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COMPUTER PROGRAM FOR FLAT SECTOR
THRUST BEARING PERFORMANCE
by Alden ¥, Presler and Izhak Etsion

Lewis Research Center

SUMMARY

A versatile computer program is presented which achieves a rapid, numer-
ical solution of the Reynolds equation for a flat sector thrust pad bearing with
either compressible or liquid lubricants, Program input includes a range in
values of the geometric and operating parameters of the sector bearing, Per-
formance characteristics are obtained from the calculated bearing pressure
distribution, These are the load capacity, center-of-pressure coordinates, fric-
tional energy dissipation, and flow rates of liquid lubricant across the bearing
edges. Two sample problems are described and solved, one each for gas and
liquid 1u‘.bricants.

INTRODUCTION

The computer program presented in this report calculates the performance
characteristics of both gas and liquid lubricated flat sector pad thrust bearings.

A typical pad configuration is shown in figure 1. The bearing consists of
several pads each of which has an extent angle B and inner and outer radii r;
and o respectively, Each pad assumes both pitch and roll with respect to the
rotating runner to prov1de a (generally) converging film thickness in the direc-
tion of rotation,

In a recent paper (ref. 1) it was shown that any pitch and roll of a sector
shaped pad about a certain pomt can be transformed to a corresponding pure
pitch about a certain radial line, This can be understood from figure 1 by visual-
izing a plane parallel to the runner that goes through the origin of the sector
(point 0 infig. 1). The radial pivot line is the intersection between this parallel
plane and the plane of the tilted sector, and it can be either within or outside the
sector boundaries, ‘ :

Based on this observation the flat sector thrust pad has: been analyzed for
both compressible and incompressible lubricants in references 1 and 2,

The objects of this report are to: (1) describe the numerical analysis and
solution of the basic Reynolds' equation, (2) document the resulting computer



programs FSTBP1 and FSTBP2 for compressible (gas) and incompressible
(liquid) lubricants, respectively, and (3) serve as a users guide for these two
programs, .

Input data for the programs describe the physical characteristics and the
geometry of the sector pad. These are inner-to-outer radius ratio, pad angle
extent, pad pivot angle, the ratio of pad pitch to minimum film thickness, and
bearing compressibility number (this is not specified for liquid films),

The computed results include the pad thrust loading, the frictional power
loss coefficient, and the center-of-pressure coordinates. Additional calculated
results are flow leakage from the downstream edges for the liquid film case,
(For a complete bearing the results of the several pads are added,)

This report also contains six appendices which give complete detsils of the
numerical methods of solution, two FORTRAN listings of the computer programs,
and two sample problems with output listings.

STATEMENT OF THE PROBLEM

It is required to develop a computer program that numerically solves the
lubrication boundary value problem defined physically by the Reynolds equation
over a tilted sector pad. - ‘

The Reynolds equations are essentially diffusion equations for the lubricant
film pressure. In cylindrical coordinates the equation for the isothermal com-
pressible case with density proportional to pressure is

3 3
O (rph 9p)\ . 1 8 (ph” 3p\. gy, 2N 1)
or \ u or rof\ u 06 00 .
and for the incompressible lubricant film
h° 1 5 (n® h
O (xh_op\,1 8 (h 8p\.gp,on (2)
or \ u or r o6\ u 006 1 -

The lubricant film thickness is expressed in terms of the independent variables
1T and 6. By considering the clearance h o along the pivot line as a reference,
the film thickness at any point (r, 6) is given by

h= ho +vyr sin(()p -8y , (3)

where vy is the amount of tilt or pitch about this line, All of the symbols used
in these and the following equations are defined in appendix A.



The normalized (dimensioniess) form of these equations are

2 <H3RP8—-P +1 2 (43p 8B\ An2R 2 (pR) @)
oR oR R 96 00 a0
i
for compressible films, and
2 <RH3 Kk 2 <H3 9_13) = ger 98 (5)
oR oR R 00 00 o0

for an incompressible lubricant. From equation (3), the film thickness becomes

H=1+¢R sin(op— 0)

Normalization of the variables leading to equations (4) to (6) is described in
references 1 and 2.
The pressure distribution over the pad area is obtained by numerically solv-
ing equation (4) or (5) under boundary conditions which are defined in the next
Le section, Further sector pad calculations are based on this pressure distribution,
The following bearing performance characteristics are then calculated: o
(1) Pad load W
(2) Center-of-pressure coordinates R ] c
(3) Power loss coefficient (normalized coeff1c1ent of friction) F/W
{4) Volumetric lubricant flow rates across the sector pad edges (liquids only)
dQer Yer Y507 and Ui
Inputs are in vector arrays with a range of demgn parameter values:
(1) Pad dimensions - .
(a) Inner radius ratio R, = ri/ r, >0
, (b) Sector angle B in degrees
. (2) Pivot line angle ratio Op/ B
(3) Compressibility factor (also called ''bearing number!') A, for the gas
film case
i ' (4) Ratio of pad slope to minimum pad-runner clearance e/ H, > 0

METHOD OF SOLUTION

The two forms of the Reynolds equation are first transformed to the following
boundary value problems, which are then solved numermally for specific boundary
condltlons '




Find a function u(R, 6) that satisfies the equation
L(u) = f(R, 0)

on the domain

9:(9,1{'05953; RiSRsl;B-E<9 < T\
2 P 2)

- In the compressible case, L is the nonlinear operator

2
2 2 a AH
L= 1 87 _ <_§_ 1n§> o (Lo H, 22
3R2 R2 802 oR R/ OR RZ 00 R HY Q
u=Q=(PH)Z
£t=0
and
‘u= B2 on boundary 89, (IP:>= 1)
I the incompressible case, L is the linear cperator
o2 .1 % . (o 3\ 8 .1 o 3\ a
L=——+—--—-——+<—-—1nRH)—-—+ = 2 mRre’|<
8R2 R2 802 oR oR R2 00 - a6
=P
2
H
f£= (-2 )0H
H3 o0
and

‘u=0 on boundary 88, (P=0)

- X

"

()

(8)

)

(10)

Note again that on the pad boundary P =1 (compressible) and P= 0 (incom-~
pressible). On the boundary 84" the pressure is fixed at the ambient value, :
pP=Dp o0 for both gas and liquid lubricant cases, But the definition of dimension-

less pressure differs:



/st

[¥7]

p=L (compressible)

Py
(11)
P-B, .
P= (incompressible)
where

2
K= Gya)ro

R

h2

Numerical solution of equatiox (9) or (10) is described in appendix B. These
boundary value equations are approximated by finite difference equations on a
polar mesh over the sector pad area as indicated in figure 2. In order to adopt
Simpson Rule integration formula, the R and 6 intervals are divided into even
numbers of increments,

As indicated in the previous section, the solution of the equations is in the
form of the film pressure distribution over the pad area. From this distribution
the thrust pad performance characteristics are obtained by Simpson Rule integra-
tion of the following expressions:

Normalized load capacity

— W 1 rB '
W= = f / (P- 1) R do dR (compressible) (12a)
or
- W 1 B ‘
W=—= f f PR d6 dR (incompressible) (12b)
2 R. 70 '
Kr0 i
Unit load

UL=Y (compressible)
= —— (13)

2
3( ; R.)
UL=-Y (incompressible) 1
KA ,

" where the W is calculated from equation (12a) or (12b) depending on fluid type.



Center-of-pressure radial coordinate

B 1 9
ch = J f (P- DR _dR df (compressible) (14a)

w

0 Ri
or
# [ bR? ar a0
R, = —Ii-——_:——-— (incompressible) (14b)
P w
0 Ri

Center-of-pressure angle coordinate

Bl 2 o
6 _=sin"} (P- DR dR_sm 6 do (compressible) (15a)
cp R W
[Jo JR ¢ ,

p

or

Bl o o |
Ocp = sin”" ! f / PR dR sin 8 df (incompressible) (15b)
R W
0 JR, °p

Center-of-pressure distance from pivot line

=RC

D sip(e

ep= ) (16)

B 1 RS
; (A + 3R 2B\ 4R qg an
H/H, H, 86
o JR

ch

Power loss coefficient

i
s

gl|=1
xR
g

Equation (17) holds for both compressible fluids (A variable) and incom-
pressible fluids, In the incompressible case, the program puts A =1,




Volumetric flow rates across the pad edges are:

Trailing edge:
1
3 .
Q== (1—R‘?'>+l(1—R§>sin(6 - B - H_ 9P dr
e i i P R
2 3 u3g 100
R, M2 =g
1
Leading edge:
N1
3
a-2 (- 2)+d - mdamo - | [E ()]
le i/ 73 1 P 3. \96
R, 2R Je=0
Outer arc:
B 3 j
qSO = - —H. <2.P.> t de
H2 oR IR-l
J 0 e
Inner arc:
| B s
9= [ | 2) (B) e
. Hy/ \9R/|p-g
0 i

Flow is defined as positive in the direction of increasing R and 6.

 FORTRAN PROGRAM

General Description

(18)

(19)

(20)

(1)

The foregoing analysis has resulted in two thrust pad computer programs:

FSTBP1 for compressible fluid fiims, and FSTBP2 for incompressible lubricant
films. The FORTRAN listing for each program is given in appendix C, and flow

chart diagrams are presented in appendix D. The dictionary of the FORTRAN

symbols used in the computer programs is appendix E,



Both programs have identical structure in the number and function of the
subprograms, and in the general format of the input data,

The first flow diagram in appendix D, that of the supervisory module MAIN2,
presents a compact overview of the logical sequence which the computer programs
follow in producing pad performance characteristics from input operating condi-
tions.

The first part of the computer program, which includes the first four sub-
routines called by the module MAIN2, accomplishes the numerical solution of the
Reynolds equation using a Gauss-Seidel iterative method with under- or over-
relaxation, Upon convergence of the iterations, the calculated film pressure dis-
tribution under the sector pad is passed to the second part of the program which
performs the numerical double integrations on equations (12) to (17) resulting in
the bearing pad performance characteristics.

A brief explanation of the function of each of the program modules follows:

(1) MAIN2 is the executive routine for processing multiple cases, and has
primary control of logical flow throughout the complete program. The executive
routine also controls the printing of the reshlts.

(2) EUCLID creates the mesh AR, A6, and converts all angles to radians,

(3) XBEGN2 tests the given angular position of the pad pivot line against the
pad coordinates, and then calculates the minimum film thickness between pad and
runner, the pad slope, and the maximum-to- minimum film thickness ratio.

(4) COEFF generates the values of the nodal coefficients for the finite differ-
ence representation of the Reynolds equation., It also provides the initial values
of the dependent variable for the first iteration of the Gauss-Seidel process.

(5) RELAX is the basic working routine for solving the Reynolds equation by
Gauss-Seidel iterative method with a choice of relaxation parameter.

(6) TABULT is an integration subroutine completing the calculation of the
pad loading, center-of-pressure coordinates, friction power loss, and lubricant
flow rates,

(7) RSIMP uses thé Simpson Rule to integrate tabulated functions along the
radii at each angle mesh position. ' v

No special effort was made to determine the optiinum relaxation factor for
the program with given input data. Initially the sequence for Q= k/4, where

-k was incremented from 1 to 7, was tested for iteration efficiency. It was soon
determined that Q 5= 1.25 was generally superior to other values tried, and

- that value was used for most calculations, As compressibility number increased

to 100 the optimum value of Q@ decreased to 0,75,



Using the Program

The program always starts by reading in a three-card input deck. The con-
tents of these cards is now described (all symbols are repeated in appendix E).

Card 1 (FORMAT 316, F8.2, 2E8.1)

NR
NA
INTRMX

OMEGA
HALT

RESIDL

number of radial increments (even)
number of angular incréments (even)

maximum number of iteyations allowed if convergence is not
achieved in the solution,

relaxation parameter in the solution procedure.

cutoff value for minimum film thickness, There is an error return
and a warning printout if the calculated HMIN is less than HALT.

convergence criterion; test on maximum change in dependent vari-
able between iterations in subroutine RELAX,

Card 2 (FORMAT 4L6)

Values on this card control logical switches,

DEBUG

TABOUT

OLDQ

VARGRD

when TRUE the values of the dependent variable are printed for all
mesh points for each iteration. To avoid printout use FALSE,

when TRUE the film pressure array over all mesh points is printed
after convergence of the iteration routine, The value FALSE
stops this printout,

a TRUE value saves the dependent variable array after convergence
of the iterative procedure so that this array can be used as the
starting value for a new iterative calculation when multiple input
cases are béing calculated, A value of FALSE defines initial
pressure as ambient over pad area,

a TRUE value creates a variable mesh grid over the sector pad
(fig. 2). Only needed for liquid lubricant calculations.

Card 3 (FORMAT 5I10)

This card sets the size indices for parameter arrays which are read in imme-
diately after this card through namelist ''VARBLE, "'
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NTHETA quantity of Bp/ B values

NRATIO n'umber 6f e/ H, values

NUMRI selection of RI ratios

NUMBET number of 3 values

NUMLMB how many A; can be left blank for liquid calculations.

The parameter data whose array sizes are defined by the values on card 3
are read into the MAIN2 subprogram through the namelist '* VARBLE" input,
utilizing as many cards as is necessary. These are without format description,
and are now listed,.

TRATIO (J) array of pivot line angles op/ B
=1, NTHETA
ERATIO () array of input parameters yro/h2 = e/H2
I=1, NRATIO
VRI (J) array of inner to outer radius ratios, ri/ r,
- J=1, NUMRI
"VBETA (J) array for pad angle size g

J=1, NUMBET

VLMBDA (J) for compressible films, the array of bearing numbers A
J=1, NUMLMB

Documented description of the data input decks are provided at the end of
each of the two programs FSTBP1 and FSTBP2 in appendix C.

CONCLUDING REMARKS

We have described a numerical method and computer program for solving
two forms of the Reynolds equation within a circular sector region, These two
forms of the equation are for compressible and incompressible fluid films,

The numerical method uses a curvilinear cell at each mesh point to derive
the finite difference analog to the Reynolds equation. This represents a system
of nonlinear equations with prescribed constant boundary values, Two computer
programs were developed to solve the finite difference systems representing the
compressible and incompressible fluid cases. The programs use a Gauss-Seidel
iterative method with relaxation capability.
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Input flexibility was built into the programs to allow a wide variation in sec-
tor geometry and operating conditions, This allows the program user to quickly
evaluate alternative thrust bearing design configurations in order to find the
optimum cases,

The programs are easy to use, and have enough geherality to be used as the
"hlack box'' in situations where steady state solutions to the Reynolds equation
are required for circular sector regions.

A rather coarse mesh of about 100 points is sufficient for the bearing load
and moment calculations (8 radial divisions and 12 angular divisions). Edge leak-
age calculations which utilize pressure gradients at the boundaries require a finer
mesh (14 radial and 20 angular divisions).

Each case required at most 40 to 50 iterations to satisfy the convergence
criterion, and averaged 1 to 2 seconds total time on the UNIVAC 1100/42
comptter,
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APPENDIX A

MATHEMATICAL SYMBOLS

pad area, g ('rg — r?) / 2
closed domain o{rer pad area
boundary of pad domain
friction power loss

nondimensional power loss, F /pawhzrg (incompressible)
power léss coefficient, F/th2

forcing function in eq. (7)

nondimensional film thickness, h/ho

maximum film thicknessv ratio, hl/ho

minimum film thickness ratio, h2/h0

film thickness

constant film thickness along the pivot line

maximum and minimum film thickness, respectively
6pwr§ / hg

operator in Reynblds equation (eq. (7))

‘nondimensional pressure, p/pa (compressible); or (p - pa)/K

(incompressible)
preséure
ambient pressure .
(PH)?

volumetric edge flow rates, eqs. (18) to (21)

- nondimensional radius, r/rO ‘

nondimensional radius to center of pressure

nondimensional inner radius, ri'/r0 '
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radial coordinate

pad inner radius

pad outer radius

dependent variable at node (i, j) in difference eq. (E-3)
i

unit load (eq, {13) = 2W / 3(1 - R2>
i

dependent variable in Reynolds equation (eq. (7))
pad load capacity

nondimensional load, W/ parg (compressible); or W/ Krﬁ (incom-~

pressible)
tilt about a tangent line (roll)
tilt about a radial line (pitch)
angular extent of pad
pitch about pivot line ,
finite difference increment

tilt parameter, yr_/h o

clearance parameter, yr 0/ b,

angular coordinate

bearing compressibility number, Guwrg / pahg

relaxation factor

bearing shaft speed
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APPENDIX B

NUMERICAL ANALYSIS

Numerical solutions of the Reynolds equations (7) to (10) are obtained by
discretizing the partial differential equations and solving the resulting set of
difference équations by an iterative technique over the closed region -7 of the
sector pad area. '

The sector pad is partitioned into a polar mesh (fig, 2(a)) with an even num-
ber of increments in both coordinates, resulting in an odd number of nodes. A
variable mesh capability is provided for the liquid lubricant\cases, The finest
mesh starts at the pad boundary (fig. 2(b)). The enlarged view of the central
difference mesh is shown in figure 3. "

In central difference formulations, the dependent variable U . at node (i, j)
is a function of U at the four surrounding nodes. The central dlfference oper-
ators for the Reynolds equations (7) to (10) are

52

u Yina, =Yt Uiy

2

9R (AR)?

1 %u Ui 2U;tU

2.2 . p2. 2
R% 56 RZ(A0) (B-1)
8 Uint, i Yien, g {
oR 2 AR !
{
au _Yigu - Y ’
20 246 )
where
NA |
> (B-2)
"NR

The errors in the finite difference operators (B—-l) are all of the order (AR)
and (A6)2.
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When ihese finite differences are substituted for the partial derivatives in
the L-operator of equation (7), and the coefficient functions of the first order
derivatives are expanded, the solution for Uij in terms of the U's at the four
surrounding nodes is obtained:

oo iU, g By Ui, C

U 41 v DU 41 *F
ij

1] 1, ij-1 ij (B-3)

E..

1)

where the coefficients are given in table B-1,
The solution of equation (B-3) proceeds from an initial estimate of the Ug.l)

overthemesh 1 =i =NR +1, 1 =j=NA+1, Itis always safe, if not efficient,
to start with ambient pressure across the film mesh, that is, '

(1) .
Ug) = Hizj (compressible) ) B _(B—4)
U§.1) = 0 (incompressible)
J v

Subsequent calculations of the Ui(I.‘+1) continue from the preceding values of the

nth estimates U?.l), using equation (B-3). In the Gauss-Seidel iterative proce-

dure, the U?.‘) are immediately replaced in the storage array by Ui(n+1)

- upon
J
calculation, which modifies equation (B-3) to

m (n+1) (n) .yt
NG i £ O e 1 0 o B | M 55 Sl | R 5)
1 - E,. .
| i

over the domain 2 =i =NR, 2 =j =< NA,

It is noted from table B-1 that for the compressible films the coefficients
C i and Dij pontain the nonlinear term /\/61_3- by way of Gij“
problem as the preceding iterate Ug]) is always used in the Gij for equation
(B-5). Lo S :
Relaxation of the basic iterative numerical procedure is used in this report
to hasten convergence of the calculations, The relaxation method modifies
equation (B-5) to the form

This creates no
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@ -9)u +o (A UE) BT+ Cy TR, + D U] + riﬂ

pntl) o

(B-6)

where the relaxation factor @ is between 0 and 2, For @ =1, the regular
Gauss-Seidel form of equation (B-5) results.

Between successive iterations the change in the solution of equation (B-6) is
denoted by

TesT= (U™ - vl (B-17)
The largest value of TEST in one complete solution of equation (B-6) across
the domain = is stored as STRERR. At the completion of each solution on 2,
the maximum deviation or error between iterations is tested against a conver-
gence criterion called RESIDL. When STRERR < RESIDL the numerical solution
of equation (B-6) is defined as accomplished.
The pressure distribution over the pad domain . is determined from the
last solution Uij after convergence using the definitions in equations (9) and (10):
Hij

-~

iy (compressible)
y | (B-8)

Pij = Uij (incompressible) )

The bearing performance characteristics W, R cp’ and 0, p are expressed
by equations (11), (13), and (14), respectively. The numerical integrations are
accomplished using Simpson's 1/3 Rule, and are in two steps. The first carries
~ out the radial integration ‘

_AR K_ R
XF; g =% { ®i,57 VB~ Prma,j D
NR/2 | \
+ N e, - pBRE +2(P - yrE K=1,2 (B-9)
21, j 2i 2i+l,j TUU2itl /o ’

i=1 , , ' o~
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The circumferential integration step completes the calculation:

_ ; N‘é}_{z
_Af \
NTg =5 |XF1, k- ¥Fnau,k ¥ ), (FFg x " 2XFoi4 1)
i=1
where
W= INT_,
- and
Rop = NTgo (B-10)
The 0 cp calculation requires first
[ NA/2 '
AA=89 |_xF_, . _sing+ ) (4XF,. , sin 6, + 2XF sin 6 ]
3 NA+1, 2 /. 2i,2 7 2i 2i+l, 2 2i+1J
. =1 .
(B-11)
and finally
Op = sin"l A4 (B-12)
(W-R)

The terms (Pij - 1) in equation (B-9) are correct only for the compressible
case, and represent gage pressures, These terms must be just P, ; for the in-
compressible solution as is derived from the second expression in equation (B-8).
: The power loss coefficient, equation (17), and the leakage integrals, equa-

tions (18) to (21), require the evaluation of the first derivatives of pressure along
the domain boundary a&. In order to achieve the same order of accuracy for the
finite difference approximations on the boundaries as for the central difference
expressions in equations (B-1), the following forward difference operation at the
leading edge and inside radius are used: ' '

oo -3P, ., +4P, , - P,
' (Q_I_’ o 41 4,2 1,3 (B-13)
90 /g0 2A6

Ri<R<1
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-3P + 4P

(Q) ~ 1] 2,j " P3,j (B-14)
7 oR 6=0 2 AR

o
_Ri

At the trailing edge, and along the outside radius of the pad, the backward differ-
ence operators are used:

(Q) ~ Pi,NA-1 7 4P na 3P NAH (B-15)
20 /,_ 278

Ri<R<1
2y = PNR-1,§ *PNR,j * 3PNR4, ; (8:16)
R lgeg, ‘2AR

R=1

As with the central difference operators (B-1), the forward and backward differ-
ence operators (B-13) to (B-16) are of the order (AR)2 and (AB)2 in error.,

Since the pressures in the gradient expressions can be gage pressures, and
since gage Pij =0 on 8+ equations (B-13) to (B-16) can be further simplified
to :

@2) T2 Pio
a6 2A0

36 o 246
R,<RB<1 “
(ap> _ PNR-1,5” *PNR,

oR /y_, 2 AR
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TABLE B-1, - COEFFICIENTS FOR CENTRAL DIFFERENCE

APPROXIMATION OF REYNOLDS EQUATION (EQ. (B-3))

B T TR

fa e e e e e e mears gl )

Coeffi- Compressible films Incompressible films
cient o - 2 U..= P,.
Uj5 = Q5 = (PyzHyy) j i
Ay 1,1 1,1 @i)
i
B 1 1 N ( 3 “‘)
ij . . .R.-
(AR)Z 2 RiHij AR ? (AR)Z 2 Ri AR Hij
. - 0. ] . e - 0.
c.. 1 +€ cos(Gp ]) _a. | 1 ) 3-€ cos(()p fj)
ij . ] 1] . .
Riz(M)z 2 RiHij Af ; Riz(AO)z 2 RiHij Ab
|
i |
. - 0, 3 e 6_ - 6.
D.. | 1 eeoslp - by v G, —L C c0sp = % §
1 . . 1 - ‘ . . '
Ri2(A9)2 2 RiHij Al ; Riz(AB)z 2 RiHij Af
‘ i
| i
Eyy TS A Spr— .; 2-{ CH—
aR? RZ@a6)]  l@aRr? RZa0)?
_. 2
S R:.«H2' e-cos(8 -~ 6.)
L% J
F.. 0 -
ij ; 3
; H:.
H : IJ’
b A-HZ
R | °
P i ' e ; _
‘ Hyj r 1+e Ry s'ig(op.- 0.) | 1+eRy-sin(o - 6))

J
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APPENDIX C

FORTRAN PROGRAMS
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FSTBP1

Flat Secfor Pad Thrust Bearing Program Number 1 -- gas lubricant.

tTPFS(0)MAIN2

c
C#+*MAIN EXECUT FOR GAUSS-SEIDEL ITERATION
c IVE | ORISINAL Pagy 1
REAL LAMBDA,OMEGA OR POOR QUALJ
‘ LOGTCAL DEBUG,TABOUT,0LDQ,VARGRD Ty
c
COMMON/BLOGIC/DEBUG ,TABOUT,0LDGyVARGRD
COMMON/GECM/ANGR y THPR ,DR , DA
‘ DIMENSTON EXIT(S),TRATIO(15),ERATIO(26)
DIMENSION VRI(10),VSETA(10),VLMBDA(1D)
NAMELIST/VARBLE/TRATIONERATIO,VRI,VBETA,VLMBDA
c
1 FORMAT(316,F8.2,2E841)
2 FORMAT(4L6)
3 FORMAT(SI10) : :
4 FORMATUZX,12HNO. OF ROWS=,I3,16H NO. OF COLS=,I3,26H MAX NO.
1 OF ITERATIONS=,Il,25H RELAXATION PARAMETERZ,F442419H RESIDU
2AL ERRORZ,F1047/2X,36HSMALLEST ALLOWED FILM THICKNESS HALT =,
3610.4/7)
. 5 FORMAT(2Xy39HTHE MINIMUM FILM THICKNESS IS LESS THAN,G10.4//)
. c
c
READ (5, 1)NRyNA, ITERMX,OMEGA yHALT yRESIDL
READ (5, 2)DERUG, TABOUT,CLDQy VARERD
READ (5 3)NTHETA,NRATIO NUMRI,NUMBET | NUMLMB
_ READ (5, VARBLE)
¢
WRITE(6 4 )NRyNAJITERMX yOMEGA,RESTOL yHAL T
WRITE(6,900) @ HEADING PRINTOUT..
IPRINT=G ® INITIALIZE PRINT SWITCHeso
c
: DO 500 NRIZ1,NUMRI @ INCREMENT INNER RADIUS VALUES..
; RIZVRI(NRI) :
c : - ,
DO 4C0 NBETAZ1,NUMBET @ INCREMENT BETA VALUES..DEGREES.
BETASVBETA(NRETA) :
c ' :
DO 300 NLMBDI1,NUMLMB @ INCREMENT BEARING NUMBER VALUES
LAMBDA-VLMBDA(NLMBD) P
¢ .
DO 200 NANGLEZ1,NTHETA 3 INCREMENT THETAP/BETA RATIO
: XXTHTP=TRATIO(NANGLE) o
: CALL EUCLID(NRyNA,RI,BETA,XXTHTP) @ RETURNS GEOMETRIC PARAMS.
§ KOUNT=D .
; c
¥ c | _
1 IF(IPRINT.GT.01G0 TO. 8
MRITE(6,910)
60 T0 10 - - .
8 WRITE(6,915) ' @PRINT START TOP OF PAGE..
10 WRITE(6,920)
WRITE (6,930)RI,BETA,LAMBDA,XXTHTP
WRITE(6,94C)
WRITE(6,95G)
c

DO 100 NFILMZ1,NRATIO @ INCREMENT EPS/H2 RATIO
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ERATZERATIO(NFILM)

CALL BEGINZ(EPS,HKLToHMIN,HRAT.ERAT.RI'512) OFILM THICKNESS CALCS. .
GO 70 15

WRITE(6,5)HMIN @ ERROR EXIT..
G0 TO 100 :

HLMBDAZLAMBDAXHMIN®%2
IF(KOUNT.GT.0)GO TO 21 .
CALL ARRAYS(NR,NAJEPS,KOUNT,RI,HLMBDA) RFINITE DIFF. COEFFS.
CALL RELAX(NR,NA,OMEGA,ITERMX,RESIDL) aSOLVE REYNOLDS EQUATION,
CALL TABULT(NRyNAJRIJEXIT,LAMBDAJHMIN) QINTEGRALS OF PRESSUPE

30VER PAD AREA..

GO TO 22

CALL RARRAY(EPS,KOUNT,HLMBDA) GENTRY TO SUBROUTINE ARRAYS.

CALL RRELAX 3DITTO FOR THE GAUSS-SEIDEL ROUTINE.

CALL RTAB(EXIT LAHBDA,HNIN) 3ENTRY TO INTEGRAL CALCS..
RRZEXIT(1)
AAZEXIT(2) “,
WWZEXIT(3) By
FFZEXIT(4) . ’

WUNITZEXIT(5)

XCP=RR*SIN(ANGB*AA=THPR)
HCP=1.-EPS%XCP. )
H2CP=HMIN/HCP

HINVRS =1« ZHMIN

R3ZERAT :

RT=FF/WN

WRITE(6,960)HRAT JHINVRS ;R34 WN o WUNIT,FF,R74H2CP,RR yAA,XCP

KOUNTZ=KOUNT+}
CONTINUE
IPRINTZIPRINT+1
CONTINUE

CONTINUE , ) e .
CONTINUE ¢ o .
CONTINUE

FORMAT(1H1//40X ,40HNUMERICAL RESULTS - GAS BEARING ANALYSIS/40OX,
128KLEWIS RESEARCH CENTER (NASA)////7)

FORMAT(SOXy1THSYSTEM PARAMETERS//15X,4H(P1),25X,4H(P2),28X,4H(P3),
127Xy 4H(PY)/ /)

FORMATU(LIH1//50X 41 THSYSTEM PARAMETERS//15Xs4H(P1) 425X 4H(PZ) 428X,
14H(P3) 4 27X 4H(PYU) /7)) )

FORMAT( 10X, 1THINNER/OQUTER RADII.I“Xyl?HBEARING PAD ANGLE,14X,14HBE
1ARING NUMBER 14Xy 1THPIVOT ANGLE RATIO//14X,SHRI/RO,22X,14HBETA (DE
2GREES) 919Xy THLAMBDA  y2UXs 11HTHETAP/BETAZ/)
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930 FORMAT(15X,6G10.5,20%y61065,20X461045,20%X,610.57/77)
940 FORMATISOX,1THNUMERICAL RESULTS//SX,4H(RL),8X 4H(RZ) ;8Xy4H(R3),8X,
14H(RY) , 8X y4H(RS) 48X ¢ 4H(RO) ¢ BXyHH(RT) 4 BX oy 4H(RB) 38X, 4H(RG) ,8X,5H(RIN
2) 4 TX,5H{R11)Z/)
950 FORMAT(SXySHHI/HZ2,TXy4H1/H2,5SXy 10HEPSILON/H? 43X ,9HLOAD,WBAR,3X,9HU
- INIT-LOADy2Xy IOHFRICTION,F 44Xy 6HF/WBARySX48HH2/H(CP)y5XySHRICP) S5 Xy
. ZIOHTHETA(CP)/ y4XySHX(CP) /117X 4HBETA/ /)
. 960 FORMAT(11(2X,610.5)/)
1 . €
SToP
END

;
i
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*TPFS(0) oXCART

c

C

c

SUBROUTINE EUCLID(NR,NA,RI,BETA,THRAT)

CeeSUBPROGRAM PRODUCES COMMON BLOCK CONTAINING GEOMETRIC PARAMETERSe.

COMMON/GEOM/ANGR , THPR DR ,DA

FACT-6.2831853/360. @ 2 PI RADIANS/360 UEGREES«es
ANGB-BETA*FACT SBETA IN RADIANS..
THPR=THRAT®ANGE ATHETAP(PIVOT ANGLE) IN RADIANS.,.
DR (1.-RI}/FLOAT(NR) ARADIAL INCREMENT..
DAZANGB/FLOAT(NA) GANGLE INCREMENT IN RADIANS..
RETURN

END

D
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TPFS(D)XBEGNZ2 :

SUBROUTINE BEGIN2(E HALTyHMIN,HRATIO,ERATIO,RI,S)

C

COMMON/GEOM/BTK 4 THPR,DR,DA

THE TAP=THPR

BETAZBTR

RADS0=1.5707963 290 DEGREES IN RADIANS.,
c
C

CosCALCULATE MINIMUM FILM RATIO AND BEARING NUMBER..
c
c
CooREGION NUMBER lesesPIVOT ANGLE = THETAP oLTe O oo
10 IF(THETAP.GE.D.0) GO TO 2C
EPSTERATIO/(1.~ERATIOXSIN(THETAP=BETA))
HMINZEPS/ERATIO
HRATIOZ (1 .+EPS*RI*SIN(THETAP)) /HMIN
IF(HMIN,LToHALT) RETURN 7
60 TO 100
c
CosREGION NUMBER 2eessTHETAP ,GEs ZERO AND oLEs BETA eos
20 IF(THETAP.GT.BETA) GO TO 30 '
EPSTERATIO/(1.~ERATIO*SIN(THETAP-BETA))
HMINZEPS/ERATIO
HRATIOZ(1.+EPS*SIN(THETAP) )/HMIN
IF(HMINJLT.HALT) RETURN 7
G0 TO 100
c : o .
CoesREGION MNUMBER 340aeTHETAP oGTe BETA AND oLT. 90 DEGREES oo
30 IF(THETAP.GT.RADSG)GO TO 40
EPSTERATIO/(1,~ERATIO*RI*SIN(THETAP=BETA))
HMINZEPS/ERATIO
HRATIOZ(1.4EPS*SIN(THETAP))/HMIN
IF(HMING.LTHALT) RETURN 7
60 TO 100
¢ ;
CeoREGION NUMBER 4eses THETAP oGT. 90 DEGPEES ees
40 EPSTERATIO/(1.~ERATIO®RI*SIN(THETAP=BETA))
HMINZEPS/ERATIO
HRATIOZ(14+EPS)/HMIN
IF(HMINCLT<HALTIRETURN 7

100 CONTINUE
EZEPS
RETURN

END
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*TPF$(0).COEFF
SUBROUTINE ARRAYS (NR,NA,EPS,KK,RI,HLMBDA)
c
C+sSUBPROGRAM CALCULATES VALUES OF THE NODAL COEFFICIENTS AND THE INITIAL
CosVALUES OF THE DEPENDENT VARIABLE FOR THE FIRST ITERATION
c v AR
LOGICAL DEBUG,0LDQ
c o N o +
COMMON/GEOM/ANGR  THPR y DRy DA
COMMON/BLKA/A(15,21)/BRLKB/B(15,21)/BLKC/C(15,21)/BLKD/D(15,21) ‘
COMMON/BLKE/EC15,21)/BLKG/G(15,21)/PLKH/H(15,21)/BLKG/Q(15,21) ?
COMMON/BLKR/R(15) /ELKTH/TH(21) ‘
COMMON/BLOGIC/DEBUG, TABOUT,0LDQ,VARGRD |

LASTRINR+]

LASTAZNA+]

CR1=.5/DR - o
CR2=1./DR%x%2 R
CA1=.5/DA . OFIggVAL P4
CA2=1./DA%%2 !
60 T0 5

ENTRY RARRAY(EPS KK yHLMBDA)
5 THETAZ0.0
DO 2 JAZ1,LASTA
RAD=RI
TH(JA)=STHETA B o :
ANG= (THPR=THETA) AANGLE FROM PIVOT LINE IN RADIANS
STRIGZEPS*SIMN(ANG)
CTRIGZEPS*COS (ANG)

DO 1 JRZ1,LASTR
R(JR)=ZRAD
HRAZ1.+RAD®STRIG

IF(KK.EQ.O) GO TO 6

IF(.NOT.OLDQ) GO TO ¢
IF(UALEQe1.0R4JALEQ.NAP1) GO TO 6
IF(JREQe1+0R«JREQ.NRP1) GO TO 6

HRATIOZHRA/ZHIJR yJA)
QUJRyJAIZQUIR yJAIKHRATIO%#2
GO 10 7 | ‘

6 QCJRyJAIZHRA%X2 o

7 HEJRyJAIZHRA

: FRST=1./RAD-STRIG/HRA
SCND=CTRIG/ {RAD*HRA)
CA2RAD=CA2/RAD®%2

A(JRyJA)ZCRZ2+CRI*FRST
BUJRyJAIZCR2=-CRIXFRST
C(JRyJAIZCAZRAD+CAL1%SCND
D(JRyJA)=CAZRAD-CAL1*SCND
E(JRyJAIZ24%(CR2+CA2RAD)
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G(JRyJA)-HLMBDA*CA1/HRA

IF(NOT.DEBUGIGO TO &

WRITE(6,3)JR,JA,THETA ,RAD BEGIN DEBUG SEARCH

MRITE (643)JRyJA9STRIG,CTRIG
WRITE(693)HRA,QUJIRyJA) yACJR$JAD 4B IURyJA) yCLURyJA) ,DIJR,UAY,
E(JRyJA) yG(JRyJA) '

" RAD=RAD+DP
. CONTINUE
THETA=THETA+DA
CONTINUE
FORMAT( ) AFORMAT-FREE WRITE STATEMENT FOR DEBUG
RETURN .
END



28 ORIG

*TPFE(U).SEIDEL
SUBROUTINE RELAX(NR,NA, OMEGA,ITERMX RESIDL)
c ;
CesGAUSS~SEIDEL ITERATION WITH CONVERGENCE WHEN LARGEST DIFFERENCF BETWEEN s

CoeoSUCCESSIVE ITERATIONS FOR ANY MATRIX ELEMENT IS LESS THAN THE INITIALIZED ?

C+..PARAMETER "“RESIOL"™ ‘ . :

C ; .
COMMON/BLKA/A(L%,21)/BLKB/B(15,21)/BRLKC/C(15,21)/BLKD/D(15,21)
COMMCON/BLKE/ZE(15,21)/BLKG/G (15,21 )/RLKH/H(15,421)/78LKQ/C(15,21)
COMMON/ELKP/PNOPM(15, 21)/BLKR/R(IS)IBLKTH/TH(ZI)
COMMON/PLOGIC/DFRUG.TABOUT OLDQ, VARGRD

c -
LOGICAL DEBUG,TABOUT
REAL OMEGA

c :

30 FORMAT( ) aFORMAT FREE WRITE FOR DEBUG

35 FORMAT(1HO,30X,43HARRAY OF NORMALIZED PRESSURE PNORM(ROW,COL)//
140X y23HRADIT FROM INNER RADIUS//22X411F1Ge37/)
36 FORMATUIHO yIXo6HTHETAZF100443Xy2HP=,11F10.4/77)

GO 70 4G

ENTRY RRELAX
46 DO 300 KK=1,ITERMX
STRERR=0.0
DO 200 JU=2,NA
DO 10N IIZ2,NR .
STORQZO(II,JJ) ® Q-VALUE AT LAST ITERATION.
GSQT=G(IIyJJ)/SART (STORO) L
CCOF=C(II,uJ)=-GSQT
DCOF=D(II,JJ)+GSQT

c
Q4IT4UJ)=(1.~OMEGA)*STORQ+OMEGAX(ACIT,JJ)*0(II+1,JJ)+
1 BITyJU)*QUII~1,JJ)+CCOF#Q(IT,JJs1)s
2 DCOF%Q(IT4JU=1)1/E(IT,JJ)
ERROR 0(1I,JJ)-STORQ
c
IF (.NOT.DEBUGIGO TO 50 @ DEBUG SWITCH
HRITE(6,30)11,JJ,STOPO,ERROR.STRERR @ DEBUG TRACE
50 TEST=ARS (ERROR)
c
IF(TEST.LE.STRERRIGO TO 100
STRERR=TEST | SUPDATE LARGEST RESTDUAL
ISTORE=II @ROW OF LAST UPDATE )
JSTORE=JJ . : 3COLUMN OF LAST UPDATE
‘ QSTOREZQ(II,Jd) S 9Q-VALUE AT LARGEST RESIDUAL
100 CONTINUE |
200 CONTINUE

 IF(STRERR.LT.RESIDL)IGO TO 4GO
300 CONTINUE
400 CONTINUE

IF(.NOT.DEBUG)GO TO 440 .
WRITE(6 ,3C)KKySTRERR9yQSTORE yISTORE JSTORELRESTOL

r 440 LASTR=NR+1
LASTAZNA+]




450
460

470
500
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IF(DEBUG)WRITE(6,30)KK,STRERR,QSTORE ¢ ISTORE,JSTORE d0ATA AT END OF
QITERATIONS.e

DO 460 JUAZ]1,LASTA
DO 450 JUR=1,LASTR
PNORMIJRyJA)IZSQRT(Q(JRyJA)/HIJRyJAI*%2)~1, BNORMALIZED PRESSURE
' ‘ ORELATIVE TO ATMOSPHERE
CONTINUE
CONTINUE

IF(.NOT.TABOUT)GO TO 500 ' aSKIP NORMALIZED
‘ @ PRESSURC PRINTOUT
WRITE(6435)1(R(K)¢K=1,LASTR)

DO 470 L=1,LASTA

WRITE(G, 36)(TH(L).(PNORH(M.L).H l,LASTR))
CONTINUE
CONTINUE

RETURN e
END ¥ R
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TPF$(0)«PADCTR

SUBROUTINE TABULT(NRyNARI, EXIT.LAMBBA HMIN)

c

CesEXECUTIVE FOR INTEGRAL CALCULATIONS TRYING THE STMPSON 1/3 RULF

CooFOR ANGULAR COORDINATESwee ‘

C
REAL LAMBDA ‘
COMMON/GEOM/ANGP y THPR ,OR yDA
COMMON/BLKXXX/XF(21,3) @ARRAY OF INTEGRATION RESULTS FROM SUBR. RSIMP
DIMENSION ODD(4) ,EVEN(U4] 4END(Y) JEXIT(S)

NA2=-NA/2=-1
LASTASNA+]
60 T0 1

ENTPY RTAB(EXIT,LAMEDA,HMIN) . . ,
1 CALL RSIMP(NR,NA4LAMBDA,HMIN) SRADIAL INTEGRATION SUBROUTINE

DO 5 I=1,4 @ SET STORAGE VECTORS TO ZERO..
END(I)=0.0 ,
EVEN(I)=0,0
0DD(I)=0.0
5 CONTINUE

ENDCL1)ZEND(LID+XF(1,2)+XFILASTA,1)
END(Z)‘END(Z)*XF(1'2)*XF(LASTA 2)
ENDC¢3)ZENDC(3)+XF(LASTA,2)%SIN(ANGB)
ENDUU)IZEND(UI+XF(1,3)+XF(LASTA,3)

00 10 JAT1,NA2 SINTEGRATION ON INTERIOR ORDS.
EVENCI)SEVEN(1)+XF(2%JA,1) :
EVEN(2)ZEVEN(2)+XF(2%JA,2)
EVEN(3)ZEVEN(3)+XF(2%JA,2)*SIN(DAXFLOAT(2%JA~1))
EVENC(YU)ISEVEN(G4)+XF{2%JA,3)

ODD(1)=0DD(1)+XF (2%JA+1,1)
0DD(2)=0ND(2)+XF (2%JA+1,2)
opD(3)= 000(3)+XF(2*JA*1.2)#SIN(DA*FLOAT(2*JA))
ODD(4)=0DD(4)+XF (242JA+1,3)

10 CONTINUE" : .
EVEN(1)ZEVEN(L1)+XF(NA,]) . @LAST EVEN ORDINATE
EVEN(2)SEVEN(2)+XF{(NA,2) ~
EVEN(3)SEVEN(3)+XFINA,2)*SIN(DAXFLOAT(NA- 1’
EVEN(4)ZEVEN(Y4)+XF(NA,3)

c

' WW=DA*(END(1)+4%EVEN(1)+2.,%0D0D(1))/3. aLOAD INTEGRAL.
RR=DA%(END(2)+4 +%EVEN(2)+2.%0DD(2))/3+, QRADIAL MOMENT.
AA=DAX(END(3)+4 . %EVEN(3)+2.,%0DD(3)) /3. @ANGLE MOMENT.
FFZDA®(END(U4)+4 *EVEN(4)+2,%0DD(4))/6¢ QFRICTION INTEGRAL.

c ‘

CAAT(ASINCAA/RR))/ANGB 9ANGULAR Co.P+ COORDINATE.
RRZRR/WN ‘ GRADIAL CeP.s coonolwars.
WUNTTZ2 . #WW/ (ANGB*(1.~RI%%2)) QUNIT LOAD.

c ' ~ ,
' EXIT(1)=RR
EXIT(2)=AA

EXIT(3)=WW--

Ry o R P 818 TR S T i e s



EXIT(4)ZFF
EXIT(S)ZWUNIT

RETURN
END

31
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~

' TPFS(0) s SIMPSN
SUBROUTINE RSIMPI(NR,NA,LAMBDAHMIN)
C . ' SR
CeeSTMPSON INTEGRATION METHOD ALONG PAD RADII.
¢ .
C
REAL LAMBDA
COMMON/GEOM/ANGR , THPRyDOR,DA
COMMON/BLKP/P(15,21)/BLKR/R(15)/8BLKH/H(15,21)
COMMON/BLKXXX/XF (21,3}
DIMENSION END(3),EVEN(3),0DD(3)4CC(5,3)
DATA CC/-l..‘4..-3.,3'&0.0.1..D.O.-l..B*D.O,B..-Q..1./
C
c
Ce+USAGE OF FUNCTION DEFINITIONS‘..
C F JINTEGRAND FOR LOADS AND MOMENTS,
C H2 RATIO OF FILM THICKNESS TO MINIMUM FILM THICKNESS,
C X INTEGRAND FOR FRICTION MOMENT CALCULATIONS ..
C
C

DEFINE H2(JUP,JAIZHIJUR,JA)/HMIN

DEFINE F(K JRyJAIZPIJURYyJAIRR(JR ) %K o
DEFINE X(MyJR JAIZ(CCULIyMIRPIUR yJA+2)+CCU2,M)BP(JURyJA+]1 )+
1 CC(3,M)#P(JR.JA)0CC(‘0.M)#P(JR,JA-1)0

2 CCU5 yMIRXP(URyJA=2) I %RRUJR)I®H2(JR,JAI/(2.%DA) +

3 LAMBDA®R(JR)I*%3/ (3 ,%H2(JRyJA))

; NEND=NR/2-1
: LASTR=NR+]
LASTAZNA+]
#=1
i DO 50 JA=1,LASTA
’ IF(JALEQ.LASTA) M=3 .

DO 10 I=1,3 @ SET STORAGE VECTORS TO ZEROe.
ENDCINZ=D.0
EVEN(I)=C.0
oDD(I)=0.0

{ 10 CONTINUE

END(1)ZEND(2)+F(1,1,JA)+F(1,LASTR,JA)
ENDU2)TEND(2)+F(2,1,JA)+F(2,LASTR,JA)
ENDU3)ZENDU(3I+X(My1,JA)+X(M,LASTR,yJA)

DO 40 JJ=1,NEND . ‘ |
EVEN(1)SEVENU1)4F(1,2%JJ,JA) g
EVEN(2)ZEVEN(2)+F (2,2%JJyJA) a
EVEN(Z)IZEVEN(3)4X(M,2%JJyJA)

ODD(1)=0DD(1)+F (1,2%JJ+1,JA)
ODD(2)=0D0(2)+F(2,2%JJ+1,JA)
00D (3)=00D(3)+X(M,2%JU+1,JA)

40 CONTINUE ,

EVENC(I)ZEVEN(1)+F(1,NR,JA) ALAST EVEN ORDINATE

EVEN(2)ZEVEN(2)+F(2,NRyJA) ' o

EVEN(3)ZEVEN(3)+X(MyNRyJA)

PR BRSNS v e



DO 3C II=1,3
CXFUJALZTIDIZDR*(ENDC(TIID+4SEVEN(II)+2.,%00D(XI)) /3.
30 CONTINUE

c .
i M=2
o S0 CONTINUE
e
RETURN
END
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TPFS(O)CELT
SAMPLE DATA INPUT AS READ BY SUBROUTINE °*MAIN®..

*CARD 1-FORMAT 3I64F8e2,2E801 NR ~-NUMBER RADIAL MESH INCREMENTS,
, NA -NUMBER ANGULAR MESH INCREMENTS,
: ITERMX-MAXIMUM TTERATIONS-IN GAUSS-
; SEIDEL ROUTINE IF CONVERGENCE
| FAILS,
OMEGA ~-RELAXATION FACTOR IN GAuss-
SEIDEL METHOD,
HALT <-~MIN LUBRICANT FILM THICKNESS..
RESIDL-CONVERGENCE CRITERIONZTEST ON
MAXIMUM CHANGE IN Q-VARIABLE
BETWEEN ITERATIONS..
i NR NA ITERMX OMEGA HALT RESIDL
: 12 400 1.25 «1€~-3 o 1E-U
*CARD 2-FORMAT 4Lé6 DEBUG (.TRUE.= PRINTOUT OF COMPLETE: ARRAY OF:

*BUG

DEPENDENT Q-VARIABLE FROM
GAUSS-SEIDEL ROUTINE AT EACH
ITERATION),
TABOUT (.TRUE.= PRINTOUT OF PRESSUPRPE ARRAY
OVER PAD AREA AT
CONVERGENCE) ,
OLDQ (.TRUE., = USE CONVERGED VALUES OF Q-
VARTIABLE AS STARTING ESTIMATES
FOR NEW CALCULATIONS WITH
DIFFERENT INITIAL CONDITIONS).
VARGRD (.TRUE«.> CREATES VARIABLE MESH GRID
OVER SECTOR PAD FOR LIQUID
FILM CALCULATIONS) .

TAB® OLD* VAR'D

FALSE FALSE TRUE TRUE

#CARD 3-FORMAT SI10  ++INDICES FOR PARAMETER ARRAYS IN NAMELIST

INPUT. "VARBLE™ 4ee . L
NTHETA  NRATIO NUMRI NUMBET  NUMLMB
1T 20 1 1 1 ‘ : .
*CARDS 4,544, eeDATA INPUT FOR NAMELIST "VARBLE®™ ...

oooDESCRIPTION OF INPUT PARAMETER ARRAYS 440

NUMBER OF PARAMETER PARAMETER DESCRIPTION

DATA ARRAY
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ok ok sRERRRTE HA A R R AR

,' NTHETA TRATIO : PAD PIVOT ANGLE,THETAP/BETA
v NRATIO ERATIO PAD SLOPE FACTORLEPSILON/HMIN
NUMRI VR1 PAD INNER RADII, RI
A NUMBET ) VBETA PAD ANGLE DIMENSION, BETA
NUMLMB VLMBDA BEARING NUMBER, LAMRDA
eee INPUT FOLLONKS 440
g SVARBLE TRA'IO:IIOQVPI:QSQVBET‘:“S"VL"BOA:SDQQ
ERATIO:osylo31059201205'30’3‘059“01‘005'50|5¢S'6o|6-5'70'7.5'8.,
8e519¢19¢54104, ’
SEND




C

c

c
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FSTBP2 .
Flat Sector Pad Thrust Bearing Program Number 2 -- liquid lubricant.

. %TPFS(0) «sMAIN2

C*%MAIN EXECUTIVE FOR GAUSS-SEIDEL ITERATION..LIQUID LUBRICANT..

LOGICAL DEBUG,TABOUT,0LDQ,VARGRD

COMMON/BLOGTC/DFBUG,TABOUT,OLDQ,VARGRD
COMMON/GEOM/ANGE , THPR,OR, A

DIMENSION EXIT(S9),TRATIO(15),ERATIO(26)
DIMENSION VRI(1D),VBETA(10),VLMBDA(1G)

NAHELIST/VARBLE/TRA*IO,ERATIO,VRI.VBETA}VLMBDA

FORMAT(316,FB84242E841)

FORMAT( 4L6)

FORMAT(5110) o
FORMAT{2X412HNO. OF ROWS=,13,16H NO. OF COLS=,41I3,26H MAX NO.
1 OF ITERATIONS=,I4,25H "RELAXATION PARAMETER=,FU4.2,19H RESIDU
2AL ERROR=,F1lOe7/2X,38HSMALLEST ALLOWED FILM THICKNESS KHALT =,
3610.477) .

FORMAT(2Xy39HTHE MINIMUM FILM THICKNESS IS LESS THANG10O.4//)

READ(Sy1)NRyNA,ITERMX ,OMEGA yHALT RESIDL
READ(5,2)DEBUG, TAROUT,OLDQ, VARGRD

READ (S, 3)NTHETA,NRATIO,NUMRI NUMBET
READ (5, VARBLE)

WRITE(G6,4INRyNAZITERMXOMEGA,RESIDL,HALT  BNUMERICAL SOLUTION
APRINTOUT a0

WRITE(6,900) @ HEADING PRINTOUT,.
IPRINT=GC , 8 INITIALIZE PRINT SWITCHeoeo
D0 500 NRI=1,NUMRI v @ INCREMENT INNER RADIUS VALUES.,.

RIZVRI(NRI)

DO 4CG0 NBETA=1,NUMBET

@ INCREMENT BETA VALUES..DEGREES.
BETA-VBETA(NBETA) ‘ - T

DO 200 NANGLE=Z1,NTHETA
XXTHTP=ZTRATIO(NANGLE)
CALL EUCLID(NR,NA,RI,BETA\XXTHTP+VARGRD) @CALCULATES GEOMETRIC

PARAMETERS o

@ INCREMENT THETAP/BETA RATIO

 KOUNT=O

IF(IPRINT.GT.0)GO TO 8

WRITE(6,910) “

60/ To 10

WRITE(6,915) 3PRINT START TOP OF PAGE..
WRITE(6,920) e
MRITE(6,930)PT,BETA,XXTHTP

WRITE(6,940) |

WRITE(6,4950) - .

DO 10C NFILMﬁI.NRATIO a INCREMENT EPS/H2 RATIO
ERATZERATIOINFILM) :
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c
c
CALL BEGIN2(EPS,HALT HMIN,HRAT,ERAT,RI,$12)  QFILM THICKNESS
: @ CALCULATIONS..
60 TO 15
c
12 WRITE(6,5)HMIN @ ERROR EXIT..
60 T0 100
c :
15 IF(KOUNT.GT.0)GO TO 21
c .

C.+THREE SUBROUTINES TO SET UP AND SOLVE THE FINITE DIFFERENCE
CesREYNOLDS EQUATION, AND RETURN INTEGRALS OF PRESSURE OVER PAD AREA..
CALL ARRAYS(NRyNAGEPSyKOUNTyRIyHMIN)

CALL RELAX(NR,NA,OMEGA,ITERMX,RESIDL,VARGRD)

CALL TABULT(NR,NAJHMIN,RI,EXIT,VARGRD4EPS)

60 10 22
C [N
21 CALL RARRAY(EPS,KOUNT,HMIN) ©  @ENTRY TO SUBROUTTINE ARRAYS.
CALL RRELAX dDITTO FOR GAUSS-SEIDEL ROUTINE..
CALL RTAR(HMIN,EXIT) @SENTRY TO INTEGRAL CALCSe.
C .
22 R1= ERAT ARATIO EPS/HMIN .
R2= HRAT ARATIO H1/H2 .,
© R3Z EXIT(T) AUNIT LOAD ..
R4= EXIT(3)/EXIT(1) aFRICTION/LOAD .
RS= EXIT(4) 3RO SIDE LEAKAGE .
R6i= EXIT(S) @RI SIDE LEAKAGE ..
c ; '
c *%R7 IS TRAILING EDGE LEAKAGE,,,
c *%R8 IS FLOW INTO LEADING EDGE «es
R7= EXIT(9)
R8= EXIT(8)
RZ(EXIT(2)-RIJ/(1.=-RI)
R10= EXIT(6) ATHETA CoPe oo
R11= EXIT(2)*SIN(ANGB*R10-THPR)
c ) . :
c
c ; :
WRITE(6,960)R1,R2,R3,R4U4RSyR64R7yR8,R94R10,R11
C - » :
KOUNT=KOUNT+1 §
100 CONTINUE ; .
.’ . IPRINT-IPRINT+1 :
200 CONTINUE
c

400 CONTINUE
500 CONTINUE

9U0 FORMAT(1H1//740X,s43HNUMERICAL RESULTS = INCOMPRESSIBLE ANALYSIS/
140X, 28HLERIS RESEARCH CENTER(NASAY///7)

910 FORMAT(50X,1THSYSTEM PARAMETERS//15X,4H(P1) 425X ,4H(P2),28X4H(P3),
127X ,4H(PU)I /)

915 FORMAT(1H1//S0Xy1THSYSTEM PARAHETERS//ISX.QH(PI).ZSX,RH(PZl;ZBX,
14H(P3) 4 27X 4H(PY)//) v

920 FORMAT(10X,1THINNER/OUTER RADII,14X,17HBEARING PAD ANGLE 914X 417HPI



930
940

950

960
970
c

1
]

bu s samd TG H 0 0
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1VOT ANGLE RATIO//14X,SHRI/R0,22X,14HBETA (DEGREES),19X,11HTHETAP/R
2ETA/Y)

FORMAT(15X,61N.5,20X,G10.5,20X,6G10.5//7)

FORMAT(S0OXy 1THNUMERICAL RESULTS//SX HH(R1),8Xs4H(RZ2) 48X 4H(R3),8BX,
14H(RY) 4 BX y4H(RS) yBX 4y UH(RE ) 48X JUHIRT) 4 BX y4HIRB) yBX,4HIRT) 48X ySH(F 10
2)+TXSH(R11)/7) .

FORMAT(1X,1CHEPSTILON/H2,5XySHH1/H2,5XSHUNIT-LOAD,4X,9HFRICTION/,
14Xy 7THRO SIDE 4X,THRI SIDE 6 X4 4HEDGE yBXy 6HINSIDE 43X, 11H(RICPI-R1)/,
22Xy ICHTHETA(CP )/ 44X ¢ SHX(CP) /4EX,4HLOAD, U4Xy THLEAKAGE  4X, THLEAKAGE,

35Xy THLEAKAGE y TX y4HFLOW, 7X y6H(1-RI), 10X, 4HBETA//)

FORMAT(11(2X,G1l0,5)/)
FORMAT(3(G15.5¢%)

stop
END
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*TPFS(0)XCART
SUBROUTINE EUCLID(NR,yNA,RI,BETA,THRAT ,VARGRD)

c
C++sSUBPROGRAM PRODUCES COMMON BLOCK CONTAINING GEOMETRIC PARAMETERSes
c
LOGICAL VARGRD
COMMON/GEOM/ANGE , THPR ¢DR yDA/BLKR/R(23)4DELR(23)
"COMMON/BLKTH/TH(25) yDELTH(25) /BELKSIN/XSIN{(25),TSIN(25),TCOS(25)
COMMON/INDEX/LN(23) 4,LS(23),LE(25),LW(25)
' INTEGER HALFR,HALFA
. FACTZ6.2831853/360. @ 2 Pl RADIANS/360 ODEGREESess
ANGB=BETA%FACT SBETA IN RADIANS ..
THPR=THRAT*ANGH STHETAP(PIVOT ANGLE) IN RADIANS ..
DRz (1.~-RI}/FLOAT(NR) ARADIAL INCPEMENT..
DA=ANGB/FLOATI(NA) SANGLE INCREMENT IN RADIANS..
c
c
INTEGR = 1
IF(VARGRD)INTEGR=9
LASTRZNR+INTEGR
LASTAZNA+INTEGR
HALFRZNR/2+1
HALFASNA/2+1]
c
IF(VARGRD}IGO TO 1
DELTH(1) = DA
DELTH(LASTA) = DA
DELR(1) .= DR
DELR{LASTR) = DR -
G0 T0 2
. C
1 DRY - = o25%DR
. DAY = ¢25%DA
DR2 = . 2.%DRY
DA2 = 2.%DAY4
DELR(1) = DRy
DELTH(1) = DAY
DELR(LASTR) = DR4
DELTH(LASTA) = DAY
c
2 R(1)=RI
R(LASTR) =1
TH(1}=0a0
TH(LASTA)=ANGB
K XSIN(1) =0 .0
> XSIN(LASTA)Y=SIN(ANGE)

TSIN(1) = SIN(THPR)
TSIN(LASTA)=SIN(THPR~ANGB)
TCOS(1)=COS(THPR)
TCOS(LASTA)=COS(THPR~ANGB)

Ceo INDICES FOR VAPIABLE MESH DIFFERENCE EQUATIONS e
KPLUSZ] ’
MINUSZLASTR

¢ .
LEt1)=1
LWCLASTA)ZLASTA




]

10

20

30

50

100

110

120

130

40

Lst1)=1
LN(LASTR)IZLASTR

DO 100 JU=1,HALFR

K=

DDR=DR

IF(.NOT.VARGRD)GO TO 30

IF(JU.GT.2) GO TO 3C

G0 TO (10,2U)4J

K=3

DOR=DRUY

NCWw=1

60 T0 30

K=2

NOW=2

DDR=DR?2

DO SO L=1,K
IFtJeEQe3INOW=2
KPLUS=KPLUS+1
MINUSC-LASTR+1-KPLUS
LS(KPLUS)ZKPLUS=NOW
LN(KPLUS)=ZKPLUS+1
LSEMINUS)=MINUS-1
LN(MINUS)=MINUS+NOW
DELR(KPLUS) = DDR
DELR(MINUS)Y = DDR

RIKPLUS) = R(KPLUS=1)+DELR(KPLUS~-]1)
R(MINUS) = R(MINUS+1)-DELR(MINUS+1)

‘NOW=1

CONT INUE ;

CONTINUE
KPLUSZ]

DO.

MINUSZLASTA

200 J1,HALFA

K=1

DDA=DA

IFC.NOT.VARGRD)GO TO 130
IF(J.6T.2) GG TO 130

GO TO (110,120),J

K=3
DDA=DAY
NOW=1
GO TO 130

| .
K=2
DDA=DA2
NOW=2

DO 150 L=1,K



150

200

D
0

CON

CONTIN

RETURN
END
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IF(J.EQe3INOW=2Z

KPLUS=KPLUS+1 | :
MINUSZLASTA+1-KPLUS
LWN(KPLUS)ZKPLUS=NOW
LE(KPLUS)ZKPLUS+1

LE(MINUS) SMINUS+NOW
LWCMINUS)SMINUS -1

ELTH(KPLUS) = DDA
ELTH(MINUS) = DDA
"THEKPLUS) = TH(KPLUS-1)+DELTH(KPLUS~1)
TH(MINUS) = TH(MINUS+1)-DELTH(MINUS+1)
TEMP1 = THU(KPLUS!)

TEMP2"i= TH(MINUS)
XSIN(KPLUS)=SIN(TEMP1)
XSIN(MINUS)= SIN(TEMP2)
TSIN(KPLUS)=SIN(THPR=-TEMP1)
TSIN(MINUS)= SIN(THPR=-TEMP2)
TCOS(KPLUS)=COS(THPR=TEMP1}
TCOS(MINUSI=COS(THPR-TEMP2)
NOW=1
TINUE

UE . .

o
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#TPFS(0)«XBEGN2 ( '
SUBROUT INE BEGIN2(E yHALTyHMIN,HRATIO,ERATIO,RI,S)

c

COMMCN/GECM/ANGB , THPR4yDR,y DA

THETAP=THPR

BETA ZANGSB

RAD9C=1.5707963 99C DEGREES IN RADIANS..
c
C
CeeCALCULATE MINIMUM FILM RATIO AND BEARING NUMBER..
C
C

CeoREGION NUMBER lseeePIVOT ANGLE = THETAP oLTe O oo
10 IF(THETAP.GE.D0.N) GO TO 20
EPSZERATIO/(1--SRATIOXSIN(THETAP-BETA))
HMINZEPS/ERATIO -
HRATIOZ (1.+EPS*RI®SIN(THETAP)) /HMIN
IF(HMIN.LT.HALT) RETURN T7-
GO TO 100
c
CeoREGION. NUMBER 244e e THETAP GEo. ZERO AND oLE. BETA 4o
20 IF(THETAP.GT.RETA) GO TO 30
EPSZERATIO/(1+~ERATIO®SIN(THETAP-BETA))
HMIN=EPS/ERATIO
HRATIOZ(1++EPS*SIN(THETAP) }/HMIN
IF(HMINJLT.HALT) RETURN 7
GO T0 100
C . .
CeeREGION NUMBER 3eees THETAP oGT, BETA AND LT, 9C DEGREES e
: <36 IF(THETAP.GT.RADSCIGO TO 4O
: : EPSSERATIO/(1«-ERATIO*RI*SIN(THETAP~BETA))
HMINZEPS/ERATIO
HRATIOZ(14+EPS*SIN(THETAP))/HMIN
. IF(HMINJLTGHALT) RETURN 7
i , 60 70 100
4 o
CoeoREGION NUMBER Uesee THETAP oGTs 90 DEGPEES oo
40  EPSTERATIO/(1.-ERATIOXRI%SIN(THETAP- BETA))
‘ HMINZEPS/ERATIO
HRATIO=(1++EPS)/HMIN
IF(HMINJLTHALTIRZTURN 7

: 100 CONTINUE
EZEPS
RETURN

END




TPFS$(0)COEFF
SUBROUTINE ARPAYS(NR NALZEPS KK, RI.HMIN)

C

c

C
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Ce«SURBPROGRAM CALCULATES VALUES OF THE NODAL COEFFICIENTS AND THE INITIAL
CeeVALUES OF THE DEPENDENT VARIABLE FOR THE FIRST ITERATION. LIQUID LUBE

LOGICAL OLDO,VARGRD

COMMON/EBLKA/A(23,25)/BLKB/B(23,25)/PLKC/C(23,25)/BLKD/D(23,25)
COMMON/BLKE/E(22,25)/BLKF/F(22,25)/RLKH/H(23,25)/BLKQ/Q(23,25)
COMMON/EBLKR/R(23) ,DELR(23)/BLOGIC/DEE TAE,OLDO,VARGRD

COMMON/ELKTH/TH(25) yDELTH(25) /BLKSIN/XSIN(25),TSIN(25),TCO0S(25)

INTEGR=1

IF(VARGRD)INTEGRZ=9
LASTAZNA+INTEGR
LASTR=NR+INTEGR

G0 T0 5

ENTRY RARRAY(EPS KK ¢yHMIN)
DO 2 JUAZ1,LASTA
DA=DELTH(JA)

CAl=.5/DA

CA2=1¢/DA%%2
STRIGZEPS*TSIN(JA)
CTRIGZEPS%TCOS(JA)

DO 1 JURZ1,LASTR
RAD=R(JR)
DR=DELR(JR)
CR1=.5/DR
CR2Z1./DR%%2
RAD2=RAD*%2
HRAZ1.,+RAD%*STRIG

IF(KK.EQ.N) GO TO 6

IF(NOT.OLDQ) GO TO 6
IF(JACEQ.1.0R«JALEQ.LASTA) GO TO 6
IF(JREQe140R4JURSEQ.LASTR) GO TO 6 e

G0 TO 7

Q(JR;JAIZ0.0 - . o j o .
H(JR,JA)ZHRA . o

RH

FRST

‘ SCND
CA2ZRAD

A(JRyJA)

RAD®HRA
CR1%(Y4 *HRA=3.) /RH
3.%CTRIG*CA1/RH
CA2/RAD2

o

SCR2+FRST

B(JRyJA)Z=CR2~-FRST
ClJRHyJA)=CAZRAD~SCND
D(JRyJA)=CA2RAD+SCND
E(JRYyJAIZ2%(CR2+CA2ZRAD)
FIJRyJA)ZCTRIGHRADKHMIN®%2/HRA%*3



1 CONTINUE
2 CONTINUE

RETURN
END
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#TPFE(0)+SEIDEL ;
SUBROUTINE RELAX(NRyNA,OMEGA,ITERMX,RESIDL,VARGRD)
c .
CeeGAUSS~SEIDEL ITERATION WITH CONVERGENCE WHEN LARGEST DIFFERENCE BETWEEN
CeeSUCCESSIVE ITERATIONS FOR ANY MATRIX ELEMENT IS LESS THAN THE INITIALIZED
CsPARAMETER "RESIODL"

c I
COMMON/BLKAZA(23,25)/BLKB/B(23,25)/8LKC/C(23,25)/BLKD/D(23,25)
COMMON/GLKE/E(23,25)/PLKF/F(23,25)/RLKH/HI23,25)/8LKQ/Q(23,25)
COMMON/INDEX/LN(23) 4LS(23),LE(25),LW(25)

c . .

: LOGICAL VARGRD
REAL OMEGA

(o
INTEGR=1
IF(VARGRD)INTEGR=9 :
LASTRZNR+INTEGR~1
LASTAZNA+INTEGR~1 ORIGINAL PAGE IS

c Sly OE POOR QUALITY
GO TO 40 o

c &
ENTRY RRELAX : ‘ {

40 DO 300 KK=!.TTERMX ‘ :
STRERR=0 .0
DO 200 JJ= 2:LASTA , ‘
IESLE (JU) @ ANGULAR INDICES e
INZLW (JJ)
C
DO 100 IXI=2,LASTR R
INZLN(TI) @ RADIAL INDICES«ss
IS=SLS(II) ‘
STORQ=Q(IT,ud) @ O0-VALUE AT LAST ITERATIONees
FIRST=(1,-OMEGA)%®STORQ
RADIALZA(IT (JUI%Q(IN,JUI+BIIT JU)I*Q(IS,UJ)
ANGULRZC(II,JUI%0(TIIE)+D(IT JJI*Q(II,IW)
Q(II,JJ)z FIRST*OMEGA*(RADIAL+ANGULROF(II.JJ))/E(II.JJ)
ERROR=Q(II,JJ)=STORQ
c
50 TEST=ABS(ERROR)
c
IF(TEST. LE.STRERR)GO T0 100 t
STRERR=TEST QUPDATE LARGEST RESIDUAL
ISTORE=II . 3ROW OF LAST UPDATE
' JSTORE=JJ s 8COLUMN OF LAST UPDATE
. QSTORE=Q(II,JJ). @Q-VALUE AT LARGEST RESINUAL
100 CONTINUE ’ s ~ ’ .
: 200 CONTINUE ' '
IF(STRERF.LT,RESIDLIGO TO 400
300 CONTINUE
400 CONTINUE, : .
p , ; R
c

RETURN
END
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*TPFS$(0). PAUCTR
' SUBRCUTINE TABULT(NR NAJHMINSRILEXIT,VARGRD,EPS)

c

CooEXECUTIVE FOR INTEGRAL CALCULATIONS TRYING THE SIMPSON 1/3 RULE
CeeFOR ANGULAR COORDINATES.ss

c .

COMMON/GEOM/ANGE, THPRyDR DA

£ COMMON/BLKXXX/XF (25,46) SINTEGRATION RESULTS FROM SUBR. RSIMP
B COMFON/BLKTH/TH(?S).DTH(ZS)/BLKSIN/XSIN(ZS),TSIN(ZS),TCOS(ZS)
. COMMON/INDEX/LN(23),LSU23),LE(25),L¥H(25)

DIMENSION EXIT(9),SUMMALT)

L c , |
i LOGICAL VARGRD
i c |
i CeoFUNCTION DEFINITION FOR SIMPSON INTEGRATION RULE..
C .
"DEFINE AREACJZKIZDTHUJ+1)H(XF (UK +U ok XF(J+1,K)I+XFAJ+2,K))
DEFINE TRIG(J) = DTH(J+1)%(XF(J,2)%XSIN(J)+
1 GoxXFUU+142)XSIN(I+1)+XF(J+2,2)%XSIN(J+2))
i ol
i INTEGR=1
o IF(VARGRD)INTEGR=9
LASTATNA+INTEGR STRAILIMG EDGE NODE oo
LASTRZNR+INTEGR QOUTER RADIAL NODE oo
: IQUIT=(LASTA=-1)/2 dANGULAR MIDPOINT ..
K - FAC1Z14-RI%%2
i FAC2= (1 .-RI*%x3)%HEPS
c ‘
GO T0 1
c

o ENTRY RTAB(HMIN.EXIT)

. 1 CALL RSIMP(LASTR,LASTA,HMIN) @RADIAL INTEGRATION SUBROUTINE
ch ' FACZ:.S*FACI/HMIN

; FACUZFAC2/ (3« %HMIN)

c : .
g DO 2 I=1,7 3 SET STORAGE VECTORS TOD ZEROs.
o ' SUMMAL{I)=0.C ' -
i 2 LONTINUE
i c : ’
CeoINDEX LIST FOR STORAGE VECTORS AND FOR RETURN VECTOR MEXIT® g4y
c (1) CALCULATIONS FOR TOTAL LOAD..
c (2) , "RADTAL MOMENT AND °‘CeP. COORDINATE..
C (3) " “  pPAD FRICTION,
c (4) " o " LEAKAGE FROM OUTER PAD ARC (R=1) e«
c, (5) " " Toom INNER v "  (RZRI) &«
G ey ™ S ANGUEL AR MOMENT AND CuPe COORDINATFE oe
c (1) L Mo UNIT LOAD ee - '
c (8) w - "™ FLOW INTO LEADING EDGE .
c —49) " "  TRAILING EOGE LEAKABE e
p o ‘
DO 10 ISUM=1,IQUIT AaSUM OVER PAIRS OF INTERYALS.«
JFRD = 2*ISuM-1 a0DD NODESee .
2 DO 9 K=1,6 : 3TEMPORARY STORAGE ..
iy . SUMMA (K) = SUMMA(K)+AREA(JFRD,K)
2 9 CONTINUE
SUMMA(7)ZSUMMA(T7)+TRIG(JFRD)
16 CONTINUE
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(o
A c _ ‘
ey DO 12 KKK=1,2 ' 3EXIT VECTORS oo
v (
LLIU*(KKK=1)
MMZLL+1
¢ NNZ-MM+2
c ,
: DO 11 ILKTMM,NN
o, ILKOZILK=(KKK/2)
5 EXIT(ILKO) = SUMMA(ILK)/3.
L 11 CONT INUE
: 12  CONTINUE
v c : . :
: EXTT(6)Z(ASIN(EXIT(6)/EXITE2))) /ANGR
i EXIT(2)ZEXIT(2)/EXIT(1)
! EXIT(3)EXIT(3) /6, }
N EXIT(7)=2.,%EXIT(1)/ (ANGBXFAC1)
L EXIT(8)=FAC3+FACU*XSIN(1)=XF(1,4)
: EXIT(9)=FACI+FACYUXXSIN(LASTA)-XF(LASTA,4)
oo o
o RETURN
END
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*TPF$(0)«SIMPSN
SUBROUTINE RSIMP(LASTR,LASTA,HMIN)
C
CeeSIMPSON INTEGRATION METHOD ALONG PAD RADIILLIQUID CASEee
C
C .
COMMON/BLKQ/P(23,425)/BLKH/H(23,25)/8LKR/R(23),0R(23)
COMMON/ELKXXX/XF(2546)/BLKTH/TH(25)4DTH(25)
COMMONZ INDEX/LN(23)3LS(23)4LE(25) LW (25)
DIMENSION SUMMA(4),CC(5,3)
DATA CC/‘].,Q.,’3.,3*0.0'10,0.09‘10,3*0.0,30"“0'1./

+oUSACE OF FUNCTION DEFINITIONS ..
F INTEGRAND FOR LOAD AND MOMENTS,
H2 RATIO OF FILM THICKNESS TO MINIMUM FILM THICKNESS9
Y PARTIAL DERIVATIVE OF PRESSURE WITH RESPECT TO THETA,
X INTEGRAND FOR FRICTION MOMENT CALCULATIONS,
rs * CALCULATION OF LEADING EDGE & TRAILING EDGE
FLUIO LEAKAGE ..

OO0

DEFINE H2(JR,JAIZH(JURyJA)/HMIN

DEFINE F(KyJURyJA)ZP(JURyJADIRR (UR I RXK

DEFINE Y(MyJRyJAyJE yJWIZ(CCUL yMIRNPIJRYyJE+I)+CC(24MI%P(JRyUE )+
1 CCI3 4 MIXPAJIR,JAI+CC(U 4y MIXP{UR,JW)+

2 CC(S yMIXP(JRyJW=1)1/(2.%DTH(JA))

DEF INE X(H JRyJUWyJE yJW)IZ3exY(M,JUR,JA,JE, JH)*R(JR)*HZ(JR JA) +
1 R(JR)**3/H?(JR JA)

DEFINE Z(MyJRyJAGJE ¢ JW)IZY (M JR,yJAJE 3 JW)*H2(JR,JA) %% 3/R(JR)

C
C
DEFINE AREAI(K sJRyJAIZ DRUJR+1I®(F (K yJRyJAD 44, %XF (KyJR+1,JA) +
1 FI(KgJR+2,JA))
DEFINE AREAZ(M.JR'JA JEqJN)’DR(JR*I)*(X(MyJR,JA'JE JW) +
1 . : “o*X(M[JR*I'JA JEsJW) +
X{MyJR+2,JA,JEyJW))
DEFINE AREA3(M JR,JA JEyJW) DR(JR*I)*(Z(H,JR,JA JE JN)*
1 , GoRZ(MyJR+1 yJA,JE,JN) +
2 : ZIMyJR+2,JA,JEyJW))
IQUIT=(LASTR=-1)/2 ’
M=1
DO SO JAZ1,LASTA
"TF(JAJEQ.LASTA) MZ=3
C
DO 10 I=1,4 @ SET STORAGE VECTORS TO ZERO.s
, SUMMATI)=0,0 '
C . ¢
Cc
10 CONTINUE
C
JETLE(JA)
JRZLW(JA)
D0 20 ISUMZ1,IQUIT dSUM OVER PAIRS OF INTERVALS .
JR=2%ISUM=1 T d0DD NODES .«
DO 1S K=1,2 A@STORE RESULTS IN SUMMA VECTORS..
. SUMMA (K)ZSUMMA(K)+AREAL(KyJRyJA) )
15 CONTINUE , 3
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SUMMA(3)=SUMMA(3Z)I+AREA2(3,JRyJA,JE yJW)
IF(MeEQel1eORMeEQe3ISUMMA(Y)ZSUMMA (L) +AREAS(MyJRyJAZJEyJW)
20 CONTINUE

DO 40 II-l,4
XF(JA,II)=SUMMA(II)/ 3.
40 CONTINUE

c i
XFUJAy5)Ze5% (4 %P (LASTR=1,JA) =
' 1 P(LASTR=2,JA)) *H2 (LASTR,JA) %4 3/DR(LASTR-1)
XFUJA6)=a5#P(1)%(=P(3,JA)+
1 Bo%P (29JA) )¥H2(1,JA)*%3/DR(1)
c
c
M=2
50  CONTINUE
c .
c
RETURN

END




KTPFS(0)JELT
SAMPLE DATA INPUT AS READ BY SUBROUTINE °*‘MAIN®.. .
*CARD 1-FORMAT 216,F5.2,2E8e1 NR -NUMBER RADTAL MESH INCREMENTS,
NA ~NUMBER ANGULAR MESH INCREMENTS,
ITERMX-MAXIMUM ITERATIONS IN GAUSS-
SEIDEL ROUTINE IF CONVERGENCE
FAILS,
OMEGA -RELAXATION FACTOR IN GAUSS-
SEIDEL METHOD,
HALT -MIN LUBRICANT FILM THICKNESS..
RESIDL-CONVERGENCE CRITERIONZTEST ON
MAXIMUM CHANGE IN Q-VARIABLE
BETWEEN ITERATIONS..

NR NA ITERMX OMEGA HALT RESIDL
14 16 -400 1.25 «1E-3 o1E-4
*CARD 2-FORMAT 4L6 DEBUG (+TRUE.= PRINTOUT OF COMPLETE ARRAY OF

. DEPENDENT Q-VARIABLF FROM
" GAUSS-SEIDEL ROUTINE AT EACH
: ITERATION),
TABOUT (.TRUE.= PRINTOUT OF PRESSURE ARRAY
OVER PAD AREA AT
CONVERGENCE),
OLDQ (.TRUE., = USE CONVERGED VALUES OF 0O-
VARIABLE AS STARTING ESTIMATES
FOR NEW CALCULATIONS WITH
DIFFERENT INITIAL CONDITIONS).
VARGRD (.TRUE.= CREATES VARIABLE MESH GRID
OVER SECTOR PAD FOR LIOQUID
_FILM CALCULATIONS).

*EUG TAB® OLD* VAR®'D
FALSE FALSE TRUE TRUE

*CARD 3-FORMAT SI10 e o INDICES. FOQ PARAMETER ARRAYS IN NAMELIST

INPUT “VARBLE" KX
NTHETA  NRATIO NUMRI ~ NUMBET  NUMLMSB
1 20 1 1 1
#CARDS 4,5,,y +eDATA INPUT FOR NAMELIST "VARBLE" .

¢soDESCRIPTION OF INPUT PARAMETER ARRAYS see

NUMBER OF PARAMETER PARAMETER DESCRIPTION
DATA ARRAY ‘
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a3k 3k Bk X e ok ok o g ook X o e a3 e o e oo X o ok ko
NTHETA TRATIO PAD PIVOT ANGLE,THETAP/BETA
NRATIO ERATIO PAD SLOPE FACTOR,EPSILON/HMIN
NUMRI VRI PAD INNER RADII, RI

. NUMBET VBETA PAD ANGLE DIMENSION, BETA
NUMLMB VLMBDA BEARING NUMBER, LAMBDA

200 INPUT FOLLOWS o0
SVARBLE TRATIO=Z1.0yVRIZe5,VBETAZY454,VLMBDAZS50,.,
ERATIO:OS'IO'll5’2!’205'3. '3.5’“.'“'5’50,S.S'6l’6l5,7.'7.5’8.'
6.5,9.99.5,1&{1."9

0

SEND

~ o



T T o T N s

52
APPENDIX D

FLOW CHARTS

All FORTRAN symbols used in these flow charts are defined in
appendix E.
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Executive Program MAINZ

//,7 READ DATA

defines operating
conditions and pad
dimensions

Call EUCLID

establishes finite
difference mesh over
pad area

v

Call BEGINZ2

determines film lubricant
dimensions

v

Call ARRAYS

calculates coefficient :
arrays for finite difference
-equation,and initial values
for difference equation

A . N
Call RELAX °

solves finite difference
(Reynolds) equation for
film pressures

Call TABULT

final numerical:integration

of double integrals for finding
pad loading,friction drag,center-
of-pressure coordinates;edge flows
for liquid lubricants

W

Call RSIMP

First (radial)numerical integration
od double integrals over pressure field




Test pivot angle
relative to pad
leading edge

Calculate geometric
parameters:

€, hy/hy » hy/hy

Is
hz/h less

No

than a preset positive

limiting value ,/””

?

Write erro
message
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No Variable Yes

egrid
\?/

Generate
variable
mesh
nodes

'- ]

Calculate: AR, AD
Calculate: ARy ,

&arrays: Ry, Bm

& array: Ry

Calculate central
difference indices
with variable mesh

- - for: |
Calculate central : > :
difference mesh ! : O°PR? & OP/AR,
indices for: ‘ ' <<
‘ ' R:& R 1
d2pOR? & 3P/WR, LY
d2p/dp° & 2PAQ, J7
RiSRkS.l, : S Calculate:Aem .
Os_-emg_ﬁ ‘ e & array: 0
e . ‘ , " Calculate central

difference indices
with variable mesh
forg :

a%e/00” & opA0 , |
0sg < P




ARRAYS

Initializ
mesh node

e pad dimensions & |}
s (variable grid?)

ENTRY RARRY

R;£R L1 3

For:

0, < B

¢

Calculate 1

HRA = 1

ocal film thickness

+£méﬁn(9p—gﬂ

Yes

0

lst guess at dependent:
variable:

HRA®  (gas)

ci
=
3
t

U = 0 (Liquid)

1st
entry intoN\_

No

broutine ?

o |

Are
we on pad

No

AV

Uy from }ést case used

as first guess in prese-
nt case:
LAST
Uy =(RA/H ) zqm\gas
Lasy ¢
Ukm = Uy liquid

4

oundaries ?

=
u

=
W

- HRA® (gas)

- 0 (liquid)

Calculate coefficient
ka’Ekm’ka’ka :

Update film thickness array{ H ., = HRA

arrays: Akm’Bkm’Ckm’ka’

\,

AR R
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[fnitialize pad dimensions &

mesh nodes (variable grid?)
Reser iteration count KK=0

ENTRY RRELAX _bé

For:

RiS.Rk{.l ; 0sig Xp

<<:§EE?§EEEE:>>

Yes ' No

|

Linearize coefficients Ckm & ka at
KKth iteration:

- KK-
CCOF = Cp .\ - ka/ km
= KK-1
47 A v/
Solve finite difference Reynolds Equation at
KKth iteration by Gauss-Seidel Method with
relaxation factor for dependent variable:
Ufem
Calculate the maximum error between iterations:
ERROR = max @EK - ukK-1 )
i
abs (ERROR) !
Yes less than a preset No -
est convergence valuel
Calculate & store pressure array:| ' Proceed with

next iterati

o)

_ KK
Pem = 7/ pkm My gas
= pfK liquid

— REfiifjf

o
i

N
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\/

Initialize pad dimensions &
mesh nodes (variable grid?)

< ENTRY RTAB >

Call RSIMP
Retrieve numerical values of
radial integrands at em nodes

in arrays: ;.

e
Simpson numerical integrations:

K

EXIT, = ofxrm a@

for K=1 : pad loading

2 : radial center-of-pressure
coordinate

3 : angle center-of-pressure
coordinate

U s friction dissipation

Yes

Calculate edge flow rates
at R=§i, & R=1

| R D

No
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Initialize pad dimensions &

mesh nodes

For:

R; < Rms. 1; Oﬁemiﬁ

Simpson integration along radiij
parameters ()

K 1 n
xe. = Jp, R @R
Rj
n=1 for pad loading
2

for moment about
origin

1
XF3 = J‘(shear stress)dR

YES

!7 iquid film
4y 4 .
XFO & XF  for edge leakage (flow)

at leading & trailing edge,resp.

5 : L
XF& & XPg = radial pressure gradients

at R=Ri‘& R=1,resp.,for leakage flows
at those radii.

RETURN

No
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APPENDIX E

{ FORTRAN SYMBOLS

A(15, 21) coefficient array for U,

i+,

AA integral for @ cp calculation

ANG difference Gp -6

ANGB angle 8 in radians

B(15, 21) coefficient array for Ui—l ;

BETA sector dimension J

C(15, 21) coefficient array for Ui, j+1

CC(5, 3) coefficient array for 9P/96 in fluid shear calculation

D(15, 21) coefficient array for Ui -1

DA . A0 of mesh

DEBUG extensive printout logical switch; TRUE causes detailed output

of iterative solution routine. FALSE prevents printout.
DR AR of mesh |
E(15, 21) coefficient array for Ui j
‘ END(4) storage array in numérical integration procedure

EPS current value of clearance parameter ¢

ERATIO(25) input array of ¢/ H, values

'ERROR difference between Uij values at k! iteration and (k- 1)g

‘ iteration

EVEN(4) ~ storage array in numerical integration procedure

EXIT(5) " array of integration results from performance calculations

YF(15, 21) —array of values for right hand siﬁde‘of nonhomogeneous Reynolds

equation (liquid film)

F(K, I, J) '~ a DEFINE (local) function in radial integration subroutine for
load (K=1) and moment (K=2) calculation

“FF _ integral of frictidnal energy dissipation

g | T

!



G(15, 21)

H(15, 21)
HALT
HLMBDA

HMIN
HRATIO
H2(L, J)

ISTORE

ITERMX
JSTORE

K
LAMBDA

LASTA
LASTR

LN(D), LS(D)

LE (), LW(J)

M

NA

NR
NRATIC
NTHETA
NUMBET
_NUMLMB
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array of factors for nonlinear part of coefficients to
Ui, j+1 and Ui, -1

array of values of dimensionless film thickness h/h o

test value for smallest HMIN

2
AHz

~ minimum film thickness ratio, hz/ho

maximum-to- minimum film thickness ratio hl/ h2

a DEFINE function in RSIMP for ratio h/h2

ith mesh position where occurs the maximum Ui'

J
change between successive iterations

input value for maximum allowed number of iterations

.th

i~ mesh position where occurs the maximum Ui' change

)
between successive iterations

index in DEFINE function F(K, I, J)

compressibility factor, A; sometimes called the "bearing
number!!

trailing edge boundary node
outer radial boundary node

finite difference indices for 6P/8R and a2P/oR? at R(D;
for variable mesh coding

finite difference indices for 8P/66 and 82P/802 at 6(d);
for variable mesh coding :

- index in DEFINE function X(M, I, J)

number of angular mesh increments

number of radial mesh incremen~ts,

number of ¢/ H, values input in ERATIO array
number of BP/B values input in TRATIO array
number of g values input in VBETA array

number of A values input in VLMBDA array



NUMRI
ODD(4)
0LDQ

OMEGA

P(I, J), PNORM(J, J)

Q(L, J)

QSTORE

R(15)

RESIDL

RI
RR
STRERR

TH(21)
THPR
TRATIO(10)

VARGRD

VLMBDI(10)

VRI(10)
WUNIT

ww
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number of radius ratio values in VRI array
storage array in numerical integration procedure

1ogica1 switch for use of previous numerical soiution
array of U.. as first guess for new calculation,
FALSE returns ambient pressure as initial guess,

iteration relaxation factor, Q

normalized lubricant film pressure relative to ambient
pressure

. in the compres-

the working storage array for the UiJ

sible gas program

value of the maximum change of Uij for one iteration
over the entire sector pad domain

array of values r/ r, at the radial mesh nodes ;
I=1(1)LASTR

input error limit on maximum allowed difference of Uij
between successive iterations

current value of radius ratios from VRI array
integral of first moment for R cp
s
storage value of ERROR during search for maximum
error within one iteration pass

array of Bj values for all j-mesh

nodes J=1(1)LASTA

input array of Gp/ B values

variable mesh logical switch; TRUE causes finer finite

difference mesh next to pad boundaries; FALSE utilizes
a constant mesh increment in either coordinate

input array of A values
input array of radius ratio values, RI

unit load capability of bearing, i.e., total load WW per
unit area :

integral for bearing load capability
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X(M, 1, J) a DEFINE (local) function in radial integration subroutine
RSIMP for friction dissipation, M=1 at J=1, M= 2
for J=2(1)LASTA-1, and M=3 at J= LASTA

' XF(21, K) array of three functions from radial integration subroutine
with values at each 6, mesh point, K=1, 2, 3 corre-
spond to load, center of pressure, and friction calcula-
tions, respectively. K =4, 5,6 correspond to edge
leakage, ‘
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APPENDIX ¥

3 SAMPLE PROBLEMS

Computer output listings are presented for two representative runs, one
for a compressible lubricant case and one for liquid lubricant. Input data cards
for both cases are shown with the computer program listings in appendix C.

In both runs pB=45°, Op/ﬁ=1., R;=. 5, and 20 values of ¢/Hy=.5(.5)10.

In addition A=50, for the compressible case,

The execution of all cases by the compiled programs required less than

1 minute of computer time on the UNIVAC 1100/42,




»

(P1)

INNER/QUTER RADII

RIZRO
+50000

(R1) (R2) (R3)

H17H2 17H2 EPSILON/H2
1.3536 1.0C00 +50000
1.7071 1.6000 1.0000
2.0607 1.0000 1.5000
2.4142 : 1.0000 2.0000
2.7678 1.0C08 2.5000
3.1213 1.0000 3.G000
344749 1.0600 3.5600
3.8284 1.6000 4.0000
4.1820 1.C000 4.5000
4.5355 1.0600 50000
4.8891 1.0000 5.5000
5.2426 1.0600 6.000C
5.5962 1.0000 645000

NUMZTICAL RESULTS - GAS BEARING ANALYSIS

LEwss RESEARCH CENTER

(P2)

(NASR)

SYSTEM PARAMETERS

BEARING PAD ANGLE

BETA (DEGREES)

45.000

(R4)

LOAD,WBAR

«19982-01
.32872-01
+43893~01
+45591-01
+480S6-01
<49046-01
49071-01
W48472-01
«67480-01
«46247~01
«44875-01
«43433-01

+41968-01

NUMERICAL RESULTS

(RS)

UNTT-LOAD

6784701
211161
«13885
215479
216317
216652
016661
«16458
v16121
«15702
«15236
14747

«l4249

(R6)

FRICTIONF

1.3367
1.2000
1.0992
1.0214
95907
«90772
«B86441
«62718
e 79456
« 76589
«74016
«71693

«69580

(P3)

BEARING NUMBER

LAMBDA

50,000

(R7)

F/WBAR

66.893
36.504
26.879
22.403
19,957
18.508
17.616
17.065 .
16737
16561
164494
16.506

16.579

(R8)

H2/7H{CP)

«50113
«82331
+76015
«70773
«66346
«62555
«59267
+56384
«53833
«51555
«49508
«4765S

45967

(P4)

PIVOT ANGLE RATIO

THETAP/BETA

1.0000
{R9) (R10
R(CP) THETA(C
77744 +63565
.77395 $64226
+ 77145 54836
« 76560 6S414
+7681% 065967
.76708 66496
«76619 .67000
76545 .67480
JTEUBE 67936
L76431 68369
. 76386 «68779
$76346 .69168
.76311 «69537

P/
BETA

(R11)

x(cP)

~e21945

~+21461

'=.,21036

~e20649
=+20290
“e19953
~e19637
-e1933%
~.19058
~218793
~el18543
=-+1B307

~+18084

AIITVOD 9004 40
SI 9V TVNIOINO



S.9497
643033
6.6569
7.0104
7.3640
77178

8.0711

aF IN

1.0000
1.0000

1.0000

1.0000

1,063

"1.0000

1.0000

7.0000
7.5000
8.,0000
8,5000
9.0000
9.5000

10.000

«40508-01
«39075~-01
«37680-01
+36332-01
«35036-01
«33793-01

+32604-01

«13754
«13267
12794
«12336
11696
11474

11070

«6T645
«65862
64210

«62674

©61239

+59895

«58630

16.699
16.855
17.041
17.250
17.479
17.724%

17.983

4UG23
«43003
41691

«40476

«39346

«38288

«37300

+ 76280
«76252
.76?27
76204
«76183
«T6164

« 76146

«69888
«70220
« 70537
«70838
71125
e71398

«71659

-.17873
-e17672
-e17482
~+17301
-.17130
~e16966

-.16810

99
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NUMERICAL RESULTS = INCOMPRESSIBLE ANALYSIS N ‘\
LEWIS RESEARCH CENTER(NASA)/ ‘ ' o<
" /g X
Ay
' | 85
SYSTEM PARAMETERS R EB
: . =~ %:
Py (P2) : (P3) . (#4) . & o
. ’ aT
: >
INNER/OUTER RADII BEARING PAD ANGLE PIVOT ANGLE RATIO g%
RI/RO BETA (DEGREES) THETAP/BETA EB
.50000 - 45.600 1.0000 e
= .
h NUMERICAL RESULTS
. .
(R1) (rR2) (R3) (RY4) (RS) (R6) “ (RT) TEY) (R9) tR10} (R11)
EPSILON/H2 H1/H2 UNIT-LOAD FRICTION/ RO SIDE RI SIDE "EDGE. INSIDE  (R(CP)I-RI}/ THETAICP)/ X(CP)
LOAD LEAKAGE LEAKAGE LEAKAGE FLOW (1-R1) BETA
.50000 1,3536 +23536-02 40132 W43651-01 JI4T49-01  L46783 .38495 .S4550 «53403 -.27671
1.0000 1.7071 L30440-02 24,726 .89588-01  ,29153-01  .45923 «39622 $54107 «55810 -.26209
1.500G6 - 2.0607 «39366-02. 19.844 .12708 «43063-01 .45196 S40841 «53748 «ST776 ~.25029
2.0000 i 2.4142 4141402 17.534 J1e618 .56982-01  +44573 42187 53474 «59382 -.24067
2.5000 2.7678 J42036-02  16.228 $23734 £71215-01  .440G3C «43701 +53253 .60688 -.23285
2.rQ00 3.1213 J41838-02  15.448 «28971 «85930-01  +43541 45228 «53657 .61884 ~.22569
3.5000 3.4749 «40975-02  15.056 $30215 .10026 $43113 46703 +52912 «62988 -.21913
4.0000 3.8284 .39756-02 _ 14.908 239492 .11407 42740 «48190 .52809 «63976 ~e21330
4.5G00 4.1820 «38353-02  14.928 44785 32746 S42413 49672 $52735 64874 -.20802
$.0000 4,5355 .36918-02  15.052 50137 14079 42122 451193 «52675 «65683 -.20327
5.5300 4.8691 +35519-02  15.248 +55575 « 15432 «41860 «52777 «52621 66409 -.19%900
6.0000 5.2426 «34119-02 15.530 .61004 +16758 41627 54337 .52581 «67087 -.19502
6.5000 5.5962 «32794-02  15.859 +66515 «18106 41417 .55955 «52544 «67704 -.19140
7.0000 5.9497 +31492-02 164258 .71996 $19421 «41231 «57536 .52518 «68287 -.18798

L9



7.5000
8.0000
8.5000
99,0000
9.5060C
10.000

aFREE LIQUID.

643033
6.6569
T.0104
T.3640
77175
q.c7xx

«30279-02
«290%98-02
+28005-02

026944 ~02

«25965-02
2508902

164690
17.18%
17.703
18.280
184877
19502

«77568
«83091
+88719
» 94280
«99960

1.0571

20766
«22075
23421
‘24728
26078
27460

o41061
«40910
«40773
40651
«40539

« 40438

+59180
«60779
262449
64066
«65760
.67508

«52492
052474
«524585
«52443
«52430

«52416

+68819
69327
«69793
« 70241
« 70652
«71035

-.18486
~+18189
~e17916
-+17653
=el7412
-.17187

89
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Figure 1. - Geometry of sector pad.

£-5930



- Figure 2. Sector Pad Mesh Defihition for Finite
Difference Scheme.



IN(I)=I+1
LS (I)=1-1
LE (J)=J+1
IW(J)=J-1

(a)constant increment

— -;\\“‘J size

LN(I)=I+1
LS(I)=I-2
LE(J)=J+1
LW (J)=J-2

Sy,

|
- -0- O— = ——~
\ |

e

\

(b)variable increment
size

Figure 3. Central Difference Mesh for Partial Derivatives.



