO 4004 . .22
Ju=J=-1 221
J1=U+41 o 22
GO TO 4008 22:
IF(JeEQal) GO TO 4006 o224
JO=N-1 ' 22¢
Jl=1 22¢
GO TO 4008 22i
Ju=N - 22¢
J1=2 22¢
AF1(]sd)sSINB¥AXTII 4 J) _ 23¢
AF2(19J)2(AX2 (1 9J1 1 =AX2119JO)+COSB*(AXT (I oJ1)=AXT(1eJ0)))I*DTH "23)
1 +SINB*(AXTUITyJ)=AXT(102J))%D2Z i 23:
AF3LTIoJ)=AX2( s JI+COSBRAXT (19 J)+SINB#AXG(T 1 J) 23:
AF&(19J)s(AXI(T9J1)~AKL(1+JO)+COSO*(AXE6(19J21=AX6{I+J0))IHDTH 234
1 +SINB®IAXG(ITsJ)=AX6110+J))#DZ 23¢
AFS{19J)5AX1 (.19 J)+COSBHAXE (1 9J) . 23€
AFB(19Jd)=0e0 237
AFT(19J)=(AX3{1sJ1)=AX3(1sJO)+CUSBR(AXB(I9J2)1=AXB(19JO))IHDTH 23E
1 +SINB*LAXB(1T74J)~AXBU10sJ))IRDZ+AXG (1Y) o " 23%
IF (MDeEQe2 «ANDe Jeo EQe 1) R _Z“C
1 WRITE(6902) AFIC(I sJ)sAF2(19J)sAF3(1sJ)sAF4L(LsJ)sAFSI 241
11 9J)}eAFT(]19J) FLY
CONTINUE T 24z
IF{NRsEGel) GO TO 4029 _ 244
IFINReEQe2) GO TO 4040 24t
112 ~24¢
[E=]2 [] 247
GO TO 4090 24E
11=1 24%
1E=MM 25¢C
GO TO 40%0 251
11=1 25:
1E=1S 25:
DO 4100 J=1,.N 25¢
Al(11919J)2040 25¢
AL(I1+59J)=0a0 25¢€
TRS=AXT7(IE+J) 251
TRSZ=TRS*DZ*240 25¢
Al(Ils4eJ)2-TRSZ -1
AL(IIv29J)5A0L1142+J)-TRSZ*#ERO2 26¢
DUT=AX6{1EsJ)*DTHE2 "R81
CCUITa)=C2tE1sJ)~DDY 26¢
CZ(11+J)=DDT “263
Bl(Iled)==CCUITad) 264
AL(I1s39J12A0(11933J)+TRS2Z - Y
AFT(IEsJISAXLI(ITsJ)=AXB(IENJ) 26¢
AXL(ITsJI%AXB(IELJ) B Y
AFL1(IEsJU)=040 26¢
AF2(IEsJ)=040 - T 1 1
AF3(1ELJ)=040 27
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AF&(1Es.J12040 . e _21)
AF5(T1EesJI=040 21
AF6(1EsJ)=040 212
T T T IFIMOGEGe 2o AND s JoEQWN] T Em T T e e 274
o WRITE(G6.2) ALUII:2:J33A(1 05500 0ALlIMeRedleBllT1ed @ 272
11 sCCUIT 0 sAFTITEL D) 27¢
A100 CONTINUE = o 277
IF(NREQ.1) GO TO 4102 27¢
— 60 10 41% 215
8102 1s=11 28¢
e _ NR=2 e 281
MM= ]2 282
_ _ERO2®Qes L ) 283
DEL=DELZS 284
e DZ=0.5/DELZS e e 283
GO TO 200 24
4160 IF(VENT) GO YO 4190___ . 28
IF(KK<EQel) GO TO 64180 23
18=12 . e 28
MM=M 29
— —__NR=3 R — . 29
ERO2s0, 29
.. DELsDELZ . . 29
DZ=0e5/DELZ 29
—_ 60 30 200 e 29
4180 IE=12 29
e --ERO2=1, S L 29
KK=2 29
—— =2 . . . 29
GO TO 4090 30
8150 IF(NReEQe2) GO TC 4160 __ e 30
4190 MTSRs=MD 30
—_— MO _=MTSR. e 30
CALL CIC1 (MD! 30
—ee. MO=0 .. . el 30
IF(PPOUT) WRITE(6+9) 30
_..DO 575 I=1lM o . 307
IF(PPOUT) WRITE(6+4)(PHI(I9J)sJ=19N) 30
e DO 575 Jm=]eN - e e 30
KUPT(1,J)=0 31
.. YF(PHI(l9sJ)eGEXD40) GO TQ 575 _ __ _ _ . _. 31y
PHI(19J)2040 31
 KUPT(Isd)s=d - 31
578 CONTINUE 31
C____ DIMENSIONLESS FLOW _Q/C(N]J+N2IR#R . 31
IP=11-1 31
4206 AFLOWR2040 __ — — - 31
DO 4200 J=1,N 31
e L1F(JeEQe1eOReJeEQeN) GO TQ 9220 . _ 31
YFYa(PHI(IPs J¢1)1=PHI(IPsJ=1) }4DTHE2 32
_AFLOWS (YFL#AX6 (1P J) J+AXB(IP s J) +AXT{IPs JI# (PHT{IP4+19J) =PHI(IP=1+J) 32,
1) *DZ+AFLOW 32
_JF(MDIAGeEQe2) WRITE(622)YF1oAFLOW e e e 32
GO TO 4200 32
5220 IF(JEQeN] GO TO 4230 - SR 1 4
YF1e(PHIC(IP92)-PHI1(1PsN) | #DTHE2 32
, GO JO a2}0 32
A230 YF1s(PHI(IP,1)~-PHI(IPsN=1)) *DTHEZ 32
10 4210 __ 32
TINUE 33
a #DYHE TA e

- -116-
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1001

1200

1240

16u0

1610

1800

181G

1010

1000

1400

1410

578

TURWUE VIVIUEU DY MUANARXKXKAK/C 3¢
NR=x1 333
TORQ=e TRUE» _ - & 1
TQ=040 33¢
IT1=1 33¢
IT2=11 335
TC1=040 33§
GO TO 200 33¢
DO 1000 l=IT1lsIT2 34
DO 1000 J=1aN 341
IF(KUPT(I4J)eEQel) GO TO 1000 342
IF(1+EQsIT1«0Ra1+EQeIT2) GO TO 1800 343
DPDZ=(PHI(I+14J)=PHI{I=144))/D2 34¢
AFTR=140 34
IFIJeEQeleOReJeEQeN) GO TO 1600 34€
DPOT=(PHI(]19J+1)=PHI{]9J=1))1#DTHE2 347
HEHY (1 9 J) 34t
BQzH#ALTAL1*DEPH 34¢
AQ= (~BQ#*COSB*WS13(19+J)=H¥ALMI®#WS12(19J)=ALPH®#WS12{ ] ¢ J)#(H+DEPH) )2 35¢(
1DPDT 35)
AQ=AQ+BQ# (~CON2*W3514(1+J)=WS13(1+J)*#DPDZ#SINB) 352
TQ=TQ+AQ*DLZ*0«5*AFTR 352
GO TO 1010 - 35¢
IF(JeEQeN) GO TO 18610 a5¢
DPUT=(PHI(192)=PHI(14N) ) *DTHE2 35¢
GC TO 1240 o 355
DPDT=(PHI(191)=PHI(IsN=-11)%DTHE2 35¢
GO TO 1240 35¢
AFTR=45 36¢
IF{14EQsIT2) GO TO 1810 361
DPDZ=(PHI(IT1+1sJ)=PHI(ITYsJ))/DEL2Z 362
GO TO 1200 363
DPD2=(PHI(IT2sJ)=PHI(1T2=~1+J))/DELZ 364
GO TO 1200 36°¢
RE=REN#*H _ 36¢
TC2=TCCIRE ) #ALM) 267
RE=REN® (H+DEPH) 36t
TC1=TCl+(TC2+TCCIRE ) *ALPH) #TRQ*DLZ*#AF TR 36¢
IF {(J«NEel) GO TO 1000 37¢C
IFI{MDeEQe2esANDeleEQeIT]) 37}
1 WRITE(6+2)A0sTQWRESTCLoTC2 37:
CONTINUE 37:
IF(MDeEQe2IWRITE(6+2)WS11{T0J)oWS22(T9J 1oWSL13(T9J)eWSLl&l14J) 3¢
IF(NReEQel}) GO TO 1400 37¢
IF(NR«EQe2) GO TO 1410 37¢
GO TO 578 37
NR=2 37¢
IT1=I1 3N
IT2=12 38¢
GO TO 200 383
IF(VENT) GO TO 578 . 38:
NR=3 38%
ITi=12 384
1T2=M [ 1 1-
GO TO 200 A 38¢
TQ0= TQ+TCl o 383
IF (STGN«LT+0e) TQO=-TQO 334
THE=040 T ) o 3
DO 580 J=1sN 3
QQQ(JI=SIN(THE} ot TTT T
QQQQ I J)=COS(THE) 3

e b Mo iy




580 THE=DTHETA+THE
DO 590 [=]lsM
P_p( I11=5.0
PPPLI)=040
UU BUU JmlsN
DUM=PHI{19¢J)

 PPLI)=PP(1)+QQO(JI#DUM

[.3%13] PPP(I)'PPP(l)*QUQQ(J)*DUM
PP(1)=PP(1)®#DTHETA
PPP(1)=PPP(1)*DTHETA
PPX(1)1=2PP(])#XX(1)

590 PPPX(1)=PPP{])#XX(])
FSIN=SUM(PPsMeDEL2)
FCOSsSUMIPPPyMyDELZ)

_FMSIN=SUM(PPXsMyDEL2)
FMCOS=SUM(PPPXsMsDELZ2)
FMCOS5=-FMCOS
FCOS==FCOS
. WLOAD=FCOS*##2+FSIN®E2
WLOAD=SQRT (WLOAD)
TQO=TQO/WLOAD
TQ1=TQO+EPS#FSIN/WLOAD
WRITE (6+6) L
WRITE (697) RENSEPS»TQI»TQOsFCOS+FSINSAFLOWIFMCOSFMSIN
6 FORMAT (112H REN NOe  EPSe  TORGUE Je = TORQUE Bs RADIAL LOA
1D TANGe LOAD FLOW COSe MOMENT SINe MOMENT )
T FORMAT (F9e2+1XsF5e397(1XEL1366)) _

569 1F(MORE) GO TO 10

. §TOP,
END

-118-
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204

205

240

241

242
2U6
209

210
211

232
233

600

217
: 234
‘ 213

SUBRCUTINE CIC1 0+ 2
COMMON MOTAGUELX "DELZ9DELZSIMIMSIMGL oMG2 eNaNP(17615) A1 (20561 3
191eB81{2019) 3 CCU2019)2AF1 (170191 4AFZ(17e¢1Q1AF3I117:701.4F6117410).4 “
QFOULTe1Y ) oAF T{L7al 71 0AFS )T el ) sPHI(L17419) _ — .5
OIMENSTON AC1T7917)ebl17017)eC{17917)9D(1T7917)sF (200 17)-AK(17O17)0~ 6
INCL7917)10S502Q00l7)0AFITL1T)eBDI1T017YeBFL1TYeDOILT,172:D8L1T732G017 .2
2171 eGIC1T70171sELLTH1T) 8
AN=]1.U/DELX SO )
NC=Q 10
MEMS+MG1+MG2 +] SN PP S &
MN1=MGl+41 12
MN2=MNL+MS o .13
DX1=AN#045 14
DX2= ANW*%2 - - .15
DO 209 I=1sM 16
DO 204 [l=1+M [, eee— 32
ECIs11)=0s 18
DClsl11=0e R S ¥ « ]
Fllsel)= 20
D(lsl)=1le 21
DO 30U J=1sN 22
WRITE(TI(CECLSITYoO(Tsll)al=19M)ell=1eM) e e — 33
IF (MDeNE+2) GO TO 240 24
WRITE (6+103) AF1(19J)9AF2(19J)9AF3{1eJ) sAF4(1eJ)sAFS5(19J)sAFB{]Llsd--—-——25H
1) sAFT(1 9J) 26
WRITE (64+103) - I 1
1 Al(l'l’J)!Al‘l!Z'J"Al(1’3’J)!A1(1’4!J)0A1(1050J)'Bl‘“~1l 28
1J) 2CCUMNL»J) [ — _-29
WRITE (69103} 30

1 Al(291eJ)9Al(29294)9AL(2930J}sAL(2049J)sAl{2059ed)y -~ - - .3}
L1B1IMN29J) s CCINMN2sJ) 32
DZ1=Us5/(DEL2) e e == 33
DZ2=1e/(DELZ ) #%2 34
D0242 1=1eM RPN, ¥4
DO 242 ll=1sM 36
B(lsll)=0e U, & 2
Atlsil)=0e 38
Cltlsll)=0e e - -.—39
DO 25U l=14M 40
IF(I=MG1-1) 21242109212 ————eee e}
AFJICI)==AFT(1sJ) o2
Allsl)=1s R . §
GO TO 2%0 44
TFIMS) 21192129211 SUNSER— Y Y
DZ1=ue5/DELZS 46
DZ22=1e/(DELLS ! ¥%#2 . . 47
IFINP(T13J))209+232+209 48
IF(MGl) 23342129233 B N -
IF(NCeEQe2) GO TO 600 50
Aliel=21=A1(1919J) - S e e = 5
Allsl=1)=2A1(1929J) 52
Allsl1=A1(1934+J) S ——— 3
Allsl4112A1(1949J) 54
A{le]l+2)=A1(1954J) e e e ————————————— DS
Bllsl)aBlilyJ) 56
CilyI)aCCilsJ) : R ————— BT
AFJI(1)==AFTt 1,4} 58
GO TO 250 S - e e 59
IF(NP(TeJ))209n2341209 60
IF(I=MG1-MS~1) 215+213+215 I — S T
21412154214 62

IF (MS)




214 DZl=e9/DELL 63
D228 (la/DEL7 108D Al
1FINCeEWe2) GO TO 601 65
Allel=2)1=A1(201sJ) 66
A(lgl-l):A'Ii?,.Z,._H 4
Allel'aAl(29340) Y
Allsl+1)=2A1(2064J) 69
AlIvl+212A1(2959J) 70
B(lol)=B1(24J) 71
Cllel)aClU200) 72

601 AFJI(1)==AFT (1) . 3
GO TO 250 74

215 1F(NCeEQe2) GO TO 602 75
Belel=1)1=AF3(1sJ)®DX120L ]} 16
BOlel)=AFL {1 s J)RDX, ~AFG(] »J)*DX] 17
BUlel+l)ma=AF3(1oJiu0X18021 18
ACLeI=11=2AF1 (19 ) #DZ2=AF2(1sJ1%0D21 79
AlLIslimsAFO(19J)=240%(AF1 1 10+J)%#DZ2 +AFS(] ¢J) #DX2) 80
Allol+1)=AFY (141 %DZ2+AF2(19J)%D21 81
Cllol=118=AF3(1,sJ)®#DX1%D2] 82
Cllol)=AF4L] s JI#DX1+AFS(T s J)#DX2 43
ClleI+1)sAF3(IeJInDX1#D2] B4

6U2 AFJI(I12=AFT7(]sJ) . 65

250 CONTINUE ! 86
IFINCsEGs2} GO TO 603 a7
DO 260 I=1eM 88
DO 260 [1s14M 89
AK(TolI)=AtLsl]) 90
DO 260 lil=1sM 91

260 AK(Sol1)=AK Lol )48 1o llb ) ECTLinll) 92
IF(MDIAGSLTe2) GO TO 262 93
WRITE(6+101)J 96
DO 261 1alyM 95

261 WRITE(64100) (AK(1si1)ellx]loM) . - 96

262 CALL MATINVUAK sMsDUMs0sDUML ) 97

603 CONTINUE 98
DO 404 [x1sM 99
BFCL)=AFJI(L) 100
FtJ+lel)20e 101
DO 4U4 IlsleM 102
E(lell1m0, 103
BD(1s11)204, 104
DO 403 111=1,M 105
Etlell)nEClall)-AK(L 1210 8CLI11a11) 106

403 BD(1sl11sBDIIsI1)+BCIo300)%D(LL1,11) 107

406 BFUI)=BFLL)=-BlisllI#FLJsll) . 108
DO 406 I=1eM 1v9
DO 406 [IsleM e, 110;
Dtlsll)=0e 111!

DO 405 11Inl M . L 112!

405 D(Iol1L)=D(loli)=AK(IoILII®#BD(LII1s11) 113

406 FlUelal)sFii+)l sl )+AKLL o 3 )#BELELY . . 1le

300 CONTINUE 115

— —DO.505 l8laM. o . 1le
DO 504 Ils1eM 117

$04.0001all)n=DC1skl) . — e e e . — 118

805 DD(Llol)ele+DD(Lo]) 119

AGal1e2) GO_TI0 264 e )20

WRITE (64101 121
: ' o R .. 122
TE (523009 (OD(]oli1oB1n2aM) 123]
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[
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i
b
b

L

Hoo
bl

S5uB
HU9

bl2
280

PR Y
Sl

Jon

L6

2173
270

516

110

CALL MATINVIC My Ouirtrosuuml s
DO 567 Jz31M
SINel)=0e
DO S07 1=l M
ON(lyll)=Co
DO SU6 1113] M
CNUTolil)=GNCTLoll)+DD(I ol T 1)RECEILI L]
GlEell)aUNCTL ol L)
SINg LI=S(Ns L )+uD el 11" INt]) ]
JEN+ ]
DO H12 K=Z2WN
WRITE(S) ((GULelliolzleM)all=]oM;
BACKSPACE 7
RLADCT) (LIl et Lol )ol=]lomi)ellz1eM)
BACKSPACE 17
TEOMUTAGet Wa2) WRITL(OE010U)Y (HLUholddsuilolldolzieit)all=loil)
J=Jd=-1
DO S5uY I=1lsi4
Std=11)zF U]
DO H09 llzieM
GI(lell)=Us
NO 5u8 111=]1eM
Glelelldb=0ltlel Vo0l lIYRCNCE T Lol L)ool Y *%ulTlIsl ]
IF(MDIAGeNES2) LO TU 508
CUNTINUL
St=1eld=50U=1o e (bol L3%S(Jel 1)+l llI®s(INSI])
DL H12 I=)eM
DO 512 1l1=1sM
Gllol =0l et}
DO 511 I=s]e
DO Hlu Tl=zleM
LDLELs bl ==Ll )
VEtleli=letor Lol
(M LACel Tald) uu TU 2oo
wRITt (eel0])
Dy 260 =1
ARTTE (ol (Ol elldell=]oMWy
CALL MATINVID I eMaDUMe D9 OUM] )
TH(MDIAGeLT o) WU TO 270
l=u
Al TL (belUl )i
DU 2713 [=]1eM
WRITE (Geluul (DRI sTE)ell=1eM)
DO 5195 I=sleM
PHI(]91)=0
DU 515 1l=]leM
Pri(lellsbotlell1e3(1elllePhltlel)
DO Y16 J=2sN
BACK SPACE 8
READIB) ({Gllsll)elslemdellz]oM)
BACKSPACL o
DO 516 I=]1M
PHI(IsJ)=S(Je 1}
DO 516 [l=1+M
PHI(IoJ)aPHI(IoJI+GUIo 1 1%PAI(1]4])
REWIND 7
REWIND 8°°°

I1F (MUstQe2) GO TO 110
IF{IMDIAGSLT#2) GO TO 268
WRITE (60102)
DO 267 1=19M
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124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
“las
149
150
1581
152
153
154
195
156
1517
1548
199
160
161
162
163
16464
165
166
167
168
169
179
171
172
173
174
175
176
177
178
179
180
18k
182
183
184




267 WRITE (6+100) (PHI{I4J)edx=]14N)
J68-RGIURN RO
100 FORMAT(1Xs1P10ELlle4)

401 -FORMAT(5MOCICL15) — - - . .
102 FORMATEIHOIOX1OHFIRAL PHI /1HO)

103 FORMAT (1X+31PTElledd - - —— ..

END
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Aot

SUBROUTINE MATINVIAsNsBsMsDETER)
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C MATRIX INVERSION WITH ACCOMPANYING SOLUTIUN OF LINEAR EQUATTONS
CIMIRSION IFivOULT IsAULTaL i stLlel J9INDEXI1Te2 }oFIVOTCOIT)
FQUIVALENCE (IROWsJROW}s (ICOLU +JCOLU )s LAMAXs Ty SWAP) 77 77 E

c INITIALIZATION ]

< T

10 DETER =140 o £
15 DO 2u J=1lsN i
20 1PIVO (J)e0 . 1c
30 DO 550 1=]lsN o ) T 113

C Ry Y

c SEARCH FOR FIVOT ELEMENT ) z

C 1¢

40 AMAX=0.C N
45 DO 105 J=1N 1¢
SC IF (IPIVO (J)~=1) 60s 105s 60 T
60 DO 100 K=1sN ¢
70 IF (IPIVO (K}=1) 80s 100s 740 I T
80 IF (ABS (AMAX)~ABS (A{JsK})) 85¢ 100s 100 ) 2¢
85 IROW=J T T
90 1COLU =K 2z
95 AMAX=A(JeK) Tttt
100 CONTINUE 24
109 CONTINUE ) T2k
110 IPIVO (1CULU 1=IPIVC (ICOLU 1+1 26

C : 2

C INTERCHANGE ROWS TO PUT PIVOT ELEMENT UN DIAGONAL _ 2€

C 2¢

130 IF (JROW-ICOLU } 1405 260s 140 3¢
140 DETER =-DETER 31
150 DO 20u L=lsN . 3z
160 SWAP=A(IROWsL) z
170 ACIROWSLISA(ICOLU oL} N 34
200 ALICULU oL} =SWAP 3¢
2u% IF(M) 26U 260y 210 I |
210 DO 250 L=1s M EY
220 SWAP=B(IROWs!.) 3¢
230 BUIROWsLI=BLICOLU L) 36
25U BUICOLU sL)=SWAP e 4C
260 IMNDEX(Is1)=sIROW 4]
27C INDEX(Ie2)=]COLU B Y
310 PIVOT(I)=A(ICOLU »1COLU | “:
320 DETER =DETER #PIVQT(I) e 4¢

C 4=

C DIVIDE PIVOT ROW BY PIVOT ELEMENT 4¢€

C G

330 A(ICOLU »ICOLU 171,40 .. X
340 DO 350 L=1loN 45
350 A(ICOLU sLI=A(ICOLU »LI/PIVOTSI) B 5¢
355 IF(M) 2380s 380, 360 51
360 DO 370 L=lM i H
370 B(ICOLU oLI®B(ICOLY +L:/PIVOTILI] 52

< 54

C REDUCE NON-PIVOT ROWS 5¢

¢ L — L 5¢€

""380 DO 550 LIsteN 59

390 IF(L1=-ICOLU ) 400y 550 400 5€
400 TsA(LloICOLU ) L1
__ 420 A{L1+ICOLU 12040 o . eC
%30 DO 450 L=14sN 6]
€50 ACL1oL)=ALLLIL)I=ACICOLY sL)*T Ge




Y T Y [

455 1F{M) 560 &7 0. A0

613
460 DO S00 Ls=LeM T e Y
500 BUL1oL1=B(L1sL)~B(ICOLU oL)*T ey
550 CONTINUE - ———— e e
e e . bi
c INTERCHANGE COLUMNS TBE
=S . e o 69
600 DO 710 I=1N ~7d
610 LaN+1=1 7]
T820 1F (INDEX(US1)=TNDEK(Ls2)) 630s 7T10s 630~~~ W mim—mommormmsms==r 1;
630 JROWs INDEX(Lo1) L 7z
T660 JCOLU =INDEX(Ls2) 74
650 DO 709 KelsN 75
660 SWAP=A(KjJROW) 7€
670 A(KsJROWI®A(K»JCOLU ) e 73
700 A(K»JCOLU ) =SWAP ot 7¢
705 CONTINUE , e o 75
710 CONTINUE N i 8c
TGO RETURN . 81
“END ) o ag
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10

20

30

40
luo

TURLTICSH TICiRE
1FIRE«GTe10040) GO TO 10
TCC=8e /RE

GG 70 100

IFIRE«GTe40040) GO TO 20
TCC=4e 175/ (RE)# %486

GO0 TO 100
IFIREs«GT«100040) GO TO 30
TCC=e54T7/(REI®#R,521

GO 10 100
IF(RE«GT«400040) GO 1O 40O
TCC=a342/(REI)# %453

GO 70 100
TCC=eU64/ (RE ) *%425

RETURN

END
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- FUNCT'XQI SUMP Mo DY <
DIMENSION PL17) T
. Kk=Z e oo , _ ‘
KXnaM=-1 e
KKK =) ) . B} e e I ok
SUMaQ a0 .
10 DO 20 1mKeKK KKK . —_—— .t
20 SUMeSUM+P{ ) <
GO 10 (30s40+50) K 1¢
30 SUMsSUM#DX/3,.C 11
. RETURN e I, ¥
40 K=3 17
45 SUMaSUM#2,0 I . . . L
GO 10 10 D It
20 K=s1 _ e I e 1¢
KKaM I
KKKEM=1 . _ 14
GO TO 45 h TR
END R o __2(




FUNCTION GZCF(REYN) . _m..m‘v“_,_,l
RE=REYN

IF(REeLEs70401G0 TO 20 o _4
IF((REeGTeaT0a0) s AND o (RESLEL4000.0)1G0 TO 30 -

IFI(REsGTe40O00e0) oANDe (RELE«T«O0E+03) GO TO 40 ) o i ¢
IF((REeGTa7000e0) «ANDe (RE«LEL2+0E+04)) GO TO 50 R
GZCF=25.6/(RE}**4756 ) L N .
RETURN ’ o [
GZCF=140/1240 ) . _ . _ 1L
RETURN e |
G2ZCF=14858 E-CO9® (REI*#2-1.87BE~05*RE+e 0846 ) 1
RETURN T B &
GLCF=9462/(RE)#%4652 o 1¢
RETURN o R ¥
G2CF=11e3/(RE) #% 4674 B 1¢
RETURN ' ST T T
END 1¢
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FUNCTION GTCF(REYN)

‘RE=REYN

IF(REeLEe7001060 TO 20
IF{{REeGTe7040)sANDe{REsLES20000}) GO TO 30
1F(RRE«GTe200040) s ANDe {RECLEc545E+03))GO TO 40
IF{(REeGTs550040) ¢ANDe (REeLE«2¢0E+04). GO TO 50

GTCF=2045/(REI#*04 784

RETURN

| GTCF=160/1240
RETURN

GTCF»e619E-0B* (RE)##2-34465E~05%RE+408569
RETURN

GTCF®4490/(RE)##,626

RETURN

GTCF=210e35/(REI**#.716

RETURN

END
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BT
TUNANG Y TNy T T T

REN ___ 0,10000000F 02 ALBuD N KNARARAAE AA ne R ssieanses_as
Prix ()
— 1 9. .0 [T
'l.xl R 3 12 ?
wean -0 TRRRNNNET EL T T T -
N
:ng? g PADAY T 0.8500000008 00 GaHDaY U, % 0.J0000000N.01
A s o
VNT T
PRy
1 0.14900000€ 0 9.310000008 92 0.31000000€ 02
—DEP__ (1) .
U.24000000€ a3 0.
ALPWA MU . S
(B 0,55000000€ 60 0,35000000¢8 W0
PPOVY T - [,

v
__END  NAMELISY _ [NAYT
_._FINAL PRESSURE p[STR BYTON.

[B v, TR v, - v, LD LD LD U
9, 0,

0.8709010  0,6927785 _ 0.7180269  0,7483089  0.7761385 _ 0.7924057  0.7923074  0.7700704 _ 0.7489701 _0.7488998
0,8937008 0,6702958

T.3503877 1, 50¥8387 1. 433795 1. 408%038  1.551IRY T T SWISW T ILSWAYT  1LS5eV T 1.0 1L, YT
——a SRINRS 1. 3802372

80076 1.0324377  1.0647548  1,1083063  1.1513494  1,1814016  1.1092099  1,1724800  1.1367066  1,0926132
09216 , 0252419

SSYNEAY 0. SENAAD : : ; ; : T ST T TR
0,7008211  0,6804349

D.3410142  0,3418344  0.3492073 0,3613078  0.,3757176  0,3879441 0, 3945387 . 0,.3934595 - 0.3054024 0.37207¢4

0.3581280 0.3748a832
g. g. L' " U, LD L) L' L.} LD} e

. . " ‘ 3y +  WOMEN s ol
110,00 0.050 0,177719€ 03 0,177713¢ 03 0.177880E 00 0.2088698-03 -0,230333€ 01 0.101378E 00 '0.3701580-02

-129~







Dy et g v

IR R e L ) s e

AFPENDIX IV

COMPUTER PROGRAM PN 406
STATIC PERFORMANCE OF A SPIRAL-GROOVED, FLUATING-RLNG JOURNAL

BEARING OPERATED IN THE TURBULENT REGIME

Input

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 specified form
as cxplained 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 recommended 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 "NGPUT". 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 'NGPUT" and "INPUT".
A. "NGPUT" includes the following input:
1. INPRD, INPRD & 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 = Number of fterations to be allowed to achieve an
equilibrium conditiou in the floating-ring system
(recommend 10).
5. R2RlL = Radiue ratio of ring and journal.
a RZIRI, R, = radius of journal, in.; R, = radius of ring, in.
6. ANTT = Initisl guess, on the speed ratio; w,/w

27

w, = speed of ring, rad/sec.; w, = speed of journgl, rad/sec.

2 1
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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.
w,R,C

= 1 171: ; -

I bl = inner film thickness, in.,

‘V = kinematic viscosity 1.n2/uc.
9,.EPIS = Eccentricity ratios of inner film to be examined. There are i
NEPS number of eccentricity ratios to be provided (maximum 10). '

10.COR1 = Inner film clearance ratio =

- Cl/Rl ,; :
11.CORZ = Quter film clearance ratio
= C,/R,

12,PRES = Overall dimensionless gauge preéssure measures at the end and

the ‘middle of the bearing. 2
R
= 2xP :(pressure, psig) / WI(EL)

lb-se¢

vhere 1 is the dynamic viscosity, 2
in

The pressure at the end appears first.

B. "INPUT" includes the following input:

1..'RINSP = The starting value of ring-speed ratio under which the film
data will be generated. It is noted that 0 < RINSP <l. Since
the film data of each film covers three different speeds, a
small number for RINSP, say .25, is recommended.

2. DELSP = The incremental ring-speed ratio, DELSP, should be
sufficiently small such that RINS? + 2 x DELSP <1. The
recommended value for DBLSP is 0.15.

3. BLOVD = Length diameter ratio, lexl. where L is the length of journal.

4. 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 I2.
The minimum permissible value for Il is 3.
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«+ 5. 12 = Number of axial grid points counted from the initial end of

the journal to the middle of the journai. The wiuliua
permissible value for I2 {g 5 and the maximum is 17, Again,

I2 must be an 0dd number. The number of grid points in the !
second region is 12-I141 which gives (12-I1) {intervals.

6. N9 = Number of grid points in the circumferential direction,
maximum permissible value for N9 is 19,

7. EPS] = An array of three values of €1 for which {nner beariﬁg film
data are to be generated. The range of EPS1 should be wide
enough to cover anticipated operating eccentricities.

8. BETA = Groove angle in degrees. BETA must be speciffed 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 & 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 gnoovind in theblecoﬁd
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
beiny read in for the first region as for the second region.
Never sat BETA = 0.

9. DEP = Groove recess ratios in the two regions of journal with the
first value referring to the first region, etc.

= 8/c, where 5 = groove recess. in.

and ¢ = nominal, radial clearance, in.
To impose the condition of a smooth bearing (no grooving) in .
either region, set DEP = O for that vegion.
10. ALPHA=Fractional groove width in the two regions of a journal with
the first value referring to the first region = 'g, (ag + at),
where ‘8 and a_ are the widths in inches in the groove and
ridge portion respectively. To impose the condition of a
smooth bearing in either region, set ALPHA = O for that region.
11. EPS2= An array of three values of €, for which outer bearing film
dats are to be generated. The range of EPS2 should be wide

enough to cover anticipated operating eccentricity.
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Case II:

In the case of known film characteristics, only the namelisting

“NGPUT" is required. In addition to that, 18 cards must be fullcwed

vhich contain the £ilm data.

The content of namelisting "NGPUT' is easentially the same as those
of Case L. provided INPRD must be equal to 1.

The inner film data appear first corresponding to three eccentricity
ratios aL three different inner film Reynolds numbers.

The dats include (these symbols are defined below)

h’ t’ ijb ?'. sl o

which are punched on one card with the format of (1X, F8.1, F5.2,
4E13.6) . The first three cards are for the same Reynolds number, the
smallest of the three values. Bach 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
" numbar but with the same set of eccentricity ratios. In total,

there are 9 cards for the inner film.

Tollowing the inner film dats, there are 9 cards for outer film
dats arvanged in an order similar to that for ths inner film.

The six quantities used as input for the inner and outer film
are defined below.

1.

2.

Re = Reynolds number

() 2%, C)

(for inner film)

- ,0&!202 (for outer film)

v

€ = Bccentricity (see Pig. 3)

ad

ellc1

ezlcz

~(for inner £ilm)

(for outer film)

= Dimensionless Torque of Journal

(for inner filuo, where W = load, pounds

(for outer film)
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Case II:

4. T, = Dimensionless Torque of Bearing

TB
& s  (for inner film}
nCl .

TB
= —— (for ocuter £film)
WC2

5. § = Sommerfeld Number
R 2
LDk (N+K,) (5= )

- (for inner film)
W

RZ'Z
LD,uN, (32-)
= % (for outer £ilm)

where N1 and Né are lpeed of journal and ring in rev./sec.,
respectively.

o
-
[ |

‘Attitude angle, degree (see Fig. 3)
’1 (for inner film)
02 (for outer f£ilm)

Qutput
The output appears under the title of "Floating-Ring with herringbone journal.

1. Main program input: it prints out the title of "Main program input".
Immediately, there followe the title of "Namelist NGPUT" and the entire ’
contents in that nemelist. At the end, it prints out “end namelist
NGPUT"'.

2. 1Input for subroutine “"HERNB": {t prints out the title of "Herringbone
Bearing Input" and &« title of "Nameliat INPUT". Then, the entire contents
of that namelisgt 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 st three different Reynolds
numbers corresponding to three different gpeed ratios. The output
starts with a title of “inner film data" and then the headings

REYNOLDS NO., ECCENIRICITY, INNER TORQUE, OUTER TORQUE, SOMMERFELD
-135-
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NO., ATT. ANGLE, FLOW, on one line. Immediately, there follows
9 lines of data. Each line coutains seven quantities under the
appropriste heading. The first six of these seven quantities are
defined above in the input list for NGPUT, Case II. The flow 1is
defined as

6 -~ dJdimengionlegs flow

= —2——9—'— (for inner film)
Rl Cl(N1+N2)

a — (ior outer film)

Q3 = 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 "Outer 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. Thege are:

! . Ecczm/cl = e/Cl = the overall eccentricity of the journal at
: equilibrium position divided by the nominal
., : clearance of the inner film (see Fig. 4).

Nz/lll, (:_2/(:1 and Rzlkl as previcusly explained.

Next, there is a table of output referring to the inner film, the outer film,
. and the overall besring. There are seven values in a line and a total of 3
: lines. Each line contains

(w,-w,.)R.C

REYNOLDS NO. = —L—ﬁ-—'u— (for inner film)
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(for outer film)

\Y]
w,R.C
= lvl 1 (for overall)
ECCENTRICITY = e1/c1 (for inner film) =

(see Figs. 3 wuu =

ez - ezlc2 : (for outer film)

€ = e/Cl+-c2 (for overall)

TORQUE = Dimensionless form defined .as

S e I .;. sleliﬂ (for inner film)

5282F s

.| =]+

(for outer film)

N -

- | = (for overall)

where Ftl and th are defined on page 1?9.

SUPPLY PRES = Dimensionless supply pressure

- - zp (for inner film)
|

v ) (N +8,)

1

2
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s — (for outer film)
R2 -
kN, =)
2 62
P
- 2 (for overall)
K
1
)
1 Cl

SOMMFD NO. = Sommerfeld Number

R 2

LD (N+N,) (gi-)

sl - W (for inner fil_m)

B, = —_—2 (for outer f£ilm)

Ry
”’_1““1 ('c_;)

0 (for overall)

ATT. ANGLE = Attitude angle in deg. (see Fig. 3)

(for inner film)

(for outer film)

= @ (for cverall)
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TANG. FORCE

tl

Feo

where Ftl = Tangential force of the inner £ilm, pound

th = Tangential force of the cuter £ilm, pound

= Dimensionless form of tangential force

F
- tl (for inner f£film)
WSI
F
= £2 (for outer film)
WSZ

A Fortran listing of program PN 406 is provided in the next few pages.
listings of input and output are also given.
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s e e

031/04/89
SRILRAr CTLAPEUrUY - tEs 20y -
d VY F T 4 . ARAR S S SN

L . e e Sttt Smr—eraimmte b 0 1itt m

¢ FLOATING=RING IN CONJUNCTTON WITH HERRINGBONE JCLRNAL IN TURBULENT
c REGIME
DIMENSTON Pl693,300Q(6:703 v Al4e3y31,08(4,3,3) 8P 4,3,3),8F (493,30 3 T T i
DIMENSICN REY(1)1,C2C1(1)+EPISI10),BA(6)+BCI6) AALALD)oBR(4,3) = S84 :
OIMENSICA APL(4y3),BPT (4,21 ,811431,81(4s3),SA(4),5B(4) 1] i
CIMENSICN EPSI{3)sBETALA),DEP(3),ALPHAL3),PRES(2),EPS2(D) % :
800 FORMAT(LX,FBe)sF542,4E13,6) LS 2 i 1
525 FORMAT(6(LPELZ.5)) 58 : .
¢ INPRGS1,CATA FCR HERRINCBONE BEARING REAC 1IN 62 j
. NAMELIST/NGPUT/INPRCI\NEPS,NCASE,MN(R2R1, ANTT(DN,REY, I - | B :
“1EPIS,CORY,CORZ 4 PRES/ INPUT /R INSP ,DELSP,BLOVD 114 12N9.
LEPS1,BETA, DEP,ALPHA,EPS2 B T L ~
52 NRE=] 66 ;
e GAM=G.0 - i 8T j
EDOT=0.0 68 |
.. MUST=0 . , .
PHDOT=0,0 69 ;
KD1AG=) o ) .10 ;
NSES1a0 7n D
—.NSESgwo , L 1
READ(S,NCPUT) _ 80 [ .
. IF(MUST NELl) GO TO 52 _ 13 i
KOTAG=T 14 !
. NSE€Sley ) . U - . i
NSES2m] _ 76 ;
‘53 NeCas | R o , _ 17 , , ;
WRITE(6,%0%) 18 14 :
505 _FORMAT(41H| FLCATING=RING WITH HERRINGBONE JOURNAL ) )
C2C1(1V=COR2/CCRI®R2RY 8l
___MRITElG,210) o , 82 15
FCS=FRES(2) 33
210 FORMAT(Z0H VAIN PROGRAM INPUT ) 86
WRITL(&»AGPUT) _ 8% 16 ‘
__JFUINPRC4EQel) GO TO 202 , . , i 86 _ i
"READ(F, INPUT) 87 20 ;
WRITE(6,4212) o . . . ... s& 21
T'212 FORMAT(2TH HERRTNGROKE EEARING TNPUT 7 ' 87
. _RRITELG6.INPUT) ) o ) _ _ 90 22
FPASE] ” 91
REQOWREY (1) 92
T CAUL {ERNB(BLCVO,CORY, COR2,PRES, 11, 12/N9, EGOT,FHCOT,EPST JGAN,BETA, 93
LOEP, ALPHAyRINSPyREQy)R2R]1 9y DELSPy MPAS,KCTAG) e 25
REWIND 9 _ 95 26
... .bO 1213 k=443 ..
00 1213 J=1,3 57
READ(9) (PLLloJoK)yPUZpdsK)pPUByJsKIoPLAIIIKIIPIS1doK)oPlbydsKk)) 98 31
ERACR MESSAGE AUMBER 1 ) e e
1213 CONTINUE 99 ,
REWINEC 9 ] o , . L 41 ]
G0 TO 304 100 o
_ﬂ;gz,gggncsjsc0| LPULydpKIoPU20d oKD sP LI sK)aP (4o oK) sP (50 deK) gPl6sdsK 101
170d51430,K25,2) 102 43
N_;g__;ﬂgnugl,gg—glhgl_e(e.ﬁoci(cpcx, pKYpPU2)JsK)oPU29J9oK) oP LAy oK} P(5 103
13 JdsK)sPUbsJoKigdols2)y K1, 3] 104 59
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:
b 03704789 m ‘
: o MAIN = EFN__SOURCE STATEMENT = 1FN(S) = - ©o
| ,
} , _204 1K=l —— e 103
: 001 I=1,4 104
b P B o o 107
Por 0O 1 K=i,3 108
b 1 CUIyJeK)2P(lgdoK) F 109
Lo 2 D05 J=1,3 110
I .00 5 1=3,6 L e 111
[ U A(T2,051)504€ i12
oo A‘l'2,J03"QuC . ) ) e 113
ol S TBUImZydel)R0GC 114
oo . Bli=24Js2)3040 . . } I T - _ 118
_ BPI1~2,Jy1)%040 116
. . AP(1=2,4,3)20,0 ) e 117
BP(1«2ydy1)20,0C 118 -
i _BP(I=2,4y3)%0.,0 . ) L e 2
i v2=Q (1, Jy1d : 120 3
o Y3=QU1sds2) , o R L w_l_Zln___F____ 3
. X22Q(1yJs1) 122 2
i X3x4(2yJd92) - - e 123 ¥
: DO 5 K#2,2 12¢ é
: Ylav: , . ¢ 1 S 4
: Y2sY3 ' 128 3
L Xiexe , R * 3 N
" X23X3 128 P
i ) Y3sQ(I,Jd,K+1) _ _ T ¢ . y
i X32QtLydsK+l) 130 :
3 CDTlaX2exy . . o . SR ¢ § G a
¢ CT2=X3-X2 132 :
: Cisvguyl , , 133 i
. C2sY3=yY2 134
; oo E3=Xa~exl L o - U X L
: CosDTL/CT2 136
C24mC28C4 137
A(i~ZyJeK)alC24~CLI/(CTI#C3) I : B T 3
B2y eK)uICZ44CL/C4I/C2 o 139
60 TC (3,5),1K 140
3 AP(l=2y K] (1220 04K) L . S 141
BP{I=2, JsK)nB{ 124 JyK) 142
5 CONTINUE o . .18
60 TC (7497, 1K 144
7 IFLINPRCEQ¢l) GO TO 208 ) 148
NpAS=2 146
CALL HERNB(BLCVDyCCR1yCGR2yPRES, 111 12)N9,EOOT,PHLOT JEPS2 4GAM\BETA, 147
1cEP.ALpnA.nrusp.asu.nzax.osst MPAS,KC 1AG) C14d 131
.. REWIND 10 A 149 132
1 DO 1228 K=l,3 iso
: 00 1228 J=sl1.3 151 .
- TREAD(LY) {QULad oK) QU pJe Ky QI3 Ky QUAT I RT S Q8T oK QU8 Sk ) 7 152 137
- ERRCR VMESSAGE NUMBER 2 -
: 1229 CONTINUE ) e e e e e . BT ¥ - R
REWINC 19 ) 187
, GO T0 30§ 156
7208 READIS;520) ({C(1odsK) Q209K pQEIpIoK)gQ{dpd oK) yQUSSoK) 4G L8, oK) 1%
. e e b1 93] p K, 3) I e et e e 186 49
. 309 IF(HUST-EO.lIhRITEtbo!OCD : 18

T FATR TegT rpyaT
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MA LN = EFN SOURCE STATEMENT = [FA(S) =~
? __ CECULad oK) o QUZede K)o QUIedoK)pQ( A J oK) oQU 5, 01K I 9C(65JyK) 158 :
o 1 Jal s3] ,Ke1,3) 159 165 i
[ 209 Ire2 . _ . , 160 i
P 56 TC ¢ iéi i
P _ 9 D0 291 14m1,NRE 162 |
. RESRGY(1R) 163 ;
Eo _..D0 201 IE®1,NCC : ieé f
o cCacoCli1n) 165 i
cok 00 2ul IC=l,NEPS 166 ,
ZPe:pPIS(1C) - o 187 .
” ___ _ANRT=ANTT 3 168
: NDey . 169 i
. .. KA=) . 170 :
) S0 REi=RE®(ie~ANRT} ’ 1m0 :
' . RE2=R2R14CCHR:1/(140/7ANRT=14C) _ 172
| i Cl=P(1,1,3) : 1713 i
P TFIREL=C1) 134094l it4 !
14 10 KC=3 175 5-
j GO TC 14 176 [
: 11 D0 i35 KaZe3 177 b
: Cl=PliyLluK) 178 {
: IF(RZI~CL) 12913413 179 i
] 12 KCoK 180 ;
’ GO TC 14 o 101 !
i 13 CONTINUE 182 . .
. 14 00 i8 1=ly4 . 183 !
i £O 18 Jul,y3 _ - 184 f
P AR=AP(L,JoKC) . L _ v y 188 i
' eReBP(LyJeKC) 136 '
B CReP(I¢2,JykC) 187 .
; XR=p (14 JoKC) _ - i8s
: KLeKCw=} ' 189 ,
A ALSAP(T 4 JoKL) i 190 :
SRR BL=BP(LyJsKL) ' .19 g
P _ CLaP(l+24J0KL) _ 192 .
Lo XL=P (1 JsKL) ' 193 L
; : .. ClsRgjoxm : 134 -
o C1=CR4C19{BR+C1#AR) . 198
i C2=REl~XL 196
= . C2aCL#C29(BL4C2Z*AL) 197
IFIKC=2)15,15,108 198
15 C2=C, 199
GO TC i8 200
- 16 IF{3=KC) 37,117,418 201
! 47 Cl=Ce 202
P 18 AA(T,J) =(Cl4C2)/72, 203
l ool IF{NSES2.NEed) GO TO 88 204
P 8T WRITE(6,9251((AA(L4J)eJd1y3) 1 nl,4) 208 238
L 090039 Isled e . S 206
| APt I,1)°0.0 207
__APLL143)%060 . _ S 208
A TTRP1( 14305040 209
! _8PLII1I=0e0_ o o . 210
: TR2eP (20 101) 211
- __X3®PU2e291) . e 202
f IF(1=4)301,102,101 213
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- 03704769
0 ! L MA TN = SFN  SQURCE STATEMENT = [FM(S) =
i

i 101 v2=AA(ls1)ex2 L Y | L. 3
. f Y32AA(],2)%X3 218
- . o eoTC a2 ____216
i 162 Y2=AA(1,1) 217
§§ ) Y3sAA(1,2) 218
i 8 1¢3 00 19 J4=2,2 219
ig Ylsve 220
N ¥2=v3 221
Ci Aishe ... 222
CE X23XJ 223
'?g X33P (24 J42,1) 224
| IF(1e4) 104,1C5,104 225
‘o 1C4 Y3aAA(T4Jel)eXs 226
_ 60 TC 10¢€ 227 B
‘;! 105 v3saail,441) , ' 228 5
3 106 CT.sx2-~X1 229 .
o ST X3 Xg 230 5
2 Clay2=y] 231 H
! C2ayi3my: 232 4
g CaaxXawxl , 233 H
,E C4sDTL/LT2 234 gy
! C264sC2%C4 235 :
-k CAPLUT4J )= (Cié=CL)/(DTL#CI) _ 236 1
Y BPLLEyJ)S(C244CL/Cu)/C3 237 ?
i 19 CONT INUZE 238 o .
. T C1mP(2,2,1) 239 i
T  IFUEP=CY) Zle28420 ‘ S o N _ 240 .
8 20 KAs=3 261 ‘
b GO TC 24 o _ 242
¥ 21 0GC 23 J=2,4 263

¥ 2 LI I 1S S D o 244
f IF(EP-CY) ~2423,23 245
s 22 KA=y o 246
.t 60 TC 24 247
} 23 CONTINUE _ 248

k 26 0O 1C9 I=1,4 249

. _ AR=APLI1.KA) o o 250

¢ BR4BPL(I4KA) 251

: . XRaP{24KAs 1) ) ) o 282
i CRsAA(I,rA) 253

. _ . IFU1-4) 133,12:083¢ 254
,;f 131 CrReCR¥XR ’ 25%%

£ ,..;.3_2._“,§..5“1 e e e e e e e e e e e . . - . 256
4 AL=APITT BT 257
bf h L _u_-amt.xa: L N 288
-3 Alep (2,KE,1) 259 .
i 3 CLsAd(l,x8) , 260
3 TFiT=4) 133,1%74,%%¢ 261
2 co-.333 CLeCLEXL e . . 282

) 134 Cls=EP=XR . 263

3 CLeCRACLO(BRACIGAR) ) L _ _ 266
b C2=EP=XL : 268
) C2=CL¥C29(BLYC2®AL) o _ L B 266
i IFTKA=21 25,2%126 ' 267
. 4 29 C2=C) o e s e e e et e 08 :
i GO TC 28 269

:

3

1

3

1




MAIA = EE&u sounce

26 IF(3-xA) 27,27,28
27 C1=(C¢
IF(I=4) 207,1C8,197
i SA(LIa{CleC2)/(248cP)
; f - .. .__GO YC 1¢6
P 108 Sall)=(Clec21/2,
- .. 109 CONTINUE
RFaSA(})
; _S1s54(3) N
- RCFMs(SA(LY¢SE(2))/ 2,
ATT eSAL4)
FTo(SA(L)SA(Z))/(2P%S]1)
Cl=RiR %93
CenCCeCC
SZaSi8C1/(C20(3441,74NRY))
Ci=Qlly143)
IF(Rz2=C1) 3;,30,3,
30 JC=a
GO TL 3s
31 00 33 K=2,3
Cl=Q(l+1.+K)
IFIRG2~C1l) 22423433
32 4C=K
GO TC 34
33 CONTINUE
34 0O 38 Isl,4
00 56 Jsl,3
AR=A(T,J,4C)
: BR=8{1,4,JC)
‘ CR=Q(I+4¢,4,4C)
H XR=Q(1l,JsdC)
' JLsdC=;
AlL=A(I,d0JdL)
8L=B(14JydL)
XL=Q{lsJyJdl)
t CL=Q(I+2,J,4L)
o ClaR(2:+xR
b ClaCAReC, 9 (8R4CL"AR)
: C2aR24X0
C2aCL+C29(BL#C2%AL)
IF(JC=2) 35,3%,236
35 Cas(C)
GO TC 39
36 IF(3-J4C) 37437438
ClsCy o~
as eBlif,J)=(CieCi)N72,

i TF(NSES2NESL) GO TO Su
P 89 WRITE(6,)525) ((BBLLod)sdmle2)olnlyd)
‘ ; 90 DU 59 J=1,3

: NB =4~y

: C3=Q{244.1)
i ClsC3#C3
8CINR)=,Cl/C1
- BAINBIwBE(3,J)
. ..39 CONTINUE
! Al{3¢1)08.0

w
-
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-
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w
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037934749 :

- 295

210
ey
272
213
274
215
3/
277
218 t
i !
280 :
281
282
283
284
285
286
297
288
289
290
291
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317 358

328 |
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: 03/704/69
MA AN = FFN SNare LTATEMENTY _  IThiay -
__AYli3y3)s0eyw . . 26
81(3+1)2Ce0 327
__Bit3s318Qey S 1 N
X2=84A(1) 329
X3=84(2) e .33
vy2=pC(1) 331
_Y¥3=8C(2) _ L 3
00 36 u=2,3 333
YlsYo . . 334
T¥2sY3 335
K1=X2 336
X2=X3 337
_X3=BALYSYY 338
T¥338C1J41) 339
DTlsx2-x1 349
0T23%3-X2 341
Clsylm=yl 342
C2sYi=Y2 243
C3sx3=x1 i 344 R
CesOTL7CT2 ~ 345
 C2ésC2sCs 346
Al{3,J)=(C34=Cl)/(CT10C2) 347
BlidJ)=(CebeCi/Co/C2 348
CONT INUZ 349
—.Cl=8a(3) . 359
IF(S2=Ci) Glebu,s4) . 351
NC=3 i 252
60 TC 44 353
DO 43 Je2,3 3%
CleB8A(J) 355
IF(SZ=Cl) bz.aa.as o 356
NC=J as7
GO TC 44 . 258
CONTINUE 359
_AR=AL{3,AC) 369
TBR=BL {3 4NC) 36}
____CR=BCNC) 382
T XR=RAUINC)Y 363
_ALaNC=l 364
ALsA,(3,AL) 368
__BL=Ba(3,AL) 266
CL=BC(NL) 247
XL=BA(NL) 368
Cl=ScmXi 349
ClaCR+CLO(BR+(1#AR) 370
C2=Si=XL N
C2aCL+C24 (BL+C2#4AL) 372
TIF(NC~2) %5,4%,6¢ 373
C2=Cl _ o 3t
GO TC «8 378
IE(3eNC) 47,47,48 376
Cl1=C: an
Cas(CLl4C2)/2, 3718
C2=1./C3 379
EP2s,1#SCRT(C2) . 380 413
DD 49 I=1,4 sl
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MATA = EFN_ SOURCE STATEMENT = TFKIS) =

A - 382

i AL(T131+0.0 343
r ¥ Blile1i%0,0 . 384

la 81(1,31=0,0 1] 4

) __X2eQ(2,1,1) _ 336

ik X3=Q(24241) 37

[E(l=a) 13352025201 348

iy 111 Y2=88(1,1)%X2 339

i Y3=88(],2)*x3 390

iE 60 TC 112 L)

& 112 V2=88(1,1) 392
- vi=gp{1,2) 393
- 113 00 49 J=2,2 394
L Yi=Y2 33
[ Y23 396

! XLeX2 397

: 22=X3 378

! %3=Q(2,J¢1, 1) 399

{ IFile4) 114,315,114 400

114 Y3=881(1,J¢1)9X3 401

. 60 _7C 116 402

{ iS5 visaa (1, J+11 303

- .-g 116 9T1=x2-Xx1 <04
: 0T2eX3=X2 'Y

3 ! Cl=vz=v} 406

: C2sY3=¥2 40Y

o _C3ax3mx] 408

| Ca=DTi/CT2 409

:- C24=C29C4 410

i '"—"TﬁloJ)-lcz«CUI(DTIOCZ) A0y

o 8101, 4)8(C244C1/C4)1/CD _ 412
Lo T49 CONT :us :13
o .._C1=Q(2,3,1) . _ 16
Lo TE(Ep2=CT16T; €0+ 3y
P _.60_LCc=3 o _ . o . 416
poo GO TC 64 ALY
3 _6) DO 63 J=2,3 418
J Ci=at2,5,11 %19
P  _IF(ERP2=C1) 6296363 - . 420
| 62 LCsy 421
b _ .80 TC 64 _ ——————.ob2
N "783 CONTTNUE - 423
S 84 D0 120 1s1,4 . L
| Shets (1oke) P

N 1 1T Ty 227
i L CR=BB{l,sLC) 420
S 1F(I=41 135,136,136 429
S sCROXR 430
oo 136 LLslC=] r¥}
B ALsAL(I,LL) 432
Lo oLasL(T,Ll) 43
Lo _ XL-Q(%.LL;H 3 434 3
Lo L=8R(I,LL) s

JE{1~6) 137,120,138 436
“137 CL=CLXL 43

- u‘.




03704789 :
MATA e EFN  SOURCE STATEMENT = IFN(S) = _ i
: _138 C1sEP2=xR 448 h
: CL=CRe+CI# [BRECI#AR ] g ry 1] E}
;  C2=EP2=XL 40 k3
: C2sCLIC2#(BL+(Z#AL) a4l ;:‘
M . IF{LC=2) 55,5%,56 e e . “z '
i LT 'S "
: __soTcs8 o 444 -
b 8& .iitanlC) STe81,58 'Y _}:
S _ 57 Cistz e e e ) 446 - !
co SOTIF(I~4) 118,119,118 _ 74 &
Py 118 SBUI)u(C)eCR)/(2.%EP2) _ 448 &
ok 60 TC 12¢ 449 P
Py 119 SB(1)a(Cl+.21/2, B L 450 K
b 120 CONTINUE 451 :
' . ATT2258(4) e . 452 §
- PI=341415926536 45y #
 § _ RADsPI/N80. o ASe
f “ClagpaslC “a8
‘ e L2811 80e=pTT148TT2 . | S
f TIF(C2=90,) 15G,1%0, 381" AST
151 C2s 180.=C2 L L a%8 -
. E ‘C2sC2eRAT B 459 ,
PO 2=CA=COSUC2) i A0 89 .
ok 60 TC 182 : «61 g |
i) 380 C2mC2RAC 82 ]
cF TCAsCCSIC2) 63 7494 3
S 152 CSasSIN(C2) e T . L. 2
. =pp-saar(Eb'esocztc1-z.0c1-eb-¢Aa _ S : C48Y (1)) 3
|3 . CSBaCL#CSA/EPP - Lo . | ISR f
ok ~ ECBaSART (1owCSOCSE) 4677w H
CTasCSB/CCA L 488 3
TBaATAN(CTE) 4687 :
] TReATTI®RAD=TE _ a4t :
s TYDatR/RAC 471 ) N
E .. . EPS=:PP/(le+L() S . X ¢ S
" RCF2u(SE(1)4SE (20372, : a7 '
~ _FT2e(SB(3)=S8(2))/(S2EPR) . ) . S :
TCIn (L =ANRY ) /T i. CANRTY &1 i
_IF  (INPRDGNE.}) Clal, L &% -
4 "C2sRCFMeCY’ ATT
ClaSi3FTeEP/2, o S e
[ : RCFIC2e¢1 ) 19
g _ Cimcp2es2efT2sae 480 .
! RCFOSRCFIVCT a8 : s
g RINwRCFIZRCFC . e e e L L a02
: ~ ERaR [O=CC~ 483
: ___IFINSES1.NEe1) GO TO 86 . | S
85 WRITE(6s225)RELJRESLANRYLCL/EP 483 ¥08
. WRITEL6,523)RCFI(RCFOIER(S1eS2 o ABe 806
H WRITLU6¢B25VEF2,FT)FT2,RCFM,RCF2 487 T S0?
: WRITE(6,825) SBUL),SBU2),SBU2)e5R(4),ATTI,ATT2 o  aBe %08
L= “EETIE(NASLY 700714 T2 489
Pt CLeAMRT 491
I ANRT= Q1 4CN . . T A2
‘ g MAs} 493 :
|
|
I
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03/04/69
S MAIN - T..EFN  SOURCE STATEMENT =~ TFMS) =
$2.78 53 I 494
TTL IF(DLRER) 73,74, 74 495
.73 Nae2 e 498
Q3sAART 497
_O3=ER “98
ANRT®(Q1403)/2, 499
... 60.TC 30 . 500
T4 CleaNnmT 503
0} «f &k 502
ANRT=QL4CN 503
... ND=NCe} 506
1F (ND~NN)  8C,705, 700
100 WRITE (6,702) NN B 521
702 FORMAT 1151 CIVERGED AFTER , 18,60 TIMES)
. _ GO0 TU 201 o
12 IF(NBA=3) 18,718,579 500
.16 IF(DLeER) 78,71, 77 507
11 Cuaanat 508
DLoER _ 509
NA=3 510
B Annt-uuzoasalz. 511
GO TC 50 s12
18 OJ-ANIT__ e 513
DIsER : $14
ANIT-(61003112.,“_,mm_ s1s
: 518
N so r 50 51y
T8 Q2eAnRT _ ‘518
U ozesw 519
NA=4 520
OTAag3ag) 221
ClsDTasgTA” 522
Cam(CleCr=2,4L2)%2,/¢C8 523
C3s(03«C1)/CTA 524
. IF(CEY 80,811,080 L #1
81 Coma02/CY 526
60 YC 82 827
80 DTas.SeCy/C2 528
ComSCRT(CTARDTA~D2/C2) 29 3538
IRIDTA) 23,848,084 £30
€3 Chenie 531
84 CésCa=DT4A 532
02 ANRT=Q24Ce 533
GO TC 82 534
19 S3e51/(14¢ANRT) s3s
IF( PDS) 91,92,91° 53¢
92 PDie0,.9 537
PO28040 338
. .60 TC 93 , e 539
91 PDIuPDS/ (1, 4ANRTT 540
PD2=POSO(CCR/CORLINO2/ANAT 541 :
93 WRITE(6,50;) 542 849
unlrsce.sus) 543 85
RRITE(6,600)EPP,ANRT,CCoR2R ] S44 853
WRITE(6,502) 545 852
546 - 353
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aniu,i‘gulh!;g.&‘:hgﬂh 32:4772,5#72

-v-n.vsr. rmrerUidedde 10
502 FORMAT(

H- ] -

H_REYNO _gz_ NO iii'ﬁ;!m TORQUS _ SUBSLY PRES SOMM
’ﬂcl FORMAT(TH u

NN IR T URERLTY
ATI4(X
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TT03704/69

— HERAN = EFN  SOURCE STATEMENT <« IFN(S) o =
T T SUBRCUTINE HERNBUBLOVC, CORL,COR2yPRES ) 11 129N ¢ E0OT s PHDOT +EPS1 9GAM 1
1+BETAJDEPALPHALRINSP,REN,RP@1, DEL SP MPAS ¥ DIAG Y E
T RERRINGECNE JOURNAL yCCRRECT FOR TORQUE 1IN CAVITATED REGION, 3
€ l=16-68 &
[ WITH LARGE ECCENTRICITY AND MISALIGNMENT - [ ]
c IN TURBULENCE REGIME L T, i
T COMMEN MCIAGyCELXsCELZCELZS, M, MS, MGLoMG2 N NP L3719 AT (27851 7 !
L 19),8182919)9CC12919)¢AF1(17:19)AF2(17+15),AF3117019)4AF4(17419)4A 8 .
2B (1T 19V yAFT (i Tel10) o ARB(1T419),BHTI(17,19) 9 Lo
DIMENSICA BETA(3)4CEP(3):sALPFAL3),PFIX(3), QOQi13).H9(17 10
1.1qi.ouccuo;.ppun.pppuﬂ PPX{1TTPPPXIL T AXI(17519),AX2(1T,19 11
2) o AX3(17,19) axuug:_g),Ax?(u,_mw.uau?.xm AXG(17419) o6S13(1T91 _ 12
3910, asxzn'“l'.u").‘uﬁai11.19).u=t4u1.19).xxuﬂ.axuz.n;.cz(z.w) 13
o nxneusncn epsuahnss(u o L e . S
ﬂi!uﬂ 4 17, 19) 15
LOGICAL nou VENT TORQ _ 16
N omu'r r'ﬂ"—" " LY
__&_FORMAT no_pt 1170 L _ e -
l T3 PORMAY (394 REY NDLDS ‘NEe TECCENTRICITY INNER TCRQUE OUTER TORQUE 19
. SOVMERFELC NO ATTo ANGLE FLOW ) , 20
t'mn”mru!u SIN ANC GOS FORCE COMPONENTS @  "£1l44792Hy Elée7) B 11
7 _FORMAT(31H SIN AND COS MOMENTS ABOUT Za0 2144792k E14,7T) 22
0 FORMAT(2SHORINAL PRESSURE DISTRISUTION. //7) 23
1F (KDIAGoEQej) WRITE (€42) BLOVD, COR1 +00R2,PRESIL1) 4PRES(2)4PRES(D 24
ED0ToPROOT  BPS1119+BPSI (21, EPS1{3),EPS1(4)2PSLIS)EPSLIG6) 2%
hcm.aenm.eenuheeuc3).0!911l.usna).neua).ALPuuu.AuuA(z 26
HETIY RTINS P, REOVR 2L, DEL SP 27 2
__LNW\'%D. 106 e e . 28
MOLAGSD 29
= NG VP RURURUURRE- | SO
~ MPASSEPFAS 31
IF (MPAS.EQe1) WRITE(6,5) 8
TFORMAT (IWD)
1F (MPAS.EQe1) WRITE (6,1) 32 10
T 1F (MPAS.EQe2) WRITE (6410) 33 12
FORMAT (15X17F INNZR FILM DATA ) _ ) 34
10 FORMAT (I8xiTF OQUTZR FILM CATA ) as
_WRITE (893) 36 13
T T GANDGTS040 37
MO=Q . S 3
¥Glalle} 39
AMGsFGL e e N 40
¥isic=11 41
__ VENTs, TRUE. ) 42
TFIVENT) GO T¢ 102 43
. Mml2ellel 44
BHAML = Mo} 45
__MG2epGl L 46
68 T¢ 101 7
102 Mal2 - 48
SMMle Mel' 49
BMML=BMPLS2, 50
MG2=0 51
103 I1F({MPAS.EQ.2) GO TO 35 o _ 82
DO 20 Ism1,M \ 53
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o 03704769
e __ HERN = EFN _ SOURCE STATEMENT = IFM(S) = B
‘ D0 _20_J=1,N 84
l 3 NPU1,J)=0 L1
: 20 CONTINUE .
¥ 00 30 Jslyh 57
: NP NS . s
NP(MyJ) =] 59
H 30 _CONTINUE e e e e e e e e I
28 KKml 81
]00 ANSN 62
P1=3,141392652569719 63
: o DTHETAR2.8PI/AN 6
DTHE2wd . 87DTHETA 43
___PFIX{L)=PRES(N) . e e e 66
SPRITD=RINSP 87 _
: ___PEIX{3)ePRESIZ) L L o 68
; . IF (VPASS.EC.10 "do T07i0s 69
60 70 108 . e e . . .70 R
109 SPRITO=Z,4TELSP+RINSD 14! =
__._..QGL.SI.s-e.tjl-.ie.... e . .. . ;; , :
: 308 D'LSI- ceLsp e o o 74
|, 107700 999 Loai,3 1]
: . . IE(MPASS.EQe2) GO, TO 120 ‘ _ , %
: ANKL=SPATTO=1,.0 b
— . ANPLESPRITO+l.0 _ . . . ... o 78
CORaCHR] 7
_ }gy_-mnunu L _ 80
N txtz)-nes(zumn )
__ ALOVCsBLCVD L _ 82
T RENSREOANMLE (=i 83
....00 TC 130 e B 84
120 SI1GNe=l, 1
__CORe=CORZ _ 8¢
pkxx(z)-nes(zmccnz/can )% 2/SPRITO 87
_ALOVDWBLCVO/RZRL - : 89
"REN=REQ# (RZR1 |##29COR2/CORL#SPRITO 90
130 ELVD-ALCVD . o .0
WATLOR2, 0%ALOVE ™" 9
... DD %82 LI=i,d _ o 94
" EPSsgPSi(LY) 9
—_IPSm2 ®pIwsIGN e o . . 9%
gugx::-*;i‘.s'“u s 3 ::
ADIANs=, 9251994
—“—ﬁ}.m—nfm—- “" Tt e “::'
! EDT=0,0
":{ CONZ=CON1/REN T e o s s - 101 .
i TORQaoFALSE,. SV . . S ,
- T:SllTPf‘a.o i”
I QEIE“ !EN_ . .
! DELXDTHETA ng"‘
. ____DEL2=RATLD/BN¥ : 106
TPSIal2, 9P 1#92%2,%ELVE 107
N AMS =MS — e e e e 208
DELZS-DELZ 109
L . S 3 I
L vnxnc-vncor-u.-slwM.s 11
o
P
s
u
|
“I81-
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_ L moes - EEM SOuACE CTATEMEMY - IEMICY) = 03704769 )
| ___INQ=L_
; M EPpN2s} . il2
BE . usl 113
! T L2eli e - - _11% _
[ . 38 0C_40_dJedoN _ 113
b cctQivaisoeg ~ 7T T ST mme e e 116
i AXUILAed)=0s n
L cLibiydisge — ~ 7 T T T 118
i . AL{L1e20d)%040 _ 120
g TAL(LL39d1804C - 120
j A0 AFT(L24J)=040 121
o TIECINDLEC2)5C TO %8 T T - 122
TF(VENT) GO _TC 48 123
; Li=2 Tty T e - 12
b e 12
. INDs - - 32¢
d 6D T1C_38 e7
} 46 RS} e s e - 128
: . WNaMGL_ A2d -
MMs 1) T B
1588 131
TOELSCELZ T - - s —- - - 132
| Bicessteu A
! 's-l o I 134
0o 138
00" uET-aEruna)iﬁmN - - 136
DEPHSDER (NR ) - 137
| TALPHSALPFRA(NRY T T e e e 330
: A Mlal = ALPH 139 o
: ALTALLaFLCHOALNL ™ i - pem e oo --~—-—“° -
; SINB=SIA(BET) _ 202 -
R I R 5 A I —— 142 -
SINB2nSINB4SING e
- | ; COSB2=CCSB#COSR =TT T s e e R
P COT2=COSB2/SINB2 142 )
¢ CLZaCELACTHETA - T - ~ Iay e
. IF(TCRQ)_GO ¥< 1004 1eb
Do DU 2000 TeIS.MH - 248
; XX (1)e2 139
; ZCORSZ/ECR ™ T T T T S e e e 150 _ .
- EPZGMeEPS+GAL92COR 1%
; EDZRMEQCT+GANCCTHZCON ™ S T Tt 1 S
; _EPZGEPZGHOPHINC 1
; 06 2001 Jel N S
P SIsSIN{ANG) 123
: €0CCS (ANG) — - L
. He 1o+ CONEPZGH HEE
| WOl d)mb o e T - 138
o ﬂ:-mmr 1%
S HG=H+DE Pk T T -+
o :c:n-nc/r 1:;
: X911yJ)e(ECIAICO+EPIGHST )W e R TY S
Li', o ARSI EPIGHSTInSINBIPTH24,8 7 163
o HGHR 3NG 3/H3 - - e 38
o S1=1,/SINB2 L+
o $2~C0SB/SING2 I R 1es.
- 167
N
-
S
i |
|
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A Y = A

e e T o i i <o

L

- Tttt T T 03/04/89

. HERM = EFN  SOURCE STATEMENY = 1FK{5) -
RENRsREMNSM e e 168
RENGSRENAHG 169
GMReGTCFIMENRYI®ID, . — — 170 112
GXGsGTCFIRENGI*1Z, i1 14
_GIZRaGICF(RENR)® 12, e e 172 11%
GZG=GZCFIRENGI® 12, 173 114
_S$S=(GXRe4G2ROCCT2Y e _ 17 .
S6=(GXGAG26*CLT2) 178
$12G2G#s52 176
SB=GIR*S2 R %44
_S9=G1GeS) L I 3.4
$10=GZR4SS 179
_S11==55/S6/HGFRI o L 180
"§12ai,~S11%ALFH=ALPH 18
$13a(ST=SB8/HGFR3)/S6/512 182

"S16sRENR/HGI/ST2# L=k GHRY oS8~~~ T T )
_ALH3SALPF®HG3
TALSwSTNB# (ALHI*S6eS 1= ALMI®SIoHI /812
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_A2s=ALM1®(ALPFOSIES]1I4SB)OH o ~ . 186
TA2e(A2¢ALHIR (ALMLI#S69512a857) ) oS TN 187
AJEALTALLI®S 1AM (S6*HGI=S 28HI ) /REN e 188
TAYRCENT o (AT HOALNL+FGOALPH )OS ING - T ' 18—
OMyspamaiLM, e e e e e L. 190 .
STHaHGHR2#ST 191 -
B1Su=H3/SLi®(SORALMI=STHEALPFRSLL)®SING T - S
TB2=ALH3 A (SG=ST#S134ALNY )SCMYS {1+ BLPF9Sa¥ ST} 193
B3sCCNLSALTALIAS1A#(SE=STH) 1964
TB2s~p2#SiNE 198
,Axul.u-usuzncosah_ e ) 196 i
Blewp3sliIsSTNE/ REN 197
AX2(LpJ)mA2%SINB — b8
WSLL{T1,018811/812" 199
WSi2(TyJd¥ele/802 200
WS13{1,J)=S13 . 201
WSi4ll,J)=S14 o R 02 _
AXslls))mAd — 203
AX6(1,J1mBlS#@2%COSB 206 e
AXTUIJ)uB2eS INB 208 7
AX3U1yJ)eB3 _ o 206 B

IF(MCoNER2) cﬁ‘TU'zcox 207
e JF t 1egCe1Se ANCodoEQLL) 208 o
1 5 UWRTYEUG1E Y AXL(To IV oAXZU o d o AX2CTod) oAXSET o 4D o AXTIL 209
um.nxan.anuou.u o 210 130

T 20601 ANGRANGECTHETA™ a1
_ANGEUL D _ 212
TF(T.EQMM) ¢ To 2000 213
Is2ep8L e o 214

zocﬁ“fburxuus 218

n_;_To 2036 o e a6
mnn E..3) GC T0 2014 217
. _1F(VENT) GO TC 2004 _ L 218
TGO To 2u20 - 219

2010 Ik=}) L o L 220
GO TC 3800 221

2014 IKsMp 223
Co Y{ 3800 23
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__HMERN = EFN  SOURCZ STATEMENT = [IFMS) =

eUNrUTE_1NE Uirr QRGNCES IN XS AND COEFFICEENY .
3l00 IsIk .

00 4910 Jei,N

TART{Y; IV=0.3 T s - e em e

AF2( I_L_’Co 0

AF3 (14 740.0 .

APACIp1e0:0
2511100

PRV =20

__FMjobHe]

—— e gt

00 4000 fsiST My~~~ = T 7 o

_____ (L] S
SE~3350 ISl N
" ofHettHEr T
.;-““_.lF Jde e0ReJoEQeN) GO T9 4004
JOsje

_Jdimje} ,

T60 Yo A0ls”
_4004_IF(J.EQ.1) GO T0 4908
TI0eNm]

'“""3 *c 0

- “.!..._”'N. S

4008 AFI!I.J)-S!N!OAx1IIoJ)
1#2(1.4)-«nxat1.41)-Axalx.aonocosaocnxvlI.Jxa-4x1¢t.ao;);tnru
1 SSINESLAXT(IT,J)ebX1(10sJ) )02
sJISARICY, UT+COSPeAXTI T, ) +SINO®ARGILoJ)
A'#(l.Ji-(Axl(chl)"llliI.JG!#COSB‘(A!&(t.Jll-lxe(l.JO)II'DTH
T T T eSINER(AXE (I T )mAXEL20sd) ) 0D2
Avscl,a»-ax:tl.anocosaoaxocI.Jl o
::$={'j=-c;:3(l J11=AX3( 1090 )4COSB* (AXEL 1o d1)maXET 140)) 240 TH
L ’ - [ ¢ ’ - ’
EfﬁiiTi!iixr.J|-Axe(tn.4»a-ozoAx9(1.Jn
IF (MDe8Qa2 oANDe Jo ECe 1)
WRTTELG92) AFLTTod) dAFZ(Tpd) sAF3 (T4 ) AZG LT, J)oAFS|
119Jd) o AFT (1) L )

SOy EONYINGE T T T T T
1E(NR.EC.1) GC TQ 4020 e
'——}:’(ZCFR.‘ZT IO Wdag"— T e
1 S o e s e
GO TC 4090

oy 32 e e e -

4020 {t-x
GO TL 4060
_aQ4g fted . N
18=18
4090 no 0100 JuloN
‘AL{Ilsled)e0.9
_ A tL11e%594)=0,0
TTIRSSAXT(LE. )
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(HERN = _EFM_ SOURCE STATEMENT = [IFNIS} =

s

v . TRSZaTRS%0Z%Ze0_ o e 280
N AL(TTseed)n=TRSZ 281
o AY(L1424J)mALlIT4290)=TRSZSERD2 L L ae2
DOT=AX6 (IE4JIFLTHES 283 .
__CCUILsJdi=CZ(ttyad=COT . Ll ... e84 %
CZ(11,J)=CCT 288
. Bl{I1lsd)a=CCi1lsJd) S 1 - SR
3 AL(T1+3,0)2A1(11+34J)4TRSZ 287
: AFT(IEs J)sAXLITTpJ)=AXBULE,J) 288
§ AXL(IT,JY=a¥£(1E,J) 289
L . ._AFlLIEsd)=0e0 L. e e e 290
AF2(1E,J1=0.0 F1)3
o A3 1E,J)=0,0 292
AFS(TEyJ)=d, 0 293
o AFSUIENI®O.0 294
AFL(1Ey J)=],0 R 298
. ___IF{MC+EQe2+ANDeJeEGeh} 29
1 TWRITE(&13) ll(lh?oJloli“lv‘qu'il(lloBQJl BIlI14Jd 297
; e 1)4CCUIT g J) g AFTIIE ) e L aes 200
i 4100 CONT INUE 299
3 .. IFINR.EC.1) GC TO @202 300
- ¥ GO TC «1%0 301

B 4102 IS=I1 302

batel oo 3 o 2k

e

NR=2 ' I | e

¥M=] 2 i mdl S U 306

1 ERO2=0. 308

.. _DEL=sCELZS et e e e , L ... 308
CZ=).5/CELZS 307

. 8QTYC 200 . .38 .

4160 TF(VENT) 60 TC 4190 309 .
IF(KKeEC,L) GC TO 428C_ . e ... _.20 ;0
1$=12 A ]

MMEM e e T e 2
NR%3 ' 213

_,EAROZ’UO e . ) e . L . o 314
DELwCELZ a1s

. _bzsd.8/CELZ e e 3t
60 Tc 200 317

4180 1E€=12 B L _ 318

ERDZ2=1, 319

e KKmg o B . R o 320

1i=2 321

e 60 TC 6090 e ot e . 322

IS0 IFINR.EC.2) GC TO «fec 323 :

4190 MTSRsMD _ o . 32 :

MD =TSR 328 '
 CALL CIC1 (ML) , o o ) 326 319
MC=( 327
PPOYT=¢FALSE 3 _ e 328
IF (KDIAG.NE.1) GO 10 %71 329

TF(IND34EQeleCRIINC34EQe2) PPOUT=,JRUE, 330

TIF(PPOUT) WRITE(S,9) 3 327

871 DO 575 1s=),M L 33

TF(PPOUTY HRITE(G.#)(Phl(l-J)'J-IoN) 333 232
RO 515 _J=1,N i . I e 2
KUPT (1,580 333

f
R TEENTE A R R P

e A
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|
: 37047697 T T
! ! HERA = GZEN  SOURCE STATEMENT = [IFA(S) =
R ¥
E . ; IF(PRIIT1+4)eGELOL0) GC TO 578 e , 336
i i PHI(1,J)8040 337
| t , KUPT (1sd)s) _ o . o ) . 338
i 375 CONTINUE 339
! ' ¢ DIMEASICAL:SS FLOW R 340
' ! (Pe] )=} : 341
: 4204 AFLOW=U,.C o o 342
) 00 4200 J=lsN 243
|  IF(JsEQ.1eCReJeEQeN) GO TO 4220 _ _ 344
: VF1a(PHI(1P,J41)=PF1L1P,Je]))#CTHEZ 3¢S
; 4210 AFLOWS(YFL#AXE( TPy J)I4AXEB(IPJ J4AXT{IPy JI*(PHILTP4L,J)=PHI{TP=1,J) 346
1)8DZ4AFLLW 347
" . _TF(MCIAGeSGe2) WRITE(6+2)YF1,AFLOW _ 348 364
i ' GO TG 4290 349
: 4220 IF(J4EQ.M) GC TQ 423¢ 350
: YELe (PHI{IP,2)=PHILIP4N) )#0OTHE2 381
; GO TC 4210 352
: 4230 YF1 (PHI(IPy1)oPHILIPyNm11))#L THE2 353
; GO TC 4210 154
i 4200 CONTINUG - 388
: AFLOWSAFLON*OTF2TA/124 : 356
! c TORQUE CIVICEC 8Y MUXNXRXRKRXR/C 157
| NR=} 358
A TORQ=.TALE, 359
{ Y¢a),0 . 160
! “1T1=) - ' : 381
i 172=0} 382
: TCi=Ced 363
» ; 60 TC 29¢ , 264
- : 1001 CO 1390 1s[T1,172 268
| : 00 iv0u J= A 366
. TFIKUPT{1,J)aECel) GC TC LG ‘ 367
E i TF{1eEQeIT14CRaT.cQ,1T2) GO 10 180G , ETY.
- OPDZsPHI(141,J)=PHIL1~1,J) /02 , 169
- : AFTR®1,0 - 170
! : 1209 IF(JeEQeleORJ4ZQaN) EG TO 1600 71
: : CPOT=(PhI(1,J¢1)=PrI{1,J=1) )4DTHEZ 12
- 1240 HaHI(1, ) 373
o BQeH*ALTALisCEPH 174
i AQu{=BQPCOSBERS13{ 1oJ)-FOALMI#NSL2I Iy J)=ALPHENSII(T I (HICEPH] DS 178
. 1opOT are
s AQuAC+BCI(~COAZPHS 241 [ J)eWS23 (1, J)*DPDL*SING) 77
o . TQaTG+AGIDLIOC, 5*AFTR - 378
- : G0 TC 101V 379
. 1600 IF(J4EQeN) GC TO 1610 100
o OPDTw(PHI(T42)=PHECI,N) IRDTHER el
{ GO TC 1240 382
1619 OPOT=(PFL(Is1)=PHIL T A1) I#CTHER 183
, G0 TC 1240 384
- 1803 AFTR=,S 285
i IF(I+EQeIT2) GC TO L01u 386
a ‘ OPDE®(PHELITL+14J)~PHL{1TLsJ))/LELL 187
o ; GG TC 1200 388
: ; 1810 DPDZ=(PHILIT2,J}-PHI{IT2=14J))/DELY 389 . .. -
, ' GO TC 1290 VRS 390
‘ . 1010 RESREN®H - 391
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T 0370476% i}
L _HERN = EFN _ SOURCE STATEMENT = [IFN(S) =
TEIZTLOITEITALFL 392 432
RE=REN®(F+DEPF) 333
_TCLsTCLE(TC24TCCLRENCALPH ) ¥ TRQ*OLZSAFTR 394 433
TF TJ.NE.1T €0 YO 1go? 39
_1F(MCeECe24ANCe14EQoIT) L 396
1 WRITE(6+2)AQTQ,RE, TCL, TC2 397 'Y 1
1€0Q _CONT INUE _ e 398
TF(MCoECe2 )WRITE(Gy 2VWST11T1e I 1o WSL2(T 00 D oWSIZ (T30 ,WSTAT(TI] 399 47
IF(NR.ECel) GC TO 1400 , 400
TF(NR.EC.2) GC TO 141C 401
GO TC 88 . o 402
1400 NR=2 40%
JAn=1Y i R _. 404 —_—
1T2=12 40%
GO TC 2v) S — e .. 06
1410 IF(VENT) GO TC 578 . 407
- NRs3 - A 808
1TLs12 409
1T2=¥ e &10
G0 TC 206 411
%78 TQO=(TQ«TC1) . ) | .
THZ=U,.) T TTTTTTRLY o
00 380 Jsl.N als
QQQAt JI=SEN(THE) 415 460
__ €00Q(J)=COS(THE) 416 470
880 THE=LTHETA+THE . 417
00 593 f=i,¥ - 418
PP(1120.C - 419
PPP{LY=0,0 420
00 630 J=l,N 421
CUM3PHI{],J]) 422 ~
PPL1)aPF{T114CCCLJI)A0UN 423
600 PPPUI)=FFPIT)+CCOQIJIOCLM 424
PP(I)sFP(L)I*CTF.TA 2% -
PPPUII=FLP(I)*CTHETA B 426
PPXLINI=PELLIIOXX{T) 27 -
590 PPPX(I)=FPP{IdOXX(I} 428
FSINsSUP (PP MyCELZ) ’ - %29 301
FCOSsSUM{PPP,¥,DELZ) _ . 430 302
FMSIAsSUN(PPX,V,DELZ) ) — T B S | S {1} ]
C EMCOSsSUM(PPPXyMpDELZ) 432 504
‘FCOSa=FCCS
___FMCOS==fpCOS
TF (KDIAG.NE.I) 60 TC ¥s4 437
. WRITE(B,8)FSIN,FCOS N %34 %07
WRITEC(6 TIFNSIN,FMCOS T 43% T 308
564 WLOAC=FCCS**24FSIN®#2 436
WLOAC=A@STWLCACT — TTUTTOdT T
_ _WLOAD=SQRT(WLCAD) 438 510
SGMER=2,00%ELVC/WLCAC
__ PHEEmATAN2(FSIN, FCOS) 440 511
PHEE=PHEE/RACIAN 7))
.7QG=T7Q0/%L0AD o 445
"TQIsTQOAEPS®FS IN/WLOAT T 44b -
__WRLTE (642) RENSEPS,TG1,TQ0SOMER,PHEE AFLOW 447 812
IFIMPAS ,EQe1) GO TO 893 448
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HERN » £, SOURCE STATEMENT = TFN(S) = L
: |
o MRITE(10) REN.EPS,{G!sTGOs SOMERPHEE 449 __ 88 | 1
b GO TC 591 450 i
o 593 WRITE(9) REN/EPS,TQI,TQO,SOMER,PHEE _ s51 siv :
. TTS%1 INDARINGCISKOIAG 452 f
b 392 CONT INMUE , e 453 ~
| — 3SR SPRTTOVEELST 458 1
- RETURN e 458 :
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CICl. = EFN__SOURCE STAVEMENT = IFN(S) =

SUBRCUTINE CIC1(MO) 2
COMMEN rczac.s.:. CELLDELISyH -is.m.i.ﬂsz NoNP(27+19) oAl 82,501 3

'8 1sCCl2:191,AFT (1T vAFI(1T,19) ,AF4 (17,191 ,4 4
2F6(17.19hAF7(11 19:.“5111,19).90«1(11.19) 5
OTHENSTCN ATL T, LTV B(IT o1 o CULTo 1T 00 (1T o1 Th,F (20,171 ,AK(1T,171,6 [
INC1T017) 050204170, AFST(2T7),BCE1To27)sBF{L17),DD( 17,171 oD3¢RT),GL(LT, T
ATV, GI{1T 1TV E(1T,17) [}
AMe1,0/CELX o .

NC=0 io
MuNS4MGLeNG2¢] o T, | S

MNLI=MG1+1 12

MN2=MAL+MS X . AU = S
OX1l=AN®0,5 14
DX2= ANws2 e B R - B

203 00 205 1s1,M 18

B0 ek MmieN MY
E(1,111=0. 13

204 DIl 00)mC, R ) ) o B 19 _ B
Fi1,11sC, 10

208 0¢1,1)=], Y 1 3
60 300 Jei N Y]
IHIYEH)HEH,IIHMI.llhl-hﬂhl_l_ghﬂt . S 1.

TF (MDeNE<2) GO TU 240 24
WRITE (6¢133) AFL(ieJ) sAF2(1ed)sAF2(10J) s ARGl J)sAFSELed)9AF u.“__“____”z_g_w_,
LI eAFTIL, 0) 26 34
WRITE (64103) S 3 S
b AT, A!J’l‘l(loZOJ'OAl‘l.-'J’!‘u‘(l"'J"Al(l"'-"l'l("“l! 20
__1J).CCUIMNY,0) . o , 29 42
WRITE (6,100 30
1 B1(20090)oBL02929000A02030 ) 001120400 sAR(2,52000 _ M
10T TANZ JT4CCTFNZ pd ) 22 %0

240 DZ1%95/(CEL2) o S . 3 ~
DZZa 1 7UCELZ Y092 h ' A L T

_24)1 DD24i Isl,M L 39
00 242 fl=io¥™ 36

. Bt1,11)s3, ST ) AU
AL+ 11)=Q, 38

242 C(I.11)=G, ' e e e L —
DO 250 [=1,¥ 40

_206 IF(Iw=MGl=1) 2124210e202 o AL

209 BFUT T IwahFF1T40Y - 42
A{loLl)=i, USSR S
G0 TC 250 PYY

_210 IF(MS) 211,212,211 .

211 0Z1=0,5/CELLS 6
___DI2ei,/(CELZS5)%%2 e e o7 .
TTOIFINPCL J112094232,20% 48

_Z_L_IF(HGU_LEALZJA-Z” S USRRENY. | S

233 IF(NC.EC.2] GL TO 600 80

L _AllyI=2)1=AL(1,24J) _ R, §

Al I=112A3(1,244) 52
ALy I)mAltieBded) .
A(lv“l)lllllﬂv“ 54

e ATl e2)mAL298,9) 55

8(lel)mpltiyJ} 56
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800
212
234

213
214

6C1
218

288

263 ARCT LI )oAKCT 1 00@R (T4 210 D%ECISTe2T)

2¢1
282
€23

433
4Cs

CICle
Cet,1=CCl .,

3
AFJT{R)==AFT( 1,

G0 TC 2s¢

- CFA SOURCE STATEMENT = IFN(S)

Jl

TEINPLT ¢J D) 20642344256
IF(leMG wM5=|) 215,213,21%
IFIMS) 2i4e2itycls

Cl.sue5/CCL2

D2Za(le/CELTYI*N2

IFINCetCad) CC TO 391
Allgl=2)nbi(2si4d)
AT, 1=1)ma,(2y2,J)

Alls1)=81(2430J)

AlLolelilmd, (le4od)
Allsled)=mAL(245,0)

B(Lle1)=B1(2J)
Clly1)=CC( 244}

AFJI(1)s~AFT(1,4J)

GO YC <5¢

TFINCa6Ce2) GL TO ou2
B{Iylwl)eAF3(1yJVeCX]14T2,
BULyL18AFS(1oJ)e0XcAFallyJ)oDXL
Bllylel)m=aF3(1,J)9DX1%L22

A(T,l=i)mAFLll],y)RC22=AF2(T, )00}

Aol )oaFblled) o ®(AFIIT9J)*022 4LFE(L4J)%DX2Y

AlTy141)mAFL(T14J)%C22¢8F2(1,J)%D
ClleJ=1l)swnfF3tl,J)eDxinl2]

CAls1)mbFa(ToJInDX _48F5(1yJ18DX2
Cll, i+ 12AF2( 1, )8CX, 802
€92 AFJI(1)e=AFT(14J)

CONT INUE

IF(NCoECa2) GC TO £

€O i¢d 1=),m
20 20 Ile. oM

AKCLoI)=a( Ty 11)

00 260 11lslyP¥

IF(MCTaGelTe2) GO TO 82

WRITE(S,20300
00 cul laiyW

WRIT toalu0) (AK(T,IT) 11=],M)
CALL MATINVIAK MeLUMyLLUML)

CONT INUE

CO 4l l.l'“
BFLll=aFJ(])
Fldeayl)n0,

0O #U4 lia],M
tlly11)eC,
aptl, 1110,

CO «u3d I11=sl,¥

EClollimf (o lT)AKCTL 1T I®C(1T1,10)
BO(TIoI1)=RC(lol1)eR(Iy11I)SCIILINIT)

BF{I11su3F(T)B(le11)OF(JyI1)

DO 4ub I=l,r
CO 456 IlwiyM
Dtlyil)=y,

L0 445 [1l=l,W
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405 DI af{],11)= }%80 B 113
€08 FlJideliarivadriivANIieiLI®BF(IT) 11e
300 CONTINUE 113
B0 503 Isi+F 116
CO S04 1l=i,N 117
804 omx.:n--nn.m 118
805 00{1,1)=1.400(1,1) Pv
.! (MOIAGALT«2) GO TO 264
WRITE (64101) 121 267
DO 263 T=1,M 123
263 WRITE (6,100) (CDCJeTI)otInleM) o 123 271
264 CALU MATINV(TC ¥, DUM,04CUNT) 124 219
D0 507 IslyM 125
§(NeI)a0e 123
OU SOT7 Il=l4M o e e 127
GN(T,117=0, 120
DO 506 [11sl,¥ . | .
GNUI IITaGN( T, TTVSE0CT, TIIVECTITI, 1T 18
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Jane] , i , e Y
DO 5.2 Km24N 154 }
C MRITE(B) unu.rn.x-:.n.u-:,m ) e A3S 309
"BAEKSPACE 7 IR At
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IF(HB!_&G__.ﬁE.Zl GO0 10 508 N 147
508 CONTINUE 140
509 Sid=lel)nS{Jmly 1I4E(To1T)StUs 11040 (T, 11 DRSIN,TIT) 148
00 812 jel,m 186
... B0 542 IIal,¥ e e e 15
810 GUIITVeCT(Y 11D 152
280 DO 511 I=1,¥ o i L 193
CO 510 [InleM 154
510 DD(I,IT)w=GPti,11) S _1ss
ST R 1 v 14T ) 156
__IF(MD1AG..".2) GO 7O 266 i B 15
T WRITE u“ion 138 3%
00 263 =1,V e 159
e wWRITe u.deTLb‘( rns Ti{wl M) 160 {00
266 CALL nnmvwcd.oun.c.cunu . . o 18 408
TF(MCTAGeLTe2) GO TO 270 162
. 1=0 e e e - ... 183
WRITE (6,10101 164 413
DO 273 l=),M o _ . R
273 WRITE (6,1000 (OD(IfiTs T oM 186 417
513 Is«].M 18T
$ 110141120 168
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L BACKSPACE B 174 450 i
i ._. DO 816 luleM - 178
: PHI(Ted)as(J3 1) 176
DO 516 1lsi,M e 1
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; REWIND 8 180 466 :
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; T 00 267 1*1,0 184 :
! 287 WRITE (e.wo) APHIL T4 ) sduloN) ‘ 188 a1 i
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MATMN . = EFN  SOURCE STATEMENT « IFM(S) -
SUBRCUTINE MATINV(B,N,BeM,DETER) 2
c MATRIX INVERSICN HIT+ ACCGHMPANYING SOLUTION OF LINEAR EQUATICNS 3
DIMENSIUN IPIVG(1T),A(1741704BI1Tel ), INCEX(17,2 )oPIVOTIIT) 4
) EQUIVALENZE (IRON,JROW)s (ICCLU +JCOLU ), (AMAX, Ty SWAP) 8
¢ INITIALIZATICA - ¢
.t e e
10 OETER =1,0 8
.15 D00 20 J=feN_ 9
20 TPIVC (J)=0 10
30 DO 550 1si,N - ] . ¢
c 12
<  SEARCH FCR PIVCT ELZMENT . - T
t TTTia
40 AMAX=20,0 _ N 1 S
45 DO 1u5 Js1,N 16
0 IF LIPIVC {J)=1) 60, 10%, 6C _ I \
60 CO 1u) Kal,K 18
70 AF (IPIVL (K)=1) 8Os 100y 74C o T L
80 IF (ABS (AMAX)~ABS (A{J.K))) BS, 100s 100 20
85 IROW=J ) . . R * S
90 1COLU aK : 22
S5 AMAX=A(J4K) , 23
100 CONTINUE : 2&
105 CONTINUC L _ 28
110 IPIVC (ICOLU )=1PIVC (1coty 141 , ::
1 " INTZRCHANGE RCWS TC PUT PIVOY EL=MENT ON D IAGONAL ’ I { )
¢ 29
130 IF (IROW=ICOLL ) 140y 260, 140 . T 30
140 LETER a=CETER VORI .
150 00 2ud LelyN - 32
160 SWAP=A{IHOW.L) o 33
170 A(IRCWaLIZA[ICCLU LL) ' 34
200 A(ICCLU sL)=ShaP L o R
205 IF(M) 260, 260y 212 . : 36
213 D0 25v Lsly ¥ . — . e e VT
220 'SWAP=B{1ROWsL) 38
230 BUIRCW,L)=B(ICCLY 4L) e, R | I
250 B(ICCLU +L)mSWAP 40
260 INDEX(L eV IREW e W
270 INDEX(1,2)s1CCLU 42
310 PIVOT(I)=ALICCLYU ,ICOLY ) _ . >
320 DET:R «CETER #PIVOT(I) 4:
c &
c “DIVIOE PIVOT RCw BY PivVOT ELUNENT — T T T T T T e
c 47
330 A(ICCLY JIE6LL Yelsd ~ - - T A8
340 DO 350 LelyN 49
350 A(ICCLU +L)wATICOLU +LV/ZPIVOT(T)

338 [F(M) 38C, 380, 360 . .. s
340 00 370 Lsl,M K1l
c_;?o BIICCLU oL)=BICOLU SLY/PIVOT(LY . B -~"°§%~"
L. . REOUCE NCN=PIVCT ROMS 35
c L)
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3 o ____MATN._ = EFN __ SOURCE STATEMENT = IFMIS) = o i

50 _Limien e e L -3 S
390 IF(L1=ICCLYU ) 400, 550, 400 se
400 T=AlLY,ICOLG ) e . i L 59
4207 AlLlilCClU 1u8.0 60
430 00 450 L=1,N o ) 61
-‘!u-llLlol)ll(Ll L)=at ICOLL ,L)®Y 62
__455 IF(M) 55C, SSO; 464 o L 63
460 DO 500 Lel,m 64 :
500 B(LL L) eB(LYsL)=BIICCLYU 4L)®T o ) . 65 :
T580 CONT INUE 66 ‘
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¢ TINTERCHANGE CTCLURAT 68
e

G e e T 69
- 400 DQ 710 III.N - : o o 70

S _.610 LaNel= . o 71 .
A e Y I 3 uuﬁsxu.n-mnsxu.zn e’o. 71Cy €30 . : 72 !
, 7 630 JRON=INCEX(Lyl) . I - 73 Ie
- _' . 640 JEOLYU s INDRX(L:2) R , 74 !
RN I - _&30. D0 708 KsL,N . P _ 78 i
o T”"Suw-ux..meu) LT : : o : - 7¢ i
_ _870 ALK, JROWI®ALK,JCOLY 3 L . _ _ . 17 i
R A T THO0 AR, JCOLU TheswhaP T g i Co S 7e !
708 CONTINUE _ _ _ 79 !
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GTCF. - FEN Sg _IDO:E S?A'tuenv - H e
FUNCTICN GTCF(REYN) e
_ RESREYN o I
"IF(RELE.TUDIGO TO 2C 4
 IFU{RE,GTeT0sC)ANC(RELLEL2CQ0,0)) GO TG 30 . L B -
10 TFUIRESGT4200C40)eANCa(RECLEC5.5E4031)60 TO 40 é
 IFU(RE.GT¢550C40) 4 ANCo (RESLE+2006404)) GO TO 86 o 7T
TGTCF82045/(REV¥90,784 8 1s
RETURN - o e
20 GTCF=1,0/124,0 10
RETURN o 11
30 GTLF2,6L9E=0B#(RE)#82a3 ,465E=05*RE+,00555 12
RETURN . e X S .
40 GTCF=4,90/(RE)*®,628 14 18
" RETURN 15
50 :fCF'lO.ﬂSI(RE)“ 73¢ 16 20
" RETURN 17
END
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G2CFs = EFN__ SOURCE STATEMENT = [FN(S) =
FUNCTION GZCE(REYN) ¥
___ _RESREYN 3
IFTRE.LELT0.01G0 T0 4
JFLLRESGToT0C) s ANDS(RELLE.4000,0)1GO TO 30 s
10 IFU(RE.GTo4000.0)sANC. (NELLE.T.0E403)) GO TO aC é
TFI{REGT2T00040),s ANCoiRE.L . 2,0E404)) GO TO 80 7
T GICFe2 -zsﬁm. i‘:‘f“o‘.‘r_——"‘h‘—"‘-u ] } 23
RETURN 9
20 G2CF#1,0712.0 10
o RETURN S
I) GICF=1.890 E~U9F[REV 9922 O TEE=05*RE+. 0846 . T  §
RETURN 13 .
0 GICF=9.82/TREI* %652 : 14 18
—_. _RETURN - 19
56 GICF=11.3/(RE)*%.8Ta _ 16 20
. .._RETUAN e — 17
eEN0 18

DT okl e SR e




P e — e e

—

e grrey, WG AR

" T A

b

P NIl v W

(1]
SUNM. = EFN  SOURCE STATEMENY = [IFN(S) =
FUNCTION SUM(F:M,DX) 2
DIMEASION PULY) %
K=2
KKaM=1 L . s
KKK= 2 ¢
SUM=Q.0 )
10 00 20 I=sK KNysKKK LB
20 SUMsSUMSE(T) . - . 9
GO YC (33,40,501,4K 10
30 SUMssuMeLX/3.C .1
RETURN Nt
40 Ku3 N
4% SUMSSUM®Z .0 14
6O TC 10 _ R SR 15
50 K=} 164
. KK=M — 17
KKKupel 10
.60 TC «5 19
END 20
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T 60 TC 16C
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9
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