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ABSTRACT

The quasi-static, pressure characteristics of a gas-lubricated
thrust bearing with shrouded, Rayleigh-step pads are determined for a
time-varying film thickness. The axial response of the thrust bearing .
to an axial forcing function or an axial rotor disturbance is investigated
by treating the gas-film as a spring having nonlinear restoring and
damping forces. These forces are related to the film thickness by a
power relation. The nonlinear equation of motion in axial mode is solved
by the Ritz-Galerkin method as well as the direct, numerical integration.
Resulte of the nonlinear response by both methods are compared with the
response based on the linearized equation.

Further, the gas-film instability of an infiniltely-wide Rayleigh
step thrust pad is. determined by solving the transcient Reynolds equation
coupled with the equation of the motion of the pad. Results show that
the Rayleigh step geometry is very stable for bearing number, A, up to 50.
The stability threshold is shown to exist only for ultra high values of

A = 100 where the stability can be achieved by making the mass heavier

than the critical mass.
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NOMENCLATURE
array of coefficients for pressure Eqs, (4.16)
and (%4.23),
amplitudes of zero and first order Fourier
series representation of response.
nondimensional gas film force constant of stiff-
ness,
array of comstants for pressure Eqs, (4.,16).
width of Rayleigh step pad.

width of Rayleigh step pad with gas film,

nondimensional constant of gas f£ilm damping
coefficient.

array of coefficients for pressure Eq, (4.16)}.
array of constants for pressure Eq, (4.23).
conventional constants in relations (3.30) and
(3.40).

nondimensional amplitude of Fourier series ex-
pansion of disturbance,

algebraic equations of A and Ao.
nondimensional gas f£ilm thickness.
nondimensional velocity of gas film thickness.
array of coefficients in (%.10).

nonlinear integrals in (3.26)(3.27) and (3,28)
respectively.

in phase gas film reaction of complex pressure
profile,

number of grids in Chapter II,

iii


http:3.26)(3.27

P = P/Pa nondimensional pressure of gas film,

P 5P, zero and first order of P in (4.12).
PI’PR imaginary and real part of Pc.
Q=FH pressure field parameter in (2.27).
Q= q/mﬁw*2 nondimensional force excitation,
R universal gas constant.
R = r/ro nondimensional radius.
R residue in (3,.13),
R = IlPIdX out of phase gas film reaction of complex pressure
¢ profile,
8,58, parameters in (3,29),.
T,r = wt nondimensional time,
T torque in Section 2,3,
U=uwr velocity of the driving surface.
W6 = ;12.5 load acted on the ring to get equilibrium at
© H=H,
o]
X = Ho- H coordinate and response of gas f£ilm in (3.,2),
X =x/B coordinate for infinite-width pad.
= EPR’ I} vector of u?known PR,i and PI,i in (4.23).
CHPL P SPL R 58 arrays of coefficients in pressure Eqs. (4.17).
as’bs’cs’an’bn’cn’ arrays of coefficients in pressure Egs. (4.15).
d,e,f
c,sCy constants in gas film force approximation ( 2, 16).
e=H-H disturbance of gas film thickness in (4.11).
h ' gas film thickness,
j imaginary nmumber in (4.21).

iv



stiffness of gas f£ilm force.

mass of the ring in (3.1); mass of the pad per
unit length in (4.26).

critical mass for stability in (4.29).

number of reveolution of the motor per second,
powers of H for gas film force in (2.76).
pressure of gas film,

ambient pressure of gas film

mass flow rate.

magnitude of excitational force.

radius

time

coordinate in the length of infinitely wide

step pad.
Dimensions
FreL 4 density of gas film
rrL-2 coefficient of viscosity
L step deepth,
0 bearing number
0 stepped discontimuity at (i,j) grid
point,
8 angular position
] angle of ground area of step pad.
0 angle of landing area of step pad,

v
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rotational velocity.

frequency of excitational force.

natural frequency based on the lineariza-
tion of Eq, (3.1).

Normalized facing frequency.

magnitude n-th order excitation.

phase difference between the response
and the excitation,

determinent defined in (3.35).

threshold frequency.

squeeze number in (4.9).
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I, INTRODUCTION

1.1 Introduction

Among many geometrical profiles which generate hydrodynamic pressure
in fluid-film bearings, the step geometry is one of the most proficient
methods to achieve this purpose. This discovery was first made by Lord
Rayleigh in 1918 (Ref, I ), and subsequently there have been many
contributions (Refs. 2 to 8 ) on the prediction of the performance of
the Rayleigh-step thrust as well as journal bearings.

Recently, there has been another significant application of the
Rayleigh-step bearing in the field of dynamic sealing in advanced air-
breathing propulsion systems (Ref. 9 ). 1In this application, a series
of Rayleigh-step pads is employed on the high-pressure side of a face
seal in order to maintain a small steady gap (in the order of 0,001")
between a one-tooth laybrinth and the high-speed rotor surface (Fig. 1l ).
The flat step is shrouded in order to minimize the side leakage. These
pads function strictly as hydrodynamic thrust bearings operate in the
high-ambient pressure, and provide the necessary stiffness to maintain a
steady gap., The satisfactory operation of this type of seals depends
critically on the dynamic performance of these thrust pads in the
presence of an oscillatory force or a disturbance due to rotor run-out
or rotor unevenness.

So far, the investigations on shrouded, Rayleigh-step bearings have
been restricted to the prediction of the static performance (Ref. 10 )
only., The dynamic characteristics of this type of thrust-pads have not
been given much attention. It is the main objective of this report to
study the influence of the nonlinear, gas-film, restoring and damping forces

upon the response of the pad to a given forcing fumction or disturbance.

-1 -
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Specifically, the work reported herein fulfills the following

objectives:

1. To develop a gas-film analysis of purely hydrodynamic,
Rayleigh-step pad to calculate the quasistatic stiffness and
damping, which depend not omiy on the operating conditions
but also on the vibration of the system.

2. To extend the analysis to the nonlinear axiél response of
the stationary ring due to any external force excitation or
any disturbances induced by the rotor misaligmment or surface
waviness.

3. To develop a stability analysis of the infinitely
wide, single-step pad to explore whether there exists any

thresholds of stability for the system.

1.2 Historical Survey

In 1918, after Reynolds' theory of thick f£film lubrication became
generally accepted, Lord Rayleigh (Ref, 1 ) first applied the theory and
discovered that an optimum profile for the load capacity of a slider
bearing is a flat step. The method of the calculus of variations was
used to optimize the shape of slider bearing to an infinitely long,
incompressible film, From then on, any hydrodynamic bearings composing
of two sections of parallel surface film are called Rayleigh-step bearings.

The optimized geometry of a Rayleigh-step slider and its correspoading
optimized, non-dimensional, load capacity for an iucoﬁpressible film can
be found in most textbooks on lubrication (Ref. 11 ). For compressible
gas film, the optimized, one-dimensional, Rayleigh-step bearing was analyzed

by Wylie and Maday in 1970 (Ref. 2). The load capacity of an optimiged step
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bearing was found to be slightly lower at low beéring number but much
higher at higher bearing number than the load capacity of an incompressible,
optimized, slider bearing.

The problem of a two=-dimensional, Rayleigh-step, thrust bearing has
not received much attention until 1954, C. F. Kettleborough (Ref. 3)
solved the pressure profile and calculated the load capacity for the step
thrust bearing by Relaxation methods. In 1955 (Ref.g;jhe applied the
analogy method contributed by A, Kingsbury (Ref. 12) to investigate the
pressure profile for an oil-lubricated step bearing by an electrolytic tank.

In 1959, using air as the lubricant, K. C. Kochi (Ref. 6) showed the
characteristics of an’infinitely-wide, Rayleigh-step, thrust pad by the
use of sem%—graphical method. He demonstrated that am "analytical solution
to express the pressure profile explicitly is extremely difficult, because
the Reynolds equation for a compressible film is nonlinear.

In 1961, J. S. Ausmann (Ref. 7) made certain approximations to
linearize the Reynolds equation for a compressible film, and obtained a
series solution of the pressure and load for a self-acting, stepped, sector,
thrust bearing by the aid of Neumann polynomial, He obtained the numerical
solutions for the optimized number of sectors and step depth for the maxi-
mum load carrying capacity.

Recently, Cheng, Chow and Wilcock (Ref, 8) presented some results
for shrouded, Rayleigh-step pad used as a flexible face seal, The pres-
sure generation and static stability of this type of surface profiles
using as a flexible seal ring was discussed, and the effectiveness of
hydrodynamic action was confined to the static stiffness characteristics
of gas film. The influence of the nonlinear gas-film forces and the

question of gas~-film stability of the hydrodynamic, Rayleigh-step pad



has not been investigated., Therefore, to ensure a safe operation of
Rayleigh-step, thrust pads, it is necessary te conduct a full-scale nonlinear

study, which is the major ohjective of this work,



IT. GAS FILM FORCES

2.1 Statement of the Problem

The major concern in this section is the determination of the
time~dependent, pressure distribution within the gas film between two
annular surfaces containing a series of Rayleigh~step pockets as
shown in Fig. 1., This problem is formulated within the framework of
the conventional theory of lubrication for a compressible lubricant.
The major assumptions commonly used for gas-lubrication theories are:

1, The pressure across the film is constant

2, The flow is laminar

3. 1Inertia forces are neglected

4, The film is isothermal

5. The flow is Newtonian.

Under these assumptions, the governing equation for a transient,
continuous, pressure field becomes the well-known, transient, Reynolds
equation for a compressible fluid. Varicus analytical and numerical
methods for the solution to this equation have been ocutlined by
Castelli and Peviric (Ref. 13 ). For the present problem, the abrupt
geometry introduced by the Rayleigh pocket makes it rather difficult to
solve the pressure equation by any analytical methods, For this reason,
a numerical method is employed in solving the discretized pressure
field based on the seclution of a system, nom-linear algebraic equations
by the Newton-Raphson procedure. The numerical integration of the
discretized pressure field gives rise to the time-dependent gas-film
forces which are required for investigating the nonlinear response

of this type gas-film to a prescribed forcing function or disturbance

. function.



2.2 Pressure Equation

The discretized pressure equation is derived by considering a flow
balance within an element of the gas film as shown in Fig. 2, The mass
flow rate into the left boundary, AD, and the bottom boundary, AB, are
designated as qq and dge The mass flow rates out of the boundaries,

DC and BC are, likewise, designated as 94 and 9, In addition, there are
mass stored in the volume which is designated as e

Based on the assumption in 2,1, the velocity is parabolic across
the film. Integrating the velocity across the film, one may express
the mass flow rate in terms of the boundary velocities and the pressure

gradients., These can be written as

3 - T,,.= L.
9, = [P wrh - eh -B_RI { i+l 1"’1) (2.1)
1 2 " 1zpr 284, 2
J B>
Uh 3 8., - 8,
q, = | p L~ . & 207 ,’...Ji".l-.........l.:l)r (2.2)
2 (P 2 12y 3rd. , .\ 2 i-%
i-%,]
3 r -,
a, = 'l_p arh _ ph” 3p7 /T4 1-1) 2.3
3 2 " 12 . 2 :
L r 36.5+%’i
U_h 3 8.,, - 0,
a = Mo = . .1013_ .@2} (_J_‘f.'l____.l.'_l-\ r. (2.4)
L 2y Br 4L, 3 2 J itk
- 8,.. -8
_ aCphy Fard T Ty i+l " Yi-1,
% = g \ 2 /Ti ( 2 / (2.5)

The flow balance requires

94 + q2 = q3 + q4 + qs (2.6}



Introducing the following nondimensional variables:

P =2 H=% , R=

Pa

oHlH

and using the equation of state p = £— , Equation (2.6) becomes

[ T=wt ’Q=PH’

and

A=

RT *
O T - NN S GO (O W S
L\ = " IR 28/ N T SV S I 2
'JQ :.]"% ﬂ./Q i 3+12
3 8,,, - 8.
TEE) e s E®) w0 =)
s e
- Ry gy 18T\ Ry iy
_ o (BPH\ A1 - 1-1) r, e]-i-l 8.1 -
TL dT /4 1,7 2 J
Further simplification leads to,
1 (e & - I 20 - ‘& )
o I N 2R ae
1 FE 0 B 5\ "
PR TE DO\ R Rig VT R/, L i
i+l T Tiel ¢ ‘1%, 3 i+, ] -

oPH”
= 28 R
a¢)l’j i

Introducing the following finite difference approximations:

LQ - -

2Q = - -

(BR),-_-% g (Q - Q )/ ®; - Ry )y
Q, . +Q, ._

Q. ., = —tal i,-1

(2.7)

(2.8)
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one obtains a system of first order differential equations in time for
the discretized pressures.

To obtain the exact, time-dependent, gas-film forces, it is necessary
to solve this equation simultaneously with the equations of motion of
the supported mass by an explicit or implicit,numerical procedure for the
initial~valued problems. This procedure necessitates the calculation of
the pressure field at each time interval during the transient, and it is
extremely uneconomical and cumbersome.

In the case of a high, ambient pressure, the effect produced by the
term containing £ becomes insignificant comparing to that by %% s ORE may

oT

neglect the-éz effect, and thus decoupled the gas-film force calculation

ot

from the dynamics of the supporting mass, Ignoring the contribution by

e s the pressure distribution can be solved independently as a function

oT
oH : . ; 9P . .
of H and 37 °F H. The assumption of a negliglble-g; effect is made in the

subsequent analysis. Expanding the terms in Equation (2.7) by using

relations (2.8) one obtains

83Q gt A Wy gt Ay gt (agt gt agtagQ st aQy,

i n .
P31 - . ) )
3
- ¢
where A= H. f -H, | = t 1 at the.end of the pocket,
1>3 1,] 0 otherwise



and
ARy
(a7); ;= (H, )
174,57 200,49 = 8, ) 1,51
AR,
(a)), . =555——= (H, . ;)
274,5  2(8yyq - 854y S,
1 3
(ay), . = = "), .
(2.10)
(81,5 = BT 5T Fi, 1
S A o UG TS MALE ™S B T2
(R, + R, ;)
(ag); . = (H )
5 l’J 4(R1+1 i-l) (Ri - ) 1-;’5,J
R..+R
(2g)i,5 = &R (?% f; -R)(£L '
L, ARy "R DRy - Ry Ity ]

_ N i
(a8)i .= AR, H, = AR y

2 3 i7i i

2.3 Method of Solution

The set of nonlinear, algebraic equations to be solved for the pressure

field, Qi i is
3

¢, .= aSQ

1,3 1,5-1 F 3 "ﬁi,j—l

+ a, + 21
asQ;_q 5~ a3+ a tag +a)q Ly

i,j-1

a1, it A, T R T (2.9)

where Qi . is the implicit function for the node point (i,j). Newton-
?

Raphson method has been employed here to solve these equations.
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Based on this method, Q? can be improved by calculating the dif-
]

3

ference A Qg 3 which is found from first order approximation of Taylor's

expansion for @i 5 Using Taylor's expansion, eq. (2.9) becomes
?

38, n 28, . 3,
§?+}=§{1_+(_u_)ﬂq._ +—tad p "y —tad A"
i,i »J aQ. i,j-1 ° 2Q, i,3 aQi,j+1

i,j-1 i3 1,5+l

3:‘:'3:- " + ;§;'. § + (—1 = --- (2. f)
+(Sam 12 Qs (3B Yol + 0(€) = o ,

From Equations (2. 9) and ( 2.11), one obtains

- §:y - (2 = )AQ:J" + s AQT"']'

. n . . .
Since Qi i are known from the previous iteration, the set of linear
H

simultaneous equations (2,12) are solved for the difference A Qi It by
3

Gaussian Ellmination Method.

The new iterated Q becomes,

ntl v
. . = +
QG =+ bQ

1,3 1,3

and the procedure is repeated until all A Qi i becomes less than a

?

prescribed convergence error,
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A computer-program RSS-FILM has been written to calculate Qi,j’ for
a given nondimensionaless, gas-film thickness H and a nondimensionaless,
velocity ﬁ. The nondimensional, pressure distribution can be obtained by
dividing Q by the nondimensional gas film thickness.H. The horsepower

required to overcome the friction resistance is calculates as

p.uro3 *2 R
T = Jr v dA = — J“ R dRJ = do (2.13)
Rl o
and
P = BE Tx N x 60 (2.14)

63000

Also, the load perpad is obtained by the following integration

kY

W=p_ JA(P - 1)r dedr

R GG+6L

. O
=pr 2.] RdRI (P - 1)de (2.15)
a o
Ri 1]

Figures 3, to 7 show the effects of change in H and H on the pressure

distributions in a shrouded, Rayleigh-step gas pad.
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2.4 Approximation for Gas-Film Foreces

The gas-film forces are shown to be dependent upon H,'%% , and the

following operating and geometrical parameters

Gpwroz
A= 5" = Bearing Parameter
‘P()
a
eL
5+ o, = Step Length Parameter
G L -
2B .
- R = Shroud Width Parameter
o i
21R
§E e ; = Length to Width Ratio
o

Table 1 1lists the gas~-film forces for an apnular bearing surface
containing 20 Shrouded-Rayleigh-Step pads, with geometrical dimensions
shown in Fig. 1 . By plotting data on a log-log scale in Fig.8 &f?ig.zw
it is found that they can be fitted with the following function for a wide

range of dimensionless thickness, H,

c ¢
D S SO

a " h, b g (2.16)
H H

F =

Tables 2 list the approximate,gas-film force based on Eq. (2.16) and
the actual values interpolated from Table 1, The errors introduced by
using the fitted Equation (2.16) are also listed in these tables.

The values for Cl’ 02, n, and n, for the gas-film forces listed in
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Table 1 are found to be

c, = 2.32 1b

C, = 0.76 b, in/sec)
ny = 2.5
n2 = 2.5

The above constants, of course, only apply to the operating and
geometrical parameters shown in Fig.l » For other parameters, a dif-
ferent set of Cl’ Cz, ny and n,, will be required to approximate the
gas-£ilm forces,

Letting H0 be the equilibrium nondimensional gas film thickness,

and defining x as the nondimensionalized displacement from Ho’ positive for

a decreasing of H, the gas film force can be alternatively expressed
as,
G c
o1 2 ax
F o + a, wd 4T (2.17)
- X -
@, - % ° @ -X)

where H = H0 - X



ITI. NONLINEAR AXTAL RESPONSE

3.1 Mathematical Modeling

The main problem in this chapter is to determine the dynamic response
of the stationary ring to any external force excitation or to any disturbances
produced by the rotor misalignment and by the rotor surface waviness.
Knowing the detailed motion of the stationary ring with respect to the
rotor motion, one may calculate time-dependent gap distribution between the
gsurfaces, In general, the dynamic response of the stationary ring is
measured by'the axial translation and by the rotaticns about two mutually
perpendicular diameters of the ring. However, for a stationary ring with
a narrow width and a large diameter, the response in the axial mode is
very weakly coupled with the oscillation in the angular mode. Furthermore,
the equation governing the angular oscillation is very nearly the same
as that governing the axial motion. Thus, it is only necessary to
concentrate the analysis on the non-linear characteristics of the motion
in the axial mode, This reduces the'problem from a complicated, three-
degrees-of-freedom dynamical system to a single-degree-of-freedom problem
for which a more thorough analysis can be afforded. The weak coupling
between the axial and angular oscillation is demonstrated amnalytically in
Reference 14,

Figure 10 shows the mathematical modelling of the non-linear
vibration of the stationary ring in the axial direction., It consists of
a stationaryv ring of mass m subjected to a steady leoad Wg. The back face
of the ring is flexibly mounted to the frame through a soft spring of
stiffness KS and the front face is supported on a very stiff, non-limear

gas-film whose restoring force is represented by the power relations

- 14 -
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formulated in Chapter 2, Eq. (2.17). The major problem here is to
investigate the motion of the stationary ring for one of the two following

conditions:

a, a force excitationm, q cos w_t, acting on the stationary ring.

b
b, a prescribed rotor disturbance characterized by a Fourier series
N
z e_ <¢os nw.t .
n £
n=1

3.2 Equation of Motion

3.2.1 TForce~Excited Motion

The equation of motion due to a force excitation q cos @t is
considered first, Recalling from Eq. (2.16)‘, the force balance on the
stationary ring gives the following equation,

2 C C

dx .71 2 dn
2.5 Hz.s dt

- Wo-i- kgx = q coswgt (3.1)

where kgx iIs small comparing with Wy and other terms.

Introducing the following nondimensional variables

X = 518

T=wft
- We
W= =3
w

C

B = 1
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C.w
2
C =%
e
Q = .
2
*
né(w )

¥
where @ 1s the natural frequency of -the system based on the linearized

equation of Eq. (3.1). Equation (3.1) becomes

—g . 1 [ 1 1 :l
wX + CX —————77 + B - ‘
@ - 025 @ - 123 H02.5

=Qcos T (3.2)

where

3.2.2 DiSplacgment-Excited Motion

N

Consider now the disturbance function Z; en cos nwft resulted from
1

the rotor misalignment, commonly known as the run out, and the non-

flatness of the rotor-surface. The f£ilm thickness H will be perturbed
by this disturbance, and becomes
N

H=H -X+ZE cos n T (3.3)
Q n

n=1

en/
where E = § .
n
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The equation of motion in the absence of the excitation q cos y_t

f
becomes
C C C
“‘dxz*és’ és"gs%%“) .4
dt - Ho ) H™'
N
Substitut{hg Egq. (3.3) into (3.4) and letting X' = X - Ej En cosn T,
one obtains n=1
WX+ cx 1 25+B[ 1 5T - 25_‘
- 1 hd - 1 * -
(I-lo b4y} (H0 X"Y) Ho
N
= o T (3.5)
=/ Qn cos n .
=1
where
2 —2
'=
Qn n  w En (3.6)

Equation (3.5) is identical to (3.2) with the exception that X, and
N
Q cos wt are replaced by X' and Zj Q'n cos nT respectively. Thus, the

n=1
solution for the force-~excited oscillations is also applicable to the

displacement-excited motion provided the proper substitutions are made

L d ) R
for X' an Qn

3.3 Linearized Solution

If the motion of the stationary ring is such that the resulting
gap variation, H - Ho’ is only a small fraction of the equilibrium film
thickness Hb’ the response can be estimated from the solution of the
linearized equation about the equilibrium film thickness Ho' Linearizing

Eq. (3.2) for the force-excited motior, one obtains
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-2 C s
w X+ X+ X=Qcos T (3.7
q 2.5
o

Similarily, linearization of Eq. (3.4) for the displacement-induced

motion leads to

-2 X-+-Jl——- X+ X=¢€cos T (3.8)
w H 2.5

)
Egs. (3.7) and (3.8) are clearly the standard, damped vibration equation

for a single mass, and its solution can be readily written as

_ Q
A= - o 5 11/2 (3.9)
1-w) + 3|
[ H —
o
1 a - TUZ)HOZ.S
o = tan G G.10)

where X = A cos (T = o)

3.4 Non-Linear Solution

Twoc methods have been employed to obtain the non~linear response
characterized by the solution to Egs. (3.2). The first is the metheod of
Galerkin. (Ref.18) which gives an approximate solution to the nonlinear
equation. The degree of approximation is governed by the number of terms
considered in the assumed function in the Galerkin procedure. The second
method is the direct, step by step, numerical integration using a

Runge-Kutta procedure. Details of these two methods are given next.

3.4.1 Method of Galerkin

The non-linear equation in question, Eq. (3.2), can be represented,

implicitly as


http:Galirkin.(Ref.18
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3

£(X, X, X, T) = 0

where

f=atx+ EEE . B qesT=0 (3.11)
H - X7 ;S
o
According to the method of Galerkin, one may assume that the unknown
response X(T) can be represented approximately by a truncated Fourier

series,

a cos nT+ b sin nT (3.12)
n n

] 2

=0

The substitution of (3.12) into the differential equation gives

arise to the residue function,
R(T) = (X, X, X, T) (3.13)

The R(T) will not vanish unless X(T) exactly satisfy the differential
equation. The Galerkin method provides a set of equations by which ome
can solve for the constants a and bn for which the residue function will
be made extremely small. These conditions are obtained by requiring that
the integration of the residue function as weighted by each individual
Fourier component (cos nT or sin nT) be made equal to zero. Stating

mathematically, one obtains,

1121':
J R{T) cos nT dT = 0
Q
(3.14)
21
j R(T) sin nT dT = 0
Q

forn=0, 1,2,,..N
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where
N
R(T) = 2 - -032 1‘12(.3n cos nT + bn sin nT)
n=0
N
Y .
B + CLn( an sin n'l‘-H:\n cos nT)
= B
+ 2 0 - =27 (3.15)
r - _l5/2 Ho
B -~ (a cos nT + b sin nT)
Lo . n i) 1
n=0
-~ Qcos T

For N > 1, integration of Equation (3.14)} involves definite integrals
of ~ % th power of the Fourier series., A gallant attempt was made in
reducing these integrals in some manageable form, but was unsuccesful,
Thus, the inclusion of any terms beyond N = 1 was not made,

For ¥ = 1,

X

a + a, cos T +b1 sin T (3.16)

Further cimplification is made by representing X with

X=Acos (T - - Ao (3.17)
where
A =-a
0
2 2,172
-
A (ay +b1 )
b.
-1 1
o = tan 1.



Substituting (3.17) into (3.14), one obtains

W2~ _ .
J !-LUZA cos T + 5 ChA sin T
o & WZ.Sr A 72.5
[Ho + Abj Ll -5 & A cos TJ
o o}
1
- Q(cos w cos T - sin w sin T)] sin T dT = 0
cos T

Integrating Eqs. (3.18) and noting the following relations:

2T cos T
J ein T ar = 0
e} sin T cos T
2T coszT
J sinzT T = =
o
27 sin T cos T ar = 0
j 572
o /1 . S cos T)
\ H + A /
o o
271 sin T _ dT = 0
[ e—
0 1l - =SS opg T)
\ H + A 7
o 0

Equation (3.18) reduces to the following algebraic equations

B
- A w2 + “.11 - Qcosao=0

_cA

p 14 + Qsing =20

15 - 2nt=20
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(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)
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where
I
2 ¢
Il = -]-)_J S1 cos T dT (3.26)
1%
I
22
r ==21{ s sin®TdT (3.27)
& Dy 2
G
I
m 27 3
15 =5 dl Ssz (3.28)
1 o]
1 (=N 1
= 25 1+ J 2.5 (3.29)
2 11 - A cos T) l{].'f‘ A cos T‘]
H + A \ H + A /
o o o
_ 5/2
Dl = (Ho + Ao) (3.30)
Eliminating o« from (3,23) and (3.24), one obtains a system of two non-
linear equations to be solved for A and Ao. These two equations are
BI 2 CATI, 2
= (L _ ,72 4 2
F(A,A) = ( =% + (5 ) -df=0 (3.31)
G(A,AO) = IS - 21'r:= 0 (3.32)

Using Newton-Raphson procedure, the successive corrections A 4, A Ao can

. . oF JF oG oG
be expressed in terms of F, G, =—, =——, —, and ——, evaluated at the
oA aAo 34 aAo

last interates of A and Ao.

'
rz}

o/ la/
bl"j

(3.33)

5
FE



oF

S
b A =% o4

L ¢

dA

oF oF

dA oA,
where A =

96 o6 _

A 24

BT ol CZAI
E—Z(——l-A—z)(E——l—?uz‘+2 4
A T ﬂ T DA 2
o

Yt W AP e B S
34, T T 3A 2 4 3A
o _ s
2A - 3A
e %
oA~ A

I, + Ao
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(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

The differentials of nonlinear integrals can be derived from equations

(3.36) - (3.28). They are

ki
ol 2
Lol s [cos? }
A D, 5 Jcos T SBdT~
£ (8]
i
ol r 2
SE% = :% 5 [ cos T SadT}
3] 2 Yo

(3.40)
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Equation (3.40) cont'd,

k1)

?I 2

Ta L5 [

SA D2 5 J sin T cos T Sl}dT}
0
n

ol 2

S4 2 fs Mo !
SA D2 5‘[051:1 T S3dT

i1l
1, Hoz.s { 3 .
—_— = S <5 cos T 5 dT
oA 1')2 .Jo 3 JL
I
31, HDZ‘S{ 2
3 s s dT}
34 D, JO 4
Ny 3.5
where D2 = \Ho + Ao)
and
{33} B 1 { -} 1
S h . 3.5 + 3.5
(\‘1-H+ACOST) 1+H+Acos'1‘)
[v} [s] (o] [»]

Being -provided with values of 4, and A, o can be solved from Equations

(3.23) and (3.24) as

CAL

o = tan ! = {(3.41)
Bl, - TA ®
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A computer program has been written to solve for A, Ao and o, from which,

X and X ., can be determined by
max min
Xﬁax =4 - Ao
(3.42)
Xmin = -A- Ao

The integrals II’ 14, I_ and their derivatives with respect to A and

5
A0 are evaluated numerically. Tables have been prepared for various

values of A/(H0 + Ab) varying in the range, [0,1] at intervals of 0.01.

3.4.2 Direct Integration

The step-by-step numerical integration of Eq. (3.2) is achieved by

splitting it into two first order equations:

X=Y
¥ = éE E g 5 - Bt Cg 3 + Q cos Tj
w TH T (H - X7
o o
( Ref. 16 )

The popular Runge~Kutta method , has been employed in obtaining the
solution for X and Y with a given set of initial conditions XB’ Yo. The
response is represented by the trajectories in the phase space plot (X,Y).
The response is considered to have reached a steady state if the trajectory
approaches a limit cycle, which could be a single or multiple-looped cycle.
A library subroutine at the Vogelback computer center has been used for
this numerical integration, Fortran listings for the Computer program,
RSGALN, which calculates A, Ab’ and by the Galerkin method, and the
computer program, RSRKIT, which calculates the trajectories in the phase

space, are included in the Appendices and
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3.5 Results of Non-Linear Response

The results of the nonlinear response are presented in two parts.
The first part is obtained from the method of Galerkin one-term approxi-
mation, and the second part from the Runge~Kutta direct integratiom.
Since the gas~film is an unsymmetrical spring, i.e., the relation between
the displacement and restoring force is not symmetric with respect to
the equilibrium position, the amplitude of response during an upstroke
is different from that during a downstroke. During an upstroke, the
gas film stiffness is softer, and the amplitude is greater than that during
a downstroke when the gas-film is considerably stiffer. For this reason,the
response in the upstroke and downstroke are plotted separately against

the non-dimensional excitation frequency in Figs. 11 to 19 .

3.5.1 Results by Method of Galerkin

Referring to the equation of motion, Eq.(3.2",it is seen that the
parameters affecting the dynamic response are:

C

B = stiffness parameter = —-—;;—E—
mb{w )
Coe

C = damping parsmeter = =
m
h

H = static-film parameters = °/%

Q = foreing intensity parameter = -*ij;"E
mS6(w )

- wf/ +*

w = frequency parameter = w

The general characteristics of the upper and lower amplitudes as
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a function of excitation frequency are illustrated in the sketch below.

The  wnonlinear response based on one-term Galerkin method is shown as

solid lines except with a small portion of the unstable oscillations,which

are shown as dotted lines, The dashed lines show the response predicted

from the limearized solution. In the region AB, the excitation frequency

%
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is smaller than the natural frequency, uf, based on the linear theory,
and the non-linear solution predicts a smaller lower amplitude but a
greater upper amplitude comparing to the linear response. As we increases
to the region BC, the non-linear theory yields three possible solutions,
one along the path BC, one along the path B'C, and another one along the
path B'C', The solution along BC is in-phase with the forcing function
and is the most stable mode of respomse; the solution along B'C is un-
stable and only exists mathematically; and the solution along B'C' is
out-of~phase with the excitation and is less stabhle than the solution along
BC., For excitation frequency beyond the region BC, the characteristics
of the non-linear response are similar to that of the linear response in
the region where wg > d*. In this region, the pad is insensitive to
the excitation and would not track any disturbance introduced by rotor
runout o©Or waviness,

The non-symmetrical nonlinear gas-film produces a response charac-
teristics which resemble more to the response due to a symmetrical,
soft, nonlinear spring, for which the resonance cccurs at a frequency
considerably lower than the natural frequency based on the linear theory,
This correlation is really not surprising, since the mean position of the
oscillation shifts to the region of softer stiffness, and the nonlinear
oscillations are dominated by the softer part of the gas-film stiffness.

Fig. 11 shows typical respomnse curves for the following dimensional

parameters:

h

O

0.0005 inches

5 0.001 inches



- 29 -

m =0.2 slug or 6.44 1bm
C1 = 2,32 ib
¢, = 0.76 10,00, ey

q =1,2, and 5 1b

The corresponding ,non~dimensional parameters are listed in Fig.1ll .
The inward bending of the resonant peak in the region‘a < 1 is clearly
visible in all three cases, Fig.1l2 shows the effect of increasing the
mass of the pad from 0.2 slug to 1.0 slug. The increase in mass does

not alter the parameters, B, Ho’ and Q, since (w.*)2 is inversely pro-
portional to m. The only parameter affected by changing of m is the non-
dimensional damping parameter. A five fold increase in mass is equivalent

to a .5 times reduction in the effective damping factor C The more

2
peaky response near the resonance is clearly visible in Fig.1l2 when the
mass is increased by five fold,

Figs. 13 and 14 shows the effect of increasing the equilibrium film
thickness from 0.5 to 0.75. The natural frequency is reduced sharply by
the increase in the film thickness, and the level of response is also
much greater with a thick film than with a thin film for the same forcing
function.

To investigate the effect of damping the value of C2 has been doubled
and halved from the case shown in Fig, 11 . The curves in Fig. 15 show
that when the damping is doubled, the response near the resonance is
considerably suppressed. The opposite effect is introduced if the damping

is halved as shown in Fig. 16 .
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3.3.2 Results by Direct Integration

Both the upper and lower amplitudes obtained by using the step-by-
step, Runge-Kutta, direct integration are plotted against the excitation
frequencies in Figs, 17 and 18 . A case of heavy mass, small equilibrium
film thickness, and large excitation force has been selected to illustrate
the nonlinear effects. The linear response curve and the approximate
nonlinear response by Galerkin method are also plotted as dashed and
dotted lines for comparison. It is seen that the agreement between the
Runge-Kutta results and the Galerkin results is good near w=1. This
clearly shows that even with one term approximation the Galerkin method
¥ields a reasonably accurate prediction for the synchronous response.

For o < 1, the Runge~Kutta results show a series of superharmonic reso-
nances at E;approximately equal to 1/2, 1/3, 1/4, ete. The magnitude of
these superharmonic amplitudes is, of course, governed by the damping
factor. |

Fig. 19 shows the trajectory im the phase-space plot for condition
near the second superharmonic resonance. The final limit cycle forms a
two-loop orbit showing typical characteristics of a superharmonic respomse,
Other trajectories at the third and fourth superharmonic resonances are
also shown in Figs. 20 to 22 . A subharmonic resonance is also found
for w~ 2.0, but the amplitude is small and harmless. The Characteristics of

the phase space trajectories near Q=1 are plotted in Figs, 23 to 25.



IV, STABILITY OF AN INFINITELY-WIDE RAYLEIGH-STEP VAD

4.1 Statement of the Problem

It is well known in hydrodynamic lubrication that a dynamic system
involving any fluid-film supports may, under certain conditions, encounter
detrimental self-excited oscillations commonly known as dynamical instability
of fluid-film bearings. The gas-film bearings are particularly susceptible
to this type of instability. The fractional frequency whirl of a
shaft supported on gas-bearings and the pneumatic hammer in externally
pressurized gas-bearings are two of the prominent examples of the fluid-
film instability. For journal bearings, the gas-film instability usually
occurs 1f either the rotating frequency or the supported mass becomes
large. There have been considerable data availabie to predict the threshold
speed or critical mass of the journal bearing, - ~ _ However,
for gas-lubricated thrust pads, the problem of instability is relatively
unexplored, Since present trends in gas-bearing are always toward higher
and higher speeds, it is important to determine whether there exists any
stability threshold associated with a gas-lubricated,thrust pad.

This chapter is devoted to the stability analysis of a thrust pad
with a Rayleigh-step. The geometry of such a thrust pad is shown in
Fig.26 . In order not to impose excessive burdens on the analysis, the
assumption of an infinitely wide pad has been made. Moreover, the motion
of the pad is assumed to be restricted in the transverse direction only.
With these two assumptions, the problem is reduced to the stability of a
single-degree-of-freedom dynamical system with restoring pressures
governed by a partial differential equation in space and time,.

- 31 -



- 32 -

4.2 Governing Equations

The one-dimensional, time-dependent pressure distribution is governed

by the Reynolds equation,

jL_( 33py o a(ph) a(ph)
5w B 53) = 6uu SE 4+ 12 S (4-1)
where h = § + ho + e(t) for 0 < x < B1
h=h + e(t) for B, <« x < B
o 1

e(t) is the upward motion of the pad.

The boundary conditions for Eq. (4.1) are
P=7P, at x= 0 and x =B (4.2)

The equation governing the pad meotion is,

2 B

02| (p-plax-w (4.3)
dtz JO a o]

where m is the mass per unit length of the pad, B the length of the pad,
and Wb the static load imposed on the pad. The dynamic system represented

by the coupled equations, (4.1) and (4.3) are to be investigated for the

stability for an equilibrium position.

4,3 Method of Solution

~

The time-dependent, nonlinear, pressure equation, Eq. (4.1), is
difficult to solve analytically. A numerical approach has been used here
in solving a set of discretized, time-dependent, pressures along the

coordinate X.

The discretization of pressure is achieved by considering the flow
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balance in an elemental volume within the gas film as shown.in Fig. 26 for
the i-th element. The flow rates in and out the element are respectively

q; and q,, and

= (- op, 1 2
4 ( ax+ ph)i-
(4.5)

92 =\ 124 ax 2 ph)i+.£

where ul = 1 and u2 =0

Considering the flow balance,

qq ~ 4, = rate of mass stored within the elemental volume

It follows,

3 3
- (sz_ .QP.) + (.eb._ 2Py

+

2 [(ph)i-% - (Ph)i+%]

ar b%in Axy
=3t Lpi(hi-% 5 T hiy S )] (4.3

Using the isothermal relation,
% = R Te = constant {4.6)

Introducing the non-dimensional parameters,

p/pa

P

4.7)

X="/8


http:shown.in
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Equation (4.7) cont'd

h h
H=~—=

& h2 - h1
A = 6 B;J

8

Pa

12 sz
o = =5

p.b
T = vt
v = excitation frequency

(3P

and using the following finite approximations for ST P:i.-%’ i-y
A i-;z’

P, - P, P, - P

_ag) - _i i-1 _ "4d i-1

D7 S A

P, . == (P, +P, .)

i-5 -2 YT i (4.8)
H, =+ (0, +H ,)

i~y 2 Y4 i-1

the discretized pressure equation becomes

1 / 2 2 1 / 2 2‘
anx Vot "% ) By mamx T B " Pia) B i
1 i-1

" ARy PR, FH) AR P W +H )

— ..@ r) -] 1 __é ;- 1 -'L -

O Gr e TR ARyt i By ) A K (4.9)

where
By g = (g + 1) (4.10)
s,i  \ i+l i/



where A =
1

and

Pl,o
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(4.17)

(4.18)

Since the algebraic equations (4.16) are nonlinear, Taylor's expansion

is used to reach the following simultaneous equations for A P,

A
i

where A,
i

Equations(4,19) are inverted directly for successive A Pi

- @i(Pi,

(Ai + a
(Bi + b°

(. +¢
i 0

convergence is treached.

)

0

+1i,0

o,iPi+1,o

P,

YA

Pi+1,o

(4.19)

until the
o


http:Equations(4.19

In equation (4.9), both the discretized pressure P
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n and Hi are dependent

on time. For transient studies, they have to be solved simultaneously with

the dynamic equation of motion, Eq. (4.3). However, for small oscillations

and stability analysis, the variation of B and P with time can be con-

sidered as small perturbations about the equilibrium solution, H and L

These small perturbed quantities can be expressed as

B (T,X) = Hi’o(X) + e(T)

2, (T,X) Pi’o(X) - (D Pi,c(X)

where ¢ = e/ﬁ

g
|H-l << 1
1

(4.11)

(4.12)

The minus sign in (4,12) is due to the fact that an increase in

thickness leads to a decrease of pressure of the gas film., Substituting

(4.11) and (4.12) into Equation (4,9), the equilibrium equation and the first

order perturbed equations can be obtained, They are

1 f 2 2 1 f[o2 2
P - -

ah X, (‘i+1,o 1,0} HS,l 4A X \Pl,o Pi—l,o) s,i-1
- r

A ‘Pi+1,o + Pi,o)(Hi-i-l,o + Hi,o) + A (Pi,o +P —1,0)(Hi,o + 1—1,0)
=0 (4.13)

and

(Pi+1,oas,i + an,i)Pi+1,c + (Pi,obs,l + bn,i)Pi,c
+ (Pi-l,ocs,i + Cn,i) - di
Sl 7
i~ Pi,ofi + eiPi,cJ (4.14)
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where
aS,l = BI:SX:::- ’ an,:L = l-;: (Hi+1,o + Hi,o)
cs,l _-B%L%ih ? cl‘l,l = % (Hl,o * Hi-l,o)
bS,l = aS,l - cs,i ? bn,l - an,:l. + cn,l

1 2 2 2 2
i 4A X1 (Pi+1,o B Pi,o )(Hi-i-l,o + Hi+1,0Hl,0 + Hi,o )

1 (o 2 _ 2)( 2 2)
40 X, 1 \Pi,o Pi-l,o Hi,o + Hi,oHi-}.,o + Hi-—l,o

A
) (Pi+1,o - Pi,o)
e. = 2w +H JAX 4+ (L +H . JAX .|
i 4 LVil,0 i,o i i,o i-1,0 i-14

o)
£, o= -3 (AKX 3+ AX) (4.15)

1
Equations (4.13) are nonlinear simultaneous algebraic equations for
the pressure distribution Pi o They are solved numerically by Newtomn-
2

Raphson method. The boundary conditions are Po( i,m ) = 1. -

Rewrite equation (4.13 ) as

éi(Pi’o)= AiPi+1’o + BiPi,o + CiPi-l,o = 0 (4.16)

for i = 2,...,n ~ 1,
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After the equilibrium pressure distribution is found, Equatidns
(4.14) are solved for the first order pressure distribution, Pi o

In Equations (4.14), both Pi c and ¢(T) are complex quantities, and they
>

are assumed to be

(4.20)

and

e e el (4.21)

The boundary conditions are Pi e = 0 at entrance and exit, which gives
>

Pl,R = Pn,R = PI,I = Pn,I =0 (4.22)

Substituting Eqs. (4.20) and (4,21) into Eq. (4.14), one obtains a

system of 2n ~ 4 simultanous, linear equations,

X X =
Aart, % T A% T A% T Ane2,s B2 T B
- 4.23)
for i= 1,.00..-. n_z (
A, + L +A, . X, =D,
i-n2,3 X:i.--}:r!-2 * A:F:!-l,i X:H-l Ai,i Xl i-1,1 "i-1 i
for i = n"l,oooocogzn-é
In the abDVE-, A and- X- fer i-= 1,..00.-.., n-2 are defined by,
i =i+
Air1,1 ™ Pi1,0%,5 T 2,5 > X1 T PR
, ., =P. b .+ Db . X =P
i,i js078,] n,j ? i+1,R. (4.24)
Ai"lai - j"l,O Ssj ¥ CHSJ ? xl'l = Pi,R
Aitn-2,1 %5 > Kipne2 T Pislx
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and for i = n - 1,...,2n - &, they are defined by,

j=i-nt3
= X =
Ai41,1 7 Bil,0%,3 T %n, ° i+ T Py 1
A, . = b, s X, =p
i,i 3,0 8,1 n,j i “i-n#3,1
X .
Ai-l,l j-l,0 8,j + Cn,J : i-1 Pi-n+2,1 (4.25)
X =
Biomr2,1 T 7 8 © o fenr2 T Fiema R
D, = £,P,
1 1 3,0
The boundary conditions become
X =P =0
o LR for equations with i = 1, (4.26)
n - 2, respectively )
Xﬁ-l = Pn,R =0
and
X =P =0
n-2 1,1 for equations with i = n - 1, (4.27)
2n - 4 respectively ’
in_3 = Pn,I =0

These simultaneous equations (4.23) can now be solved for [X] vector
by direct matrix inversion. A computer program has been written to solve
for Pi,o and Pi,c for different real values of v, and the Fortran listing
of this program is included in Appendix D.

Once the real and imaginary part of the gas film pressure are determined,

the integration of P,

i,R and Pi,I gives respectively the in-phase and
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1

out~of-phase bearing forces. The in-phase forca J PR dX, can be interpreted
0 al

as the stiffness of the film, whereas the out-of-phase, j PI dX, represents

0
the damping factor of the film, It should be emphasized that both the

in-phase and out-of-phase perturbed pressure are dependent upon o, or

the excitation frequency v of the mass., The frequency-dependent charac-
teristics of the gas-film reactions is a direct consequence of the inclusion
of the term-%% » The use of these frequency-dependent bearing forces in

determining the dynamic stability of the gas-film and pad system is des-

cribed in the next section.

4.4 Stability Criterion

The stability of the gas-film and pad is governed by the equation of

motion, Eq. (4.3), which, in its non-dimensional form, appears as

d2 pB 1 W
__§ - 8 3 J (P - 1)dX - 02 (4.28)
aT méy “o mdv

Recalling the pressure is the summation of the equilibrium pressure,Po,

and the dynamic pressure, - ePc, one obtains

pB 1 W p B 1
a “ o] a
3 J (P - 1)dX - 7= - 5€ J P dX (4.29)
méy o m & mbv o€

It follows that

2. .2 1
/msg)fl..g.ﬁuej PdX =0 (4.30)
pa daT o ¢

Mathematically, Eq., (4.30) represents a free oscillation problem which
contains stiffness and damping factors depending upon the frequency of

the oscillations. A direct approach in determining of the stability of this
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single-degree of freedom problem is to look for the eigenvalue of this
system. If the real part of the eigenvalue is negative, the system is
stable; otherwise it is unstable. If the eigenvalue is purely imaginary,
then the system is at its threshold of instability.

Alternatively, one can also determine the stability thresholds by

assuming that the eigenvalue is a purely imaginary number and inquire what

méy

would be the mass parameter, E~E—,
a

for a purely imaginary eigenvalue.

Let the eigenvalue be represented by A + jv, and for a pure imaginary

eigenvalue, A = (0, It follows that

vt iT

g = eoe = eoe . (4.31)

Substituting %q. (4.27) into Eq. (4.26), and separating the real from the

imaginary part, one obtains

1

j P (V)X = 0 (4.32)
(s

W1 2

" (wyax - 2 _ g (4.33)

Jo R paB

where PI(v) and PR(v) are solutions of Equations (4.23) for a given value

of v, The pure imaginary eigenvalue v may be datermined by evaluating the

1

integral, J PI(V)dX s for various values of v until the integral changes
o)

its sign. The exact eigen frequency v may be calculated by a linear
interpolation. Once the eigen frequency is found, the critical mass at the
threshold of instability can be determined by Eq. (4.28), and

paB 1

m = ""iJ P (V)X (4. 34)
v ‘o
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Equation (4.29) predicts a quantitative value of the critical mass,
but does not furnish any information on which side the stable region lies.
To determine the region of stability, one may use the criterion developed
by Malanowski and Pan(ref,. 17). Their criterion can be stated in the
following manner.

Stability Criterion - The system consisting of a thrust bearing of mass, m,

with Rayleigh Shrouded-Step Seal is in a state of self-sustained oscillation
at frequency Vv whin and only when the out-of-phase component of the
bearing reaction, f Pl(v)dx, vanishes, and when the mass, m has the
critical magnitude zo be in resonance with the in-phase bearing reaction,
Equation (4.28). The system will become unstable if the mass exceeds the
eritical value provided the out~of~-phase bearing reaction increases with

the frequency in the algebraic sense in the neighborhood of the critical

frequency ¥, , and conversely.

4,5 Results

The steady state pressure distribution, Po’ has been calculated

numerically for the following parameters:

B1/B = 0.5, and 0.75

He2= 0,5 and 0.75

on

A= él"l’% = 8.4, 42, and 100

paﬁ

The resulting pressure curves are plotted in Fig.27 , and they are in
excellent agreement with the analytical solution provided by Kochi { Ref, 6)
This comparison confirms the accuracy of the present numerical solution

of the steady state pressure distribution,Po.


http:Pan(ref..17
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For each steady-state pressure distribution, the dynamic pressure
distributions, PR and PI are calculated for a series value of o. Figs.28

to 35 show a typical series of the dynamic pressure profiles for Bll B= (.5

and 0,75 , H= 0.5, and A = 42, For small excitation frequencies, the
real part of the dynamic pressure is dominated by the bearing parameter A,
and the profile is similar to the static pressure distribution, and is
relatively independent of ¢. As ¢ increases, the pressure distributionm,
PR’ becomes slightly wavy at both edges. The waviness penetrates deeper as
¢ further increases. As ¢ approaches infinity, the effect of A disappears,

and P approaches the asymptotic solution,

Bplg s o=

O:I%Io"d

(4.35)

The imaginary part of the dynamic pressure takes a wavy pattern even for
small values of . For o approaches infinity, the values for PI vanishes
throughout the entire region.

The in-phase and out-of-phase forces are plotted as a function of
o in Fig. 36 , and also listed in Tables 3 to 5., It is seen that for small
or moderate values of A, the out-of-phase force never becomes negative.
This indicates that for nearly incompressible cases, there exists no stability
threshold, and a2ll equilibrium solutions are stable. As A becomes ex-
tremely large, the out-of-phase force does become negative at a fairly
high value of g, This crossing-over of zero line indicates that for a
highly compressible film, there does exist a stability threshold, and the
gas film will exhibit a self-excited oscillation at a fairly high frequency.
Moreover, the criterion in Referemce 16 suggests that the stable region
lies in the area where the mass of the pad is greater than the ecritical

mass calculated according to Eq. (4.34).



V. SUMMARY OF RESULTS

1. The gas-film restoring forces in a Rayleigh-Shrouded-Step thrust
pad can be determined numerically by solving the discretized time-dependent
Reynolds equation with irregular grid-spacings to account for any abrupt
changes of pressure at the step and at the exit edge.

2. Foxr conditions of high ambient pressure, for which the term of
h %% can be neglected in comparison with other terms at the right side of
the Reynolds egquation, the gas-film force is found to be approximately
inversely proportional to nth power of the film thickness and directly
proportional to the squeeze-film velocity. The exact value of n is a
function of the step geometry. In general, n lie between 2 and 3.

3. 7The axial, non-linear response of the Rayleigh-Shrouded-Step
pad to a sinuscidal, axial forcing function or a sinmusoidal disturbance
due to the rotor misalignment or surface waviness can be determined by
one of the following two methods:

é, By assuming the response to be a truncated Fourier series
in multiples of the excitation frequency, the Ritz-Galerkin
procedure can be employed to predict the non-linear behavior
of the pad motion,

b, By integrating directly the equation of motion of the thrust
pad using a step-by-step, numerical routine, the Runge-Kutta
procedure.,

4, Results obtained by using the Ritz-Galerkin method with the
first harmonic terms show considerably departures from the linear response
curve as the Ffrequency approaches the resonance based on the linear theory.
The asymmetric spring characteristics of the gas film result into a non-
linear response similar to that caused by a symmetric, soft, non-linear

- 44 -
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spring. The resonating peak bends inward and occurs at a frequency less
than the resonating frequency based on the linear theory. The peak can
be suppressed by decreasing the mass, increasing the damping, and increase
the stiffness,

5. Results obtained by the step-by-step direct integration confirms
the approximate solution in the vicinity of the resonance. The direct
integration also predicts a number of additional peaks at frequencies less
than the resonating frequency known as the superharmonic resonance.

6. The gas~film instability of an infinitely-wide Rayleigh step
thrust pad canbe determined by solving the complete, time dependent,
Reynolds equation coupled with the equation of the motion of the pad.
Results show that for bearing numbers, A, up to 50, the Rayleigh step
geometry is very stable, and no stability threshold has been discovered.
For ultra high values of A 2 100, a stability threshold is shown to exist,
and the stability can be achieved by making the mass heavigr-than the

critical mass.
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TABLE 1

GAS FILM -FORCES (1bf)
d = 6,46 ins d., = 5.96 ins
[a) 1
§ = 0,001 in (step)
w = 277 rev./sec,
Pa = Po = 315 psia.: Ambient Pressure

B in 2.0 1.5 1.0 0.75 0.50  0.30  0.20
dh/d
-1 in/sec., 0.50635 1.10134 3.2606 6.995 19,949 65,138 139,729
-0.5 0.45104 0.97913 2.8878 6,1765 17.499 56,041 115,531
-0,25 0.42338 0,91801 2.7015 5,7667 16.275 51.529 103.734
+0,25 0.36806 0.79580 2.,3290 4,9477 13,833 42,576  8(0.750
+0.5 0.34040 0.73470 2,1428 4.5384 12,615 38.135 69.559
+1 0.28509 0.61250 1.7704 3,7204 10,182 29,325 47,778
0 0.3957 0.8569 2.515 5.357 15,06 47.124 92,8
Form Fao

8 = 00,1106 0.25444 0.7450 1.6380 48836 17.907 45,975
ﬁz" ﬁl

1b_=- sec
bo=6x 1070 —k
in
A = 8,30076
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TABLE 2

LOAD (1b f) CALCULATED AND ERROR OCCURRED (%)

\Pin 2,0 1.5 1.0 0.75 .50 .30 0.20
h in/sec)
-1 0.544 1,116 3.08 6.33  17.403 62,7  171.2
+ 1.5%  + L.A4S% - 5.53% - 9.5% - 12.5% - 3.7% + 22.5%
-0.5 0.477  0.978  2.70 5,55  15.28 S54.95 150.1
+ 5,78 - 0.1% - 6.5% - 10.1% - 6.29% + 6.65% + 30%
-0,25 0.4435 0,909 2.51 5.16 14,205 51.075 139,05
+4.78% - 0.98% - 7.07% - 10.5% - 12.3% - 0.89% + 33%
+0.25 0.3765 0.771 2,13 4,38 12,055 43.325 118.95
+2.36% - 3.01% - 8,25 - 11,5% - 12.9% + 1.76% 47.4%
0.5 0.344 0,703 1.9 3.99 10,98 39.45 107.9
+ 1.18% - 4.22% - 9.35% - 1L.8% - 12,9% + 3.46% 55.2%
1 0.276  0.564 1.56 3.21 8.83 31.7  86.8
- 3,15% - 7.85% - 11.85% =~ 13.7% - 15% + 8.2% + 82%
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20
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300
450

10
50
100
200
300
500
2 x
10

10
50
100
200
300
500

10

DYNAMTC BEARTNG REACTTON FOR

TABLE 3

. 13373
21003
.27600
. 24248
.18121
.12761

.005975

A

.057536

11984
.020667
.031105
.26865
.37916

.079279
.045201

.05897
.28043
47831
47977
. 13904
-.12737

A

2

42

[

= 100

- 50 -

0.5

1

jo PR§X
1.1836
1.2694
1.4097
1,5930
1.6590
1.6887

1.5018
1.5144
1.6844
1.7192
1.5013
1.5269
1.8392
2.0095
2,0296

1,0295
1.1019
1.3014
1,7884
1.9829
1.5789



10
50
100
200
300
500

10
50
100
200
300
500

10
50
100
200
300
500

TABLE &4

DYNAMIC BEARING REACTION FOR

B./B = .75 H, = 0,75
A= 8.4
1 1
P
1 PIdX .Jr PRdX
[»] [»]
.15200 .55179
.16382 ,78737
.15032 84853
.14273 .92439
.12283 .96835
.08910 1.0045
A= 42
.009264 61777
.090506 .63251
.27479 .86727
17722 1.0606
.052296 1.0238
.10195 .99666
.15700 1.0797
A = 100
. 004522 46999
.045139 47216
.21611 .52320
.37708 .66548
42895 1.0325
.22267 1.2315
-.036699 1.0725
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10

50

100
200
300
500
800

10
50
100
200
300
500

10
50
100
200
300
500

DYNAMIC BEARING REACTION FOR

31/3 =

1
o

. 04398
40067
.65404
« 34743
17872
. 14173
. 10469
07845

.00519
05146
.22100
.38003
.66419
.65252
. 225427

.00727
.07261
34848
61342
.73899
49508
.29231

TABLE 5

0.5 HZ

A = 8.4

J P dX

A = 100

- 52 -

= 0.5

rt P dxX
Yo R
9242
1.0473
1.9523
2.,2234
2.2381
2.2543
2,2785

2,2960

2.3313
2.3349
2.3947
2.4791
2.7731
3,1907
3.3674&

1,9138
1.9170
1,9943
2,2089
2,7584
3.0561
2.8927



,=3.23 in
=2.98 in

3=0.00! in (step)
w=1740 rad/sec

4 ol=;20.08
| low high ot T
pressure pr%ssure p=p =315 psia
a o]
al BT A A=83007s
Y : g,=109°
\ 8L=5'32°

_

-

View A=A View B-B

Figd The geometry of a shrouded, Rayleigh-step
thrust bearing
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Fig2 Flow balance around a typical grid point



8 =(6r-8)/(6r6&)
Fig 3 Pressure distribution for he-lips,Hme= 0.5
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F=(r—n)/(r—n)

8=(8,—8 )/(6,— 8;)
Fig 4 Pressure distribution for h=Lips.Hms =0.5
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T=(r-n y/ (p—n)
1.O10 +

IIOOB-

1.006

1.004

1.002

.00

6= (g, — @ )/(o.-:-e.)

Fig. 5 Pressure distribution forh=-1.ips. H,.=1.



- 58 -

T=(r=n)/(k-n)
1.010 ¢
P L
1.008
1.006
1.004 -
1.002 |
- r=0.
1.00 t . S
0. 02 04 06 08 =10
- 8=(8:—6)/(61=62)
0.998l Fig 6 Pressure distribution for h=l.ips.Hs=1.
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Fig.8 Variation of static, gas film force (H=0)
with the normalized” film thickness
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H,=0.5
m=0.2 slug.
@¥=1984 rad/sec
Q=0.076
Q=0.0304
Q=0.0152

031

Q=0.076 .
I linearized

prediction
04t \ l

0.5+ \ I

Figil Nonlinear response for Hg&OS5, m=0.2 slug
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u*=887.94 rad/sec

\‘/Vlinea.rized
prediction
\

051

Fig.I2 “Nonlinear response for Hs0.5, m=islug
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J=976 rad/sec

Q=00634
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075t
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prediction

Fig.l3 Nonlinear response for H=0.75, m=02slug
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Fig.14 Nonlinear response for Ho=0.75, m=Islug
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Fig.l5 Nonlinear response for
He=0.5, m=0.2 sfug,C =152 lb:f%nﬁsec)
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wMf=1984 rgd/sec

\ Q=0076

A LO'} \ Linearized
04+ Prediction
05t |

Fig. 16 Nonlinear response for Ho=0.5
m=0.25 slug C,=038 Ib{/ips
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Fig 7 Comparison of the approximate andexact upward amplitudes
of response

00 02 04 06 08 1.O

-69—



Q=0076

H5 05
m=islug

+ Runge Kutta

— .Golerkin Method

~——Linearized
| Prediction

=887 rad/sec

002 04 06 08 10 12 14 16 18 20@m .

o

Fig 18 Comparison of the approximate and exact downward amplifude

of response
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Fig.!9 Phase plot with second harmonics

w=0.507
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Fig20 Phase plot with third harmonics
@=0.338
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Fig.2l Phase plot with forth harmonics
w=0.248



Fig22 Phase plot with 2nd order
subharmonics

w=2.096
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Fig.23 Phase plot with limiting cycie of
lgrge amplitude
w=0.732
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Fig25 Phase plot at natural frequency
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Fig27 Pressure profile for B,/B=0.5, H,=0.5
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Fig.28 Real pressure profile for ]{=42, H=035,

B,/B=0.75


http:B,/B=0.75

- 81 -

l///////////7/////////L/:i:i:j

V77777777777 777l A

30

-20¢

3% ""02 04 06 08 10

Fig-29 Imaginary pressure profile for A=42,H=05,
B,/B=0.75
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Fig.30 Real pressure profile for A=100, H,=0.5,
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Fig32 Real pressure profile for A=84,H;=05,
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Fig.34 Real pressure profile for A=42, H;=0.5,

B,/B=05
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T FF CNDFAGTEOS L 05y & 02 TonmTT Il

4Q2 DO 403 J=1sN

FO3 WRITETNW:20T{DQITYIYYTE]L « M) " ) ToTrm om T
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561 WRITE(NW»30)VEREOR s KOUNT
IF{NPRE+EQel) WRITE(NWs29)
DO 576 J=1sN
DO 576 I=1sM
P{l+ J)=SQRTIABS{Q(I+4J)1)
576 CONTINUE
) DO 585 I=T1,M - "
IF(NPRE«EQe LI)WRITE(NW31) (P(IsJ)sJ=1sN)
DO 580 J=1sN )
580 QQQ(JI=P{IsJd)~1le
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DO 581 J=13NR~ ~ 7 - T T -
581 PP(I)=PP(I}+DTH(JI*(QQQ(J)+QQQ(J+1))%0.5
PP(I)=R(I)*CCAPFTII)
IF(ND1)585,585,800
800 WRITE(NWs31)PP(1)
585 CONTINUE
FPAD=NPAD
MM=M—1
WLOAD=0
DO 589 I=1,MM
589 WLOAD=WLOAD+DR(IV#(PP{T1)+PP(I1+1))#%045
* WLOAD=WLOAD¥RO*PA%*FPAD
IFI(NSYMeEQe L} WLOAD=2 « U#WLOAD
WBAR=WLOAD/ (341416% (RO#%2-RI*#2)%PA)
IF(NSYMeEQas 1) WBAR=2.¥WBAR
DO 600 I=1sM
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DO 592 J=1sNN
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FRC{I)=FRC(I)*CCRR{I)%%3
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593 IF {I+GTeIHH) GO TO 591
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504 FRC(UI)=FRC(I)~DTH(J)®TEMP
- FRC(I)=FRC{T)¥CCHRIT ) ¥x%3
600 CONTINUE
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HPOW=04
DO 605 I=1.MM  ~
605 HPOW=HPOW+FRC{I)*DR{1)
) HPOW=HPOW®V I'S¥6 4 2832¥RPS#~0% %3
HPOW=HPOW*FPAD#RPS#604 /6300C 0
HPOW=HPOW7HMIN
IF(NSYMeEQel) HPOW=2+0%HPOW
WRITE (NWs 34 IWLOAD :
WRITE(NWs35)WBAR
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WRITE{NW36 YHPOW
CONT INUE
IFILAST)I90+90+1001
STOP

END

SUB~OUT+NE MATINVUATN1,BTML1sDETE- »1D)

MATRIX INVERSION WITH ACCOMPANYING SCOLUTION OF LINEAR EQUATIONS
NOVEMBER 1962 5 GOOD DAVID TAYLOR MODEL BASIN AM MATIL
DIMENSION A(17517312B{17+1)2INDEX{17»3)
GENERAL FORM OF DIMENSION STATEMENT

EQUIVALENCE (IROWsJROW)y (ICOLU »JCOLU 1s (AMAXo T» SWAP)

INITIALIZATION
M=M1

N=N1

DETER =1.0

DO 20 J=1:N
INDEX(Js3) = 0
DO 550 I=1sN

SEARCH FOR PIVOT ELEMENT

AMAX=041

DO 105 J=1sN

IFOINDEX{Js3})-1) 60, 105, 60

DO 100 K=1sN

+F{INDEX{Ks3)-1) 80s 100s 715

IF AMAX =ABS (A(JsK}}) B5s 100 100
+—0W3J ) :
+COLYU =K

AMAX=ABS JA({JsK) T

CONT ENUE

CONT INUE -
INDEX(+COLYU 23) = INDEX{+COLU +3) +1
INDEX(IHTIZTROW -

INDEX{I+2)=1C0LU

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF {IROW-ICOLU ) 140, 310, 140

DETER"E=DETER =~ ~ - T
DO 200 wL=1,N

SWAP=ATTROWSL

ACIROW, L) =A{ICOLU L)

AUICOLU 5L =SWAP

+F{(M] 31C»s 310, 210

MAT10002
MAT10003
MAT10004

MAT10006
MAT 13007
MATLI00D9

MAT10012
MAT10013
MATIDOD14
MATL10015
MAT 1DO1ls6

MAT1iDO18
MAT LOOL9
MAT10020
MAT 10041
MAT1I0022
MAT10023
MAT10024
MAT10025
MAT10026
MAT10027
MATL00Z8

MAT10030
MAT10033
MAT 10034
MAT10036
MAT10038

MATLOQ39
MATI0040

MAT10043

A T 10044

MAT 10047



210
220
230
250

310

330
340
350
355
360

370

380
390
400
420

430
50
455
T 460
500
" 550

" 800
610
620
630

T BED
650
"B60
670
700
705

“710

720
730

740
715

F .

DO 250 "CFEYY M 7 7 -
SWAP=B(+-0W, L)
BIIROW,1=B(ICOLU
BIICOLU L) =SWAP

sh)’

DIV+DE PIVOT ROW BY PIVOT ELEMENT

PIVOT =A(ICOLY »1COLU
DETER=DETER¥PIVOT"
A(+COLU »+COLU 1=1.0
DO™ 350 U=1sN~ T

A{ICOLU sL)=A(ICOLU sL)/PIVOT
+F MY 38037380, 360 77 )

DO 370 w=1sM
BUICOlU sy1LYy=B(ITCOLU

~EDUCE NON-PIVOT ~OWS~

DO "550° LI=1sN " "7"7 "7
IF(L1-ICOLU ) 400, 550,
T=A{LI,TICOLU ) )
A(L1sICOLU }=0,0
IF{TY430,550,430

)

400

sUY/PIVOT

DO 450 L=1sN

ATLISEY =A{LL»L ) ~A(TCOLY »L T
IF(M) 550, 550, 460

DO 500 L=1sM

BILLsL)=B(L1,L)-BIICOLY HL)*T

"CONTINUOE

I'NTERCHANGE 'COLUMNS ™

BOT710 T=1yN o7
L=N+1-1

IF (TNDEX(Ls1)=TNDEXTLs2)) 630

JROW=INDEX(L 1)
JCOLUT=TNDEX{L,,2)  ~
DO 705 K=1»N

SWAP=A(K+JROW) o

AlKs JROW)=A (K, JCOLU )
A(K s JCOTU 1=54WAP i
CONTINUE

CONTTINOE - ™ o

DO 730 K = 1aN

IF(INDEXTKS3Y =1 7155720, 715

CONT INUE

CONTINUDE™ —7 77

1D=1

=ETUg=N" """ =77 = 77
ID =2
TEOTTOTTHOT T 7 T
END

710 630

[ L s VRS SV —

MAT10C48
MAT10049

MAT10052
MAT1I0Q000
MAT10053

MAT 10057

MAT10059
MAT10060

MAT10062
MAT10063
MAT10064
MATLIOO0®BS

MAT10069

MAT10071
MAT1IQ072

MAT10074
MAT10075
MAT10076 "
MATLQO77
MAT10078
MAT10079
MAT 10080

MAT10081

MAT10083
MATL0084

MAT10087

MAT10088

MAT10089
MAT100%90
MAT10093
MAT 10094

T MATIO096™

MAT10091
MAT10092 -



- 99 -
Card 1 Format (72 H)

Tdentification Card

Card 2 Format (161I5)
Last - Integer to determine whether additional inmput data

are to be read

Last = 1 , no more input data
Last = 0 , more input data to be read from state-
ment 90,
NPAD - Number of pads (see Fig.A2)
M . Number of grids in the radial direction
N - Number of grids in the circumferential direction
gacl - Grid number for the bottom edge of the step (see Fig. A2)
For NSIM=1, set IH-1
IHH - Grid number for the top edge of the step (see Fig, A2)
JH - Set JH=1
JHH - Grid number for the left edge of the step
LKOUNT - Maximum numwber of Lterations allowed for the pressure
calculation (recommended value: 10-20)
NDIAG - Control for diagnostics
NDIAG = 1 , diagnostics print out

NDIAG = 0 , no diagnosties
IRRG - Controel for irregular grids
IRRG = 1 , read in irregular grid spacings
IRRG = 0 , uniform grid spacing
NPRE - Control for printing out pressure profile
NPRE = 1 . print out pressure
NPRE = 0 , no pressure print out
NYSM - This integer is used to control whether pressure

calculation is made for a full pad or half a pad as
in the case where the pressure is symetrical about



STEPD

Wo

ERROR

Card &

- 100 ~
the center line (see Fig.A2).

NYSM = 0 , For calculation covering full pad

NYSM = 1 , For symmetrical pressure profiles vhere
where calculation is only made for half a pad.

- Set ND1L = 0 , for normal runs.

Format (8F10.7)

- Outside diameter of thrust bzxg,,
d_ in Fig.Al (in.)

- d, in Fig.Al (in.)

- Angle extending the pocket region, eg in Fig.A2, (degrees)

- Angle extending the land regionm, e in Fig.,A2, (degrees)
Depth of the step (in.)

- Outerwidth of the shreud, W in Fig.AZ, (in.)

- Innerwidth of the shroud, W, in Fig.A2 (in.)

- Convergence factor for pressure iteration,
(recommended value: ,001 - ,0002)

Format (8F 10,7)

This card is reguired only when IRRG = 1

DR(I), I = 1, MM - Dimensionless irregular gird spacings in the radial

direction, (MM - M-1)

(£\f)§

(o),

O T

T. -,
i+l T4

r - I,
o i
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Card 5 Format (8F 10.7)

This card is required only when IRRG = 1

DrH(J), J = 1, NN - Dimensionless grid spacings in the circumferential
direction, (N = N-1)

Card 6 Format (I5, 5X, 7E 10.3)
NVIsM - Total number of wviscosities to be investigated in the

production run.
VISA(X), I =1, NVISM

The arrary of viscosities, (lb-sac/inz)

Card 7 Format (L5, 5X, 7E 10,3)
NRPSM “ Total number of angular speeds to be investigated in

the production run.
RPSA(T), T - 1, NRPSM

The array of angular speeds, (Rev. per sec.)

Card 8 Format (I5, 5X, 7E 10.3)
NPAM - Total number of awbient pressure to be investigated

in the production run.
PAA(T), I = 1, NPAM

The arrary of ambient pressure, (PST)
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Card 9 Format (I5, 5%, 7E 10.3)

This card reads in the film thickness to be investigated in the
production run, In the case of a parallel film, the film thickness

iq the land region will be read in the array designated as HMINA(I).

In the case of non-parallel film with an axisymmetric coning of dishirg,
HMINA (I) represents the film thickness at the inside diameter in the
land region., The film thicknmess at the outside diameter is HOUT(X)

which read in Card 10,

1
i rﬂ_jﬁ————T l *
)4 g‘mLi+ l HOUT  Fig. A3

1

i

The variables to be read in this card are:

NHMM - Total number of film thickness to be investigated in
the production run.

HMINA(I), I = 1, NAMM
IMENA is the film thickness at the inside diameter in
the land region (inch)
Card 10 Format (8F 10.7)
HOUT(I), T = 1, NHMM

- HOUT is the film thickness at the outside diameter in
the land regiom. {inch)

Card 11 Format (IS, 5X, 7E 10.4/(8E10.4)

NHDTM - Total number of velocity or time variation of gas
film thickness to be investigated in the production rum.

HDOT(T) - Array of velocity or time variation of gas film thickness
in in./sec.



PROGRAM™ RSGALN( INPUTYOUTPUTY
DIMENSION WN{30)s QN(7},
D+MENS+ON AHA (100D,
DIMENSION F5A(100)»

FIATI00) s

[ o n e ma be s mememomednein T ———— PR [,

PO D IO U T Y = vtrm—— - — s -

AG(9])+ADG(9)
F2AT1100)
FOAL100)+F7ALLI00)

FIA(1007>» FH&ALLQD) »
FBA(100}s FSA{100)

F119)

THE TABUES ARE PREPARED™IN THE FOLLOWING ORDERTTHAT {FJA(T)sJF1s9) "
= ( D1#11s D2%I1As D1%14y D2%14As —D2¥11A0» —-D2%14A0s D2X[5/hHU%¥245

s DIRTSE/HO®R2 5y “D2¥THAC07RO*¥2
DATA F1A(1)/04/sF2A(1)/T74854/5F3

5T
AL1)/341416/7/sF4AL1)/0e/

DATACFLIA(I 3 I=2960)/ 7.8555281E=023 14572034 1E=01% 243603750E"01s"

3¢1515123E~-01y 349463912E-01,
e 363T146E-01s""7.182680TE=UL"
946978133E~01y 140G558636E+00,
10322475 E+F00s "1 G IU5E48EF007
14 7022791E+00s 18025243E+00,
"2 1185609E+00s" 252296 1%6GEF00 s
2 611E+001 2C707 04 E+00T
3+10 274BEFC0y 332527020EF00,
3.7166766E+C0s 3C 8387 1E+00»
TOHEVHZ2 TS ZUBE+C0 s 4C6Z T8 0ZEFUOY
5¢2810529E+C0s 5.5206483E+00>
Ge3LTHZUSEF(03 661253 T2EFO0
Te6044175E+00s 7a9757465E+00,
T 23BEBTHEFCQs 9271T72183E+00
DATAUF1AU+) s1=615100)/
1 I36TIIGESFCL " T2 200TD1I8E+0D1 5
1¢4222038E+01y 1,5089573E+01»
1.8189023E+01 s 12942430 E+ULs
2¢3946T07E+01ls 245795465E+0U1 s
B2T81965E+0T S 3457346 2TEFUT
44 7385298E+01s 542539475E+ul,
"TYL1I90TBTEF(Y sy B G&33212EF01,
131 5000E+02s 1457010 5E+02»
T2.965699TE+N2,  3.871653 E+02»
1.1832960E+03T 241018302E+03,
DATA(FZA(T Y I=2560Y7 7.,8580215E
Te9284975E+00s 749706737E+D0>»
T8VISEE360EF00S BWZ373922E%007y 7
Be54649T76E+00s B46718859E+00,
Qe 1207230EF005 9 296T8TIE+D0 s
9e9083843E+0Cs 1401433 B8E+O1L»
1.095303TE+TIs 1L 1261 TO4E+0L
1e2316453E+01s 142716640E+01»
CTICH4085T TSEFUTY LCHE052Z0TEFDL S
146385407E+01ls 1e7062493E+01>
T1e939362UEFTL s 20UZBET712E+OY
2e43372563E+01s 2.4561200E+U1»
T 25BTINA9TEFROLL T3, 0329068E+01
34602 365E+01ls 348268150E+Ul>
T4 E282353EF UL Y AVIRTZ94 TEFOL y
DATA(F2A{I)+1I=61T100)/
2 6+41080B56EH01ly 645TT9435E301
2 Be321B73TE+01ly 9.0423387E+0L»

2

2

2
ceo

2

2

NN N
H

PMNMRNNNMNNNNNN

MO NN

447459680E~01s 545512133£-01>
83UTU941TE=01y "8+ 84BIDEVE=01s
1,14325845+00s 12320861E+00s
175084415E+005 1L 60F3034E+00, 7 ~ 7
1.9052031E+Q0s 240104879E+00s
2e343B529EF00 244061491 9E4+00 "
2C8371835E+00s 24 708745E+00

3 40THICLEFQO 3556023 TE+QD °
4C0OS580843E4+00s 4423 7876E+00

44 35432TEF009 5. 052Z9163E400s ~ B
5477T25837E+00s 640378224E+00
692444 TGEFOUT 7 254357TUE+O0Y 7 -
84370449)E+00Qs 8.7906429E+00>
1,0229187EF0Ly 1.,0777908E+01/ -

1,2684396EF0Y 47714 3G22673E+0T»™ -
1,6033412E+01s 1,7062939E+01>
2.0T7T83580E+019 724 2284206E%01™7
2+47859629E+01y 3.0174285E+01»
34909628 TEFOLS Ge2946530EF0Ty -~ .
Le85T72095E+0Ls 645695462E+01 s

QW6 THVBZEEFOY Y. T4 I2G3492E102y "
1.8994101E+02y 2+4344215TE+02

5 e 2666 THAEF 02y T35 I8BITEE+OZs™ o

4.7245976E+03s 1.8878381E+Q4/

+00s T8TZ555TE+Q0s 748958239E+00s
Be0224795E+00y B8+0840712E+00>
Be3Z2959T4EF0CY Be&4325193E+000 ™~
848090839E+00s 849585338E+00>»

S« GBH51IISEF003 94 68I345TEF00» ™ ”
140395223E+01s 140664772ZE+01s

1o V59015 2EF 0Ly I3 194 46 TE+OLs™ ™ N
1,3143699E+01» 13599453E+01>
ICSTHFTTBEFOLY Y5753 Z221T EF0TS T
le77B6946E+01sy 148562586E+01

T201ZEQG995EFV1ls 2422681 T0EF0L s

2¢5841910E+01s 2.7223422E+01»
3. 2076405EF01y 3439 7I3T5E+0Es 7
44,0707613E+01ls 4.3370409E+01L
54 2975980E+0Ts 5+ 6830339E+01/7 ° 7

Te09BH3TIEHQLY Te6TT2024E+015 N
+B8500418E+01s 1407H58568E+02»

2 “FelIT8412TE+02s" 1e2946160E+U25 -1 44268123E+02s "14577T8484E+04

-

raf~
3


http:flRO'2.5v

MNMMNNMNNMNRNNDNDND PRNMNNNRNRONMNDRRNDNONDNNN MR N NN N

MNNRONDNMNNNNRNON NN

NN NN N

14751 Z02TEF02 T1W95TT5TTE+DZ,

2¢7T06071E+02,

3+14532 6E+04y

B . - 104 -

24 1B2I999GEF ULy T2Ze 4 5FI0FVEF02
3¢5911T751E+02s 4¢1258599E+02

++

e TT20T36EF02y
942961T755E+02
2+1980610EFQ3,
TC400 326E+03,
5+906BEB4EF04Ly

3+1471142E300,
3e41637446E+00,
341901833TE+Q0,
342319562E+00
3+2849616E%00,

3e352U144E4+00),
3+4346625E+00
3¢5349315E+00,
3¢6554576E+00
3«799677BE+00)
39721049E+00,

55626382402
1412748 5E+03,
T2«851973TEHFOD
1C1041001E2+04T
L3993 T35EF05,

3.1502198E%00,
341696T43E+00y
"342007075E+00,
322439602:5+V0>
3+30U3B5E6E+00 s
343711442E+00
344579865E+00,
3e0630451E400
346891360E+00,
3e8399352E+00
4.0202812E+00,

CeDITOETTIE+QZ
L+3858938E+03,
3¢7937283ET03»
LCT7522447E+04
44 T19BLU25EF05

OF AQ++0+ 2060D/ 341419510E+00s 341429824E+00s

3.1580235E+00
341763265E+00

3.2TU3442E+00s"

34256T7839E+00

Te T553624E+02y
14729882T7TE+03
5e2009564E+03
340261024E+04
BeTTIBTIBE+QB/

3+ 1585298E+00s
341837096E+00>
3¢2207558E+00
3¢ 2T04448E+00

343 186453EF0067 343338569E+00
543912T49E+00s 344124369E+00y
3+4824458EF00s "305080801E+00
34092869 1IE+T00s 306434549E+00s

367283531E+00s "3« T761I763E+00s -

348820315E+00s 349260561E+00s
4,0706963E+00s The1234T0ZE+00

4. 1TBT323E+00,
Bad2TOLEFEL00,
4 T299563E+00,

541013BU1lE+Q0O>

"5456GETIEE+GTUY

61541 T5E+( 0>
6e9241382E400,
Te9652429E+00,

«44143 OE+CGO
11681892E+01,

4.2366228E+00,
4349T69B4E+Q0
4481559 1E+00s

DATA(F3A(L)sI=611007/

5¢2074911E+00>
5. 698526%E+00,
603270215E+00>»
TeI5HZE599E+00
B842845764E+00)
Te9T09212E4+00,
1,2433635E+01,

TeS457768BE+0L ™ 156B39404E+01 s

2+3092560E+01,
4462605B3E401,

+ATIUF4AU+DT+32T60D/ 6.

2«T5TIBTIE-D1,
545710716E-01,
8449T70863E-01,
141599589E+0Q0,

1495 T40TEFQO Y

1e863907TE+(0
2¢2768835E%007
2eT4TLHTHZESF0Q,

206384528E+01,
CalTOEBI2E4OL

3.4539021E-01,
£+2896280E~01,
"Ta2535102E-01,
142411062E+00s
TTY583BOT3EH00
1+9625385E+00>
2e3BE5300E+U0
2487605025E+U0,

3¢2930400EF00y 3. 4H3IERB2E+U0

349366095E+00
44 T094711E+0Q0,
5¢6552054E+00,
B+8361L620E+00,
83446244 TE+D0D,

1C031 627E+01,
1298483 2E+01,
1e6710487E+Q1,
Z¢2T5139BE+01
3C0554070E+01

4e1162504E+00
B IZTOL4E6TEFVO
5.9254154E+00Q,
T«1780548E+00,
8.7873513E+V0s

DATATFAATINYI=61 7100}/

1.0 10015B+U1LT
1e3797611E+01,
1e7874863E+01,
2e43904986E+01,
3C3372 1E+01T

T736515E-02»

44297293 2E+00,
4,5T12T94E+00
4,9058188E+00»

e3197370E+00Q

4«3609078E+00>»
L 64BH182E+00
5.0009572E+00/

5¢438B6134E+00>

S BH40BOOLEFC0S "He 992403LEFQ0

6+¢5120806E+00
T¢4029288E+00
B+6340204E+00>
1.0434067EF01
1.3295114E+01
1.8501808E+01Ls
3.0785914E+01s
Fe29T1T44E+(QL

4,1541249E-01»
T+0161625E~01>
1.0021I989E+00,
1e3239304E+00>»
1674716 IE+00s
2.0641085E+00>
2+50%0014E%+0UY
3+0096038E+00
3.6008507E+007
44304503 7E+00
Do 15T3TI3E+0Q0 Y
0s2113978E+00
T«5419812E+00,
Je2621024E+00>

1C1547415E+01
1,4683210E+0Ls
1+9158091E+01L»
2+5866029E+01
3C658TT31E+D]L,

6eT106352E+00s
T+ 6T23B4BE+Q0
O«0179069E+00
14 10Z20413E401s
1e4291818E+01 >
2¢0539089E+01»
346965137E+01
T1+B680213E+02/

448595458E~01
T+ 7516481E~01s
"1« 08D363YE+00s
144085626E+00
1+ 76B0265E+00y
241688189E+00s

24 62F355T0E+Q0s ~

314847TT76E+00>

3.7649907TE+00 ™~

485020110E+00
54399557T3FE+00
6eDigHiB3TIE+QD
Te9299605E+00>
Qe 7716694E+00/

122237038E+01»

1.5650673E+01 5"

2205T6979E+01>

T 2.B068606E+01L

4.,0275 Q5E+01s

3e1447027TE+00s

143755 14E-01s 2.0655024E-01y



PPN RN

444535078E+0T,
T«0377289E+01
1e264T590E402,
248763837TE+C2,
141634881E+03,

G4,94B9238E+01
840293107E+01,
1e5091947E+02,
34 76T1568E+ul
240745753E+03,

545297872E+01,
Qe 2423422E+01
1+83T0120E+02>
5¢1416995E+02>»
446822333E+03

- 105 -

“6e216B8TIE+01
lL.0747819E+Q2
T2+42665T62E+02
Te4249041E+02>
14878B996TE+D4/

DATA(FS3ALL)»I=1s D9)/ Q. ?y 246T74697442E-01+545045962E-01y

842696846E-013""1.1050180E+00

1¢38D1315EF00y 1.667840BE+0Qs

RN NNMN N RN

1.49536883E+00,
3.13 BTI61E+FCQ
L0 4239953E4+00,
568517341E+00»
Te&4TILITIE+GQ,

T9e3TTILETE+QO

1C1643017E+0L,
144403336E+01,
IC7 38 T7E+01,
242207604E+07
27T889564E+01

3ab46LTESE+FQL Y T

4eH5830332E+01,

202432295E+00,
32 4500330E+00
407654945E400
6 23T7F745E+Q0
T49251312E+00,
9. 905509 TE+0D
1C2280673E+0LT
1.,5T30438BE4+01»
1C 831251E+017
Z+34686560C+01»
249576990E+01
347T7T46313E+01
4,9014836E+01,

£eD3T0353E+00

2eB3B56944E4Q0

3CTETO041E+005 4409141 78BE+00y
5.1167138BE+00s 5.4784962E+00
646304245EF00s Te04899568E+005
8¢3893125E+00s 8.8T30716E+00>

1+0457588E+01s 1.1036068E+01s

1C2951473E+01T 13658065E+01,
1.6022818E+01ls 1+46904250E+01»
1C BB63IBLE+QLIT Z24100979BE+Q1Ls
2o 4B54161E+01s" 246318T38E+01
341392586E+01s 343349342E+01>
440221408E+0 Ly 44Z2908L34E+01
D 2492622E+01s 5.6299036E+01/

DATA(FS5A(I)21=6051001}/

NN N NN

6404746T71E+01,
8e1923058E4+01 s
Lel473976E+02,
LeB6TT3TTSEF02 s
2¢5943838E+02,
4 3FIVOZ6E+]NT s
840793374E+02,
1.a78BUB52E403y
53189242E+03,

6+45066298E+01,
8.881508BTE+Ul
142560462E+02

1+8595332E+02

249252105E+02,
5.0027714E+02,
9.6635414E+02 »
2v264168BTE+O3,
Te5502829E+03>

3.064269TE+0Hs "5,96841TTE+DLs

3+783U331E+06/

T«01280Q0E+01y

Geb6L49F133EFOLS™

1+3788928E+02

Te5T722544E+01>
10509380E+02»
1.5183581E+02»

206922 THEF025 2431T9103E+02

3¢3152694E+02s
5e819223BE+02
14169449 1E+03y
Z249307839E+03
1.1236044E+04>
1 «&4098TIBE+OTs

347785238E+02
"HeB2DIPTBE+D2
le&342207E+03
3«889208B0E+03>
1Le 7787769E+04
T4+ 7U35606E+05

DATATFGATI )Y s [=1y 5917 748540184E+0Us ToeU5558UBE+Q0y T« BO0Z0T1IE+QDS

TeB6TIS33E+00
Te9303414E+00>
BaO&445422E+00

T«8788175E+Q0
T+9539300E+00
BCOB1547BE+00

T48928191E+00s

T« 9099834E+00>

Be2T39440E+00, 8265483 EF00,

T+9807924EF009 8 0X097TIE+0Q "

«1220643E+00s Ba166168B2E+00y

843208885E+00y" 843802672E+00s”

84443T7389E+00,
8CT741Z2 T3E+0C,
9.1166732E+00,

583502 E+0Q,
1e0160104E+01

1.087128B7TEFIT s~

1e1751005E+01
T2 45646TE+F)]
1e4224658E+01

8.5114321E+00>
C Z7373TE+00T
942241836E+00,
C7165205E+00,
1.03264138E+01,

L« ITUT3E3BE+0I»

1.2002430E+01 s
IC3T6132 E+01»
1le4623916E+01 s

B.5834860E+00,
C 184 SZE+00»
9433T7T6399E+00s

« S5BTO93ERQ0

L1CO497005E+01

L« TZBT501IE+0T

1.2268144E+01
1C349501TE+QLy
1.5048615E+01»

8+5600507E+00

+0148555E+00y
2¢45T73150E+00»
1.0004438E+01
1.0679206E+01
1« 15129TOE+0L
142569132E401
1.3848932ZE+01
145500868E+01s

PMNRMNMMDMNNRDRNRNMNRDMN NN

1+5983024EF01» Le64976 3E+01
DATA{F6A(I)+1=605100)/
1eBZETHTBEFITY 1TWBIG5226E+01 »
2¢1305867E+0Lls Z242221971E+01.
2 5UETI09E+IT y "2 6THBEUUE+VL »
3¢1386243E+01y 343259352E+01s
4C0232417E+0Yy wC313420E+017
5¢4362733E+01s 5.923166CE+U1

NN N

1. 70&7T788E+01y 1 7636566E+01/

1.967383TEFVIT "2 0G587TH0UEF01 s
243214T64E+01ly 2.4293085E+01»
£eB8Y51209E+0135 2.9090866E+01 s
3e5336290E+01s 3.7648L8B4E+01
GCOK0 644E+01T 5.0123481E+01»
6+4863586E+0)s Tal4Z29421E+0L
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Te9T51196EF01 s Be83ZI69IEFRVL » " F¢9SIZ22Z8EH0Ls I T272193E+02

le2 2353TE+02s
2e3T6UO61L0E+0Z,
TeSTTT8THE+Q2,
1« 06 OTZE+04/

DATAUFTAU+) s+=14

60 29558T3E+UQ
6e351U618E+0C,
604526T2TE+NC,
646035514E+10,
6+808501BE+00»
T«0743452E+00>
TeGTOGL01IE+D0
TeB294482E4+00,
8+43484623E+20>
8+49906842E+00,
e T8TI622E+D0>
1.0784718E+01»
1e2044190E+01,
1.3658TUQE+DQL,

1.5767185E+01,
1.8586548E+01,
224 TUBO3E+0D],
2e (030 11E+0D1,
306396210E+013
4C
T«36409T5E+01 s
1.2208965E+02,
2¢4T733660E4+02,
TCT 2 615E+027
1.8975671E+24/

DATACFBA(I)sI=1y

B+26 6846E-21,
1.9536883E+30,
3+13 81l61E+20Q.
LG 2Z39953E+00
58517341E+30>
Te4T911T1IE+T0
Qe3T779257TE+20
1.16430TTE+D1,
164403336E401.

1.783887TTETQLy”

2:2207604E401,
2+7B89564E+QL,
3e5461763E+01,

4 «583U332E+01 s
DATA(FB8A(+) »1=60,100)/

1C4  4321E+02»
Fe22358T0LE+U2y
1¢2326001E+03,

5 1/ 6C2 32000E+00s 642845747E+0096. &887012E+009

6305745 TE+00y
6+3720431E+U0
6+4856166E+00,
6264 4 11E400,
6+ 8689366E+00
Te1513519E+0U0>

T25068376E+00,

1e¢9490401E+00,
Be4F8394FE+VO
941739847TE+D0
1.,0016362E+0U1>»
141071 4 E+01»
1.7Z410079E+U1,
le4132695E+01

DATACFTA(IY»I1=60,100)/

1e6394521E+01
le9%39621E401,
2436714 1E+01,
Ze T 726 E+01>s
3.9151565E+01

537T64E+01T 5C4510 2SE+D1ls

B«2480692E+01
1e422143TE+02>
3610812421E4+02
1C20 46 TE+03,

597/ "0
1,1050180E+00,
2e2432295+00,
3¢4500330E+00+
4o TESHIGEEF0D
£e23737T45E+00
Te9251312E+00
9+905509TE+00,
1e2280673E+01y
1.5190438E+01,
1.8831251E+01»
2C3486560E+01,
Z2eF5T69F0E+UL s
37756313E+01»
4490148366401

Z2 TBW0GTH6TIEH0]l sy € 5066298E+01

2
2
2

9 -

2

Be1923058E401
lel4739TEEHD2,
le6T7T73775E+02,

2d5945838E+D2y "

4.3330 26E+02,

808815087E+01»
1e2560462E+04>
1.8595332E+04»
209252105E+02
500027714E+02,

1C7641683E+02s

2¢1104560E+02>

44 1630690E+02s 5460284545E+02
448210180E+03>

Ze1668353E+03

6«3TT6945E+VUY "
643959406E+00

O e52T6958E+00

6+6YBE93TE+QO

©e9332940E+00

Te2329084E+00s

Te60B63LIEF00s 7o TIS0T7TAHE+0QY

Be0T51T21E+00

Be6524219E+00»

F+3675184E+00s

1.0257989E+01 s’

1e41376685E+01s

1.27T99751E+0L1s”

Le4639974E+01

1.7070076E+01>

Ga3TZYSTUEROO ~
He422T7999E+00 s

6456098THE+00y

6e7518606E+00y

"T+00T7134E+00>»

7Te3192034E+00>

B+2081888E+00»

B«BITO0L4TE+0Os -

9e5T19399E+00
1.05T3769E+01s
141700271E+01>
1e432T5214E+01 s
1.5183642E+01/

la7798856E+01 >

240360 486E+019 24137263 TE+QL s
2etFBTOBL4E+0Ls 24.6434811E+01,
BC1T591G5EFOLs 34 39UCTOSE4QL s~
442266341E+01y 445806456E+01y
S5e 90 1I1EH+QIT 6402123 75E4+01

Fe3116396E+01>

L1e6T9ITLIZEFCZY”

440311463E+02

1.0607436E+02
2eQ0TT9468E+02 s
5.4489157E+02

2C1359358E+03T &4.T745321E+03y

Ty e THITHGEZE=QTL 92+ 0045962E-01

1.,3851315E+00>

1.667840BE+00s

2¢53T0353E+005 72483565 4%5E+00

347670041E+00Q

541T67138E+00s

0e0364245E+0U0

B8e3893125E+007

1l+0457588E+01»

1e2951473E+01Y

1.60228BLlBE+01,

44Q0914178E+00s

SFETBGIBZEFDO Y

T+0499568E+00»

BeBT30T1I6E+00 "

1.1036068E+01>
13658065E+01 s
1.6904250E+01,

1.,9886382E+01Y Z2+100979BE+01%

2.,485416LE+01

341392586E+01 s

4e40221486E+01
54 249262ZE+01Ls

7« 0T2B000E+01y

9+6499133E+01

Le3TEBIZEE+QZy"

2.0692274E+02y

343I52694E+02s

54B1l92238E+04L,

2.6318738E+01>»
B3349322E+01
442908234E+01
5¢6299036E+01/

Toe5T22586E40T s

1.0509380E+02»

T15T83581E4+02 -

243119103E+02,
347TTE5258BE+02y
6+8251978E+0<»
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Be07 3374E+02,
1s7860852E+03,
5¢3189242E4+03,
3e064269TE+04,
3. 7830331E+06/

1le6014413E+01,
1e64TT7061E+01
Le7172478E+111 9
1.8133084E+01,
149406060E+01
2¢1058140E+01,
2e¢3182956E+01,
245912323E+111,
2+94338T3E+01»
3.4019I75E+01,
440069889E+U1
4481959 74E+U1 s
5¢9353433E401

74509801TE+01
98077892ZE+01,
143305279E+02

2+8556931E+32,
L4466 4BTYIE+D2,
845468744E+02,
1.8591183E+)3,
5¢4585626E+03,

Ge6635414E+02,
2e2641687E+03,
T+5502829E403
5¢9664177E+04

1e5807315E+01,
1a6lU9566E+U1y
1,6628045E+01
1aT386207E+0U1y
1+8419816E+01,
1,9780411E+01,
2, 1BHEQH63TE+DL
2+3802416E+01,
2,6T709545E+01
3.0467462E+01»
34537499ZE+01
4,1876827E+01,
5.0653281E+01»
6.2780045E+U1

DATA(F9A{1)+1=605100)7

840026082ZE+01»
1.0544071TE+02
1.4458987E+02

"1C8 T1T1I08E+)2T 2.0837956E+02,

342019491E+02)
53649902E+02,
1.01793 2E+03,
2+3GBQ042ZE+03
Te7232913E+03,

341058803E+0%,y 6,0301284E+0%

1. 16944 91EF03y 1e&342207TE+03)
249307839E+03y 348892080E+03,
lelZ30044E+04y 1e778T7TT69E+Qk
ls4098798BE+05s 44 T435606E+05,

T1.58B3493E+0Ts 145932463E401
1s6218185E+01ly 146340569E+01>
l1e6793950E+0197 1e6975252E+01
Le761TO0TOE+Qls 147865781E+01,
1le8726884E+01ls 1.9050274E+01s
2e0179599E+01ls 2.0605007E+C1>
242054280E+01y 2. 2601014E+01 s
2e44661916E+01s 245164214E+01
2o 755949 TE+QOLls 248466152E+01s
341572213E401s 342753965E+01
3.6829344E+01s 348391041E+01s
443824079E+01s 40592533 7E+0Q1
5¢3310T65E+01sy Da6Z0B4BIE+C]
6«6520729E+01y Te0612547E+0L/

825453271E+01s 941445119E+01,
le1363B1l5E+02y 142279350E+02
1.5761281E+02y 147237209E+02>»
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Z430H51A6EFQ2Y 2. 5094812E+02

3.6094160E+02y 440924100E+02,
©2T1Z740E+02y Te2Z2519715E+02
162268227E+03s 1.498615TE+03
3«0283905E+03y G.0047T39E+03
1e1457308E+04s 148082732E+04,
l.4Z09B18E+05% 4.768052Z7TE+05

DATAUF AU+DT+31T 5 D/ 1C570 OQOQOE+0Q0ly leS5T714186C+0191e2732762E+01
1e576377TTEH0L s " )

NN NNNNNNNN RN

3e7926419E+06/

10 FORMAT (9(El4.7)s/) -

11 FORMAT (415)

12 FORMAT (BF10ew) ) ’

13 FO-MAT (54h THE AMPL+TUDE OF —-ES-ONSE = ’
1 El4.747) o h

14 FORMAT (54H PHASE ANGLE DIFFERENCE (DEGREE) = 3
1 El4a7s/77)

15 FORMAT (1H1)

16 FORMAT (54H THE GUESSED AMPLITUDR
1 EldeTs/)

17 FORMAT {5{ETIG.+756X)s/) ) )

18 FORMAT { SX6HQ(LB)=917X3HHOU=912X8HM(SLUG )= 14X6HD(IN)Y=98X12HW (RAD/
1 SECH=) ’

19 FORMAT (FlQOa5»T{E14e7s1X)s/)}

20 FORMAT T2X3HHAZsDXsBHFI (1) 5 99X s6HFT (B 1= 3X3HFA=s 12Xs0HFI(T)=sTXs3H
IDA=213Xs4HDAO= 411X 92HF=)

OF” RESPONSE = »

"21 FORMAT T54H THE "CHARACTE~ISTIC FREQUENCY ’
1 Elbess/)

22 FORMAT (54H" THE NONDTMENSIONALIZED FREGUENCY :
1 E14C4,/D

23 FO=MAT (+535X» (TFLI0e5))
24 FORMAT (54H THE ZERO-ORDER AMPLITUDE OF RESPONSE ’
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TT1TElANT /Y ) ) o ) Tt

25 FORMAT (54H THE NOND+MENSIONALIZED UPPER RESPONSE= ’
1 El4e75/)

26 FORMAT (54H THE NONDIMENSIONALIZED LOWER RESPONSE= ’
1 E1ae7s /) ) - ’ i

BKS=Cl,y, BCS=C2, ANL=N1l=2,5s ANZ2=N2=2,5s TOL IS THE TOLERANCE OF
ERROR AALLOWED FOR THE SOULUTIONs BMASS IS TN S[CUGs "AND DELTA TS
STEP IN INCHES,

AG{I)s AND AOCT(I) ARE I SERIES OF THE GUESSED VALUES OF AMPLITUDES:
A AND AO RESPECTIVELYe QN(1) THE GUESSED VALUES OF THE DYNAMIC
LOAD IN LUBF. WN(I1) ARE SERIES OF THE NONDIMENSTONALIZED FREQUENCY
TO BE USED IN THE CALCULATIONe

—EAD 12, BKSsy BCSs ANY, BNZ T -

~EAD 12, HO» BMASST DELTAT TOL

READ 235 IGs 1AG(I)s1=141IG)

~EAD 23y IGs [AQG(1)sI=1l4+G)

READ 23, LQ» (ON{I}>I=1,10Q)

IA=0 .

DO 110 "I4=1sLa 7 i -

~EAD 23y LW {WNI{IYyI=14LW)

PRINT 15

+AA=0C

QS=QN{IQ)

AMASS=BMASS/12,.

EVMDELSDEL TARAMASS T - -

HON1=HO##AN1

HONZ2=HO*MAN?Z

HOPN1=HON1%*HQ

HOPN2=HON2¥H0 T o
WS2=BKS¥*¥ANL1/AMDEL /HOPN1

WS=SQRT{(WSZ} ) -

P-+NT 21s WS

DO 110 +W31l,LwW

+A=+Q~0

WB=WN{TW)

W=WB*WS

PRINT 18 o - " - o

PRINT 17sQS» HOs BMASS, DELTAs W

PRINT 225 WB

WBZ2=WB*WB

WO=WSZ¥AMDEL

Q=QS/WO

HOMAXEHO#0,9% ~

PI=3.1416

‘BK=BKS /WO B

BC=BCS#WB/WS/AMASS

PHO1=P1 #HONYT

PHO2=PI*HON2

B1=BK/PHOT ~ -

B3=BC/PHOZ2

THE AMPLITUDE CF A FOR W=0es AO=0s IS ESTIMATED BY LINEAR INTERPOSTTION.
IF (WeGTe0W) GO TO 50

TAA=L

AWO=Q#P I*HON1/BK



42

%1
43
44

w6
47

48

45

4

50

1

6

103

)

TF TAWO=F1AT50)) 41y &
A=0+5%HO

AO='0 . -

GO TC 50

I'1=1 T . - -
+2=50

GoCTO 4 T T T T
+1=50

12100 7 - - o
12=(11+12)/2

D=12-TT+0WT T T

+F (+D-1D 45, 45, 46

IF (AWG-FTA(TIYV)Y &7y &9, 48
12=13

GO 'TO &4 T
11=13

GO TO 44

Al=+1

A=CATH CAWO=FIATI IV /7 (FYATIZV~F1A

A0= O«

GO°TO 50 ~7° ) -
A=+3/100MHO

AD=0e ~ -0 T o
CONTINUE

GUESS THE "VACUES UF A AND AQ.
IF {IAA-1) 1+64+6

CONTTNOE -~ ot

+A=+A+1

TIFT (TAJGTSIGY GO TO 110

A=AG(IA)
RospoGTItAY T 0 0 T T T -
CONT INUE
~~+NT 167 A
ITER=O.
CONTTINUE" ~ D -
HADB= {1« +AQ/HQ ) %#%245
+ADTET LW FAOTHO THFH 2L 5%FHD
A+03A/U+0+AOD
HASAHO¥ 100, T
HA=HA+1 )
IRA=HAT™ 7 7 ) T
+A+1

(FT)Y) /100 ¥HO™

e e e RN AN T OB A-FHATF (FIAUTHALY=FIACIHA) Y ™ © 777
F+{2D3F2AU+HA )+ {HA—+HA) #UF2AU++AL1)-F2A(IHAD}

-——

e e

FI(3YSF3A(THAT L (HA=THA % {F3A( IHAL)=F3ATIHA) Y 7

FI(4)=F4A{+HA)+U+A-THAY ®# (F&A(IHAL)~F&4AUIHA))

F+{5T3FSATFHATF (HA-FHAY#UF5A ( THAID=F5ATTIHAD)

FI(8)=F6ALIHA)+{HA-THA)* (F6A{IHAL)}~FEA{IHA})

FICTYEFTATTHA ) FIHA-TRAY¥ (FTAL THALY -F7ATTHAYY

FI{8)=F8A(IHA)+{HA-THA}® (FBA(IHALl}-F8A(IHA}}
FIU9VSFIATTHR )+ THASTHA)y¥ (FGA(IHAL)-FIATIHA)) "™

FI(1l)= FI(1)/HAQS
FI 27" FTTZY/4A07
FI(3)= FI(3)/4A05

e ————— ——— ———— - — e

LI §

i
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FIT4)= "FI(4)7HAODT™

FI(5)==FI(5)/HAOT
FI(6)==FI (&) /hAOQ7
FI(7}= FI(7)/HAQS
FI{g8)= FI(8)}/HAOQ7
FI1{9)=—-F1(9)/HAOT

F=(FI{1)¥Bl-A%WBZ)Y¥*2+ (F+{3)¥B3*A)#%2-Q*Q
FAI=(FI(1)*Bl-A%#WB2)®(FI(2)#¥B1-WB2)1%2,
FA2=(FI(3)%B3%A )% (FI(3)%*B3+F1(4)¥B3*A}*2.

FA=FA1+FA2
G=FI(7)=2e¢#P1

FAO=2% (B1¥F I (1) ~A#WB2)%BLAFI{S)+(B3RA)**¥2HF[(3)%F1{6)%2,
DEL=FA¥FT(9)~FAO*FTI(8) )

DA={-F#*F+( )}+GxFAC)/DEL

DAO={F®*FI(8)-CG*FA)sDEL

IF (ABS{DA)aGlaUae5)

AD=AC+DAQ
A=A+DA
P—+NT 20°

PRINT 19sHAs FIt1)s FI{3)>
PRINT 10s FAOs DEL>

ITER=ITER+1

IF (AsLEeOe) (O TO 1

AOB=ABS(AQ)
AAO=ABS (A~AOB)
IF (AAQ«GT.HOMAX)

ALPHA=ATANI(R)

ALPHA=ALPHA#1804/3a1416

PRINT 24s AO
PRINT 13, A
AU=ATAD
ADOWN=A-AD
PRINT 25s AU
PRINT 2&s ADOWN
PRINT 14+ ALPHA
+AA=+AA+]
CONTINUE

END

GO 70 1

GO TO 1
IF (ITER«GTel%) GO TG 1

IF (ABS(DA).GT.TOL)
IF (ABSUDAQ).GT.TOL)
R=FI(3)#BC*A/PHO2/{FI1(1)%BK/PHO1~A*WB2}

GO TO 103
GO TO 103
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http:ITER.GT.15

Card 1

BKS

BCS

AN1

AN2

Card 2
HO
BMASS
DELTA

TOL

Card 3
1G
AG(TL)

Card 4
1G

ADG(T)
Card 5

1Q

QN(Z)
Card 6

LW

w(I)

- 111 =

Format {(8F10,5)

- Value of ¢

1 for the stiffness of the gas film force
in lbf.

- Value of ¢, for the damping of the gas film force in
1bf/ips.

- Power n, for the stiffness force in terms of gas film
thickness.

- Power n, for the damping force in terms of gas film
thickness.

Format (8F10,5)

- Normalized gas film thickness at equilibrium,
Mass of the step ring in response in slug.
Step depth of the pad in inches.,

- Convergence factor for the amplitude iteration.

Pormat (IS5, 5X, (7F10.5))

. Total number of the guessed amplitude A of the
response.,

- Array of the guessed amplitude A of the response.

Format (I5, 5%, (7F10.5))

- Total number of the guessed amplitude Ao of the response.

Array of the guessed amplitudes Ao of the response.

Format (I5, 5X, (7F10.5)

- Total number of the force excitation to be investigated
in the production rum,

- Array of amplitude of force excitation in lbf.

Format. (I5, 5X, (7F10.5))

- Total number of the normalized forcing frequencies to
be investigated.

- Array of normalized forcing frequencies.
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If the sixth input statement is located within the doloop of

IQ = 1, LQ, LQ sets of card & are required.
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PROGRAM RSRKIT{INPUT sQUTPUT s PUNCHTARPES9)
COMMON Ys DYs ATABLs RTABLs IFVDs X» DXsWy BKs BCs» Qs AMASSs DELTA
COMMON HOs TILLASTs AYs FACs WiBZe HONLs HONZs HOPNis HOPNZJAN1sANZ
COMMON XAs TAy XTAs IAs IAZ2s DX1s WLBs Wds SLOPEs TLWs WBOs XU
DIMENSION Y(2)s DY{2)s ATASL{2)s —~TABL(Z2)s WO=K(18)
DIMENSION XA(1000)s TA{1000)s XTA(LC0Q) b )
EXTERNAL DERIVs CMNTRLs GRAPH

11 FORMAT (8F10.5) )

12 FORMAT (54H MASS OF THE StAL (5LUG) ’
1 El4e34/} ’

13 FORMAT (54H DEEPTH OF STEP LISCONTINUVITY (IN) ’
1 El4e3,4/) ) ’ N

14 FORMAT (54H NCONDIMENSIONALIZED EQUILIBRIUM POSITIONs HO ’

T 1 ElGe3,/) :

15 FORMAT (54H FREQUENCY OF PLERIODIC FORCEs W (RAD/SECQC) ’
1 El14434/) .

16 FORMAT (54H AVMPLITUDE OF THE PERIODIC FORCE APPLIED (LBS) s

T 1 El4a3s/0) ’

17 FORMAT (54H NONUIMENSIONALIZcL vAMPING COLFFICIENT OF wAS FILM C
1 Elde3,/) i

18 FORMAT (6UH NONDIMENSIONALIZED MULTIPLE UF STIFFNESS » DISPLACEME
INTs KsELlLe3s/)

19 FORMAT (54H NONDIMENSIONALLIZED DISPLACEMENT ’
1 El4e3,7) - - . )

20 FORMAT (54H THE MULTIPLE OF TIME AND FREQUENCY (RAD) s
1 El4e34/})

21 FORMAT (3XTHDEGREE=44X,11HPHASE(RAD)=,7X13HU]ISPLACEMENT =411 X9HVELOQ
1ICITY=E, /) i -

31 FORMAT (7Xs23HDATA (XA(IA)slA=1ls T0)/s2(Eldeb9lHr))

32 FORMAT (5Xs1HZ y1Xs4(ETH4691Hs)) )

33 FORMAT (7X3222HDATA (TA(IA)s1A=1+94)/94(FTebslHs))

34 FORMAT (5Xs1H341Xs0(FFe59e1lHy}) i ’

35 FORMAT (7XZ26HDATA (XTA(IAP)»1AP=1+3601/+2(E1l4ebs1lHs))

36 FORMAT (S5X1HZs1Xe4{ELlGeBelHs)) i )

40 FORMAT (52H ERROR RETURNs DX=0 s/}
41 FORMAT (52H"NORMAL RETURN - - s/}
42 FORMAT (52H ERROR RETURNs VARIABLE INTERVAL MODE ONLY s/)

TLAST IS THE FINAL TIME OF THE INTERVAL TN INTEGRATION
TLW IS THE FINAL TIME THAT THE 5MOOTH VARIATION OF FREQUENCY ENDS.
WLB IS THE TINAL NONDIMENSIONALIZED 'FREQUENCY TO BE USED IN THE
TECHNIC OF SMOOTH VARYING FREQUENCY.
YULl)s YT2)s X ARE INITIAL CONDITIONS OF Xs DX7DTe T RESPECTIVELY."
BKS=Cle BCS=C2. DLELTA +5 STEP IN INCHESe QS IS DYNAMIC LOAD IN
LB AM TS MASS OF THE PAD IN SLUGs WB IS THE NONDIMENSIONALIZED
FREQUENCYe AN1=N172e39 ANZ=NZ=Zeb DXI I> THZ TIME INCREMENT IN DEGREE.
READ Xls TLASTs TLWs WLB .
READ 11s Y(L1l)s Y{(2}s X
READ 11 »"BKSs BUSs Q5, AMs DELLTAs FiDe WBH -

0o+
HON1=HO*¥AN1 -
HONZ2=HQ#¥ANZ
HOPN1=HONT#HO -
HOPNZ2=HONZ2#%HO0



T4

AMASS=AM/12,
AMDEL=AMASS*DELTA
WSZ2=BKS*ANL/AMDEL /HOPN1
WS=SQRT(WS2)

W=WB*WS

WBZ2=WB*WB

WL=WLB#*WS

X0=X
SLOPE=(WLB~WB)/WB/(TLW-XO)
WBO3WB

WO=WS52*AMDEL

Q=QS/WO

BK=BKS/WO | T
BC=BCS/WS/AMALS

PRINT 12+ AM

PRINT 13s DELTA

PRINT 14s HO

PRINT 15 o W

PRINT 16 WS~

PRINT 17, BC

PRINT 18, BK

DEFINE THE INITIAL VALUE OF Y(I)
XA(1)=Y(1)

TA(1)=X

XTA(L)=Y (2}

DEFINE X AS Y(1)s AND DX/DT AS Y{2)

THE FOLLOWING IS PREPARED FUR RUNGE-KUTTA NUMCRICAL "INTEGRATIUN.

PI=341415926535
DX=DXI*PI/130.
FAC=10.#%042
NTRY=1

N=2

IFVD=1

IBKP=1
ATABL(1)=0.001
ATABL(2)=0.001
RTABL{1)=0001]
RTABL(2)=0.00]
1A2=1

1A=1

PRINT 21

CALL RKS3(DERlV;CNTRL;Y,DY9ATAbL9RTABL:W0RK9X9DX0N9IFVD;IBKP’NTHYs

1 IERR)

IF (IERR—-V) 4 5y &
CONT INUE )

PRINT 40

GO TO 3

CONT INUE

PFRINT &1 i ”
G0 TO 3

CONT INUE b
PRINT 42

CONT I'NuE -

THE FOLLOWING 15 FOR THE PLOTS OF X AND DX/DT Va3


http:RTABL(2)=0.O0

51
54

2

CALL NAMPLT T - oo T o -
CALL SCALE (XAs540s1As1)

CALL SCALE (TA3404051A41) o

CALL SCALE (XTA»540s1A,1)

CALL AXTS{040s040s7HT VALUE3 79400030« TATTA+L1YTA(TA+2) )

CALL AXIS (Qe030e0sTHX VALUEs—T984+9040+XA{IA+1)»XA(TA+2))
CALL AXIS {(1e0+04038HXT VALUE»=B858e0%90«0s XTA{TA+I ) XTA{TA+2) T
CALL LINE (TAsXAsIAs121,0)

CALL LINE (TAsXTAsIA»Ls793)

CALL SYMBOL (34099¢020420916HPLOT OF X VeSe T30e0916)

CALL SYMBOL(U44031040380420¢20HPLOT OF DX/DT Va3% Ti0:09+157

CALL ENDPLT

THE FOLLOWING I& FOR THE PHASE PLOT OF X VeSe DX/DTs -
RIA=IA

WIDTH=10.

WSPACE=10,

CALL SETUPC{Uss0es0arlss~20e924 s WIDTHsWSPACE)

CALL PARAMIGRAPHsleslesRIA)

CALL ENDSURF v

END

UB-OUTTINE DERIV- - o tT -
DIMENSION Y(2)1s DY{2)s ATABLI(Z2)s —-TABL(2}s WORK{18)}
DIMENSION XA(1000js TA(1000)s XTA{1I000)
COMMON Yo DYs ATABLs RTABLs IFVDs Xs DXsWs BKs BCs Qs AMASS, DELTA
COMMON HOs TLASTs AYs FACs WBZs HONlse HONZs HOPNIs HUOPNZsAN1sANZ
COMMON XA»> TAs XTA» 1A, [AZ2s DX1Is WLBy WBs SLOPEs TLWs WBO, XO
DY {1)=DY{1Y/DT, DY{ZYEDY (2} /0T, )
DY(1)=y(2)
DY (2)={BK/HON1+Q*#COUS{X)=-BRK/{HU=Y (1} ) ##FANL1-BCFY( 2} %¥WB/ (HO-Y (1) J¥%*AN
12}/WB2
RETURN
END

SUBROUTINE CNTRL{NTRY)

DIMENSION Y(2)s DY(2)s ATASL(2)s RTABLI{Z)

PTMENSION XA(L000)s TA(L10QU)s XTALLIOOQ) ’ o

COMMON Ys DYs ATABLs RTABLs 1FVDs Xs DXsWs BKe BCs s AMASSs DELTA
COMMON HOs TLASTs AYs FACs WBZ2s HONls HONZs HOPN1ls HOPNZsAN1s»ANZ
COMMON XAs TA» XTAs LA, [AZ2s DXIs WLBs wbds SLUPEs TLWs WBOs Xu
FORMAT (B5XeI5+4(Elaeb96X))

FORMAT (54H THE DISPLACEMENT IS QUT OF RANGE )
IF Y{1) IS LESS THAN =4,9+ OR Y(1) IS GREATER THAN HD» TERMINATE
THE NUMERICAL INTEGRATION.

AY=ABS{Y(1}) " B

IF [(AY.GTe4e01 GO T0 2

IF (Y{1)~HOY Ls 2s 2 '

CONT INUE
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PRINT 54 ) - -
NTRY=Z2

CONTINUE -

IF (X-TLAST) 3, 3 4

NTRY=Z |

CONTINUE

IAZ=TAZ2+1 ) - o -
IADX=TIAZ*DXI

TA=IAZ2/440.0001

XTAUIA)Y=Y (2)

XACIAY=Y(1)

TA(IAY=X

PRINT B517s IADXs Xs Y{IYs Y12}s WB o

IF (WB-WLB) 11, 12, 12

WB=WBO* (1. +S5LOPE® (X—-X0))

GO TO 13

WB=WLEB

CONTINUE

WB2=WB¥WB ’ -
RETURN

END T )

SUBROUTINE GRAPHITsXPs¥YP:2P)

COMMON Y3 DYs ATABLs RTABLs IFVDs Xs " DXsWs BKy BCs Qs AMASSs DELTA
COMMON HOs TLASTs AYs FAC» WBZs HONls HOMNZs HOPNls HOPNZ2sAN1sANZ
COMMON XAs TAs XTAs TA, IAZ2s DXIs WLBs WBs SLOPEs TLWs WBOs XU
DIMENSION Y(21s DY{2)1s ATABL(Z2)s RTABL{Z)s WORK!13)

DIMENSION XA(I000)s TA(1000)s XTA{1000) )

NP=T+.0001

XPE=XAUNP)I%5,

YP=0.0 .

ZP=XTA{NP)*5, -

RETURN

END
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Card 1 Format (8F10,5)
TLAST - Final normalized time in radian for the integration.
TLW - Final normalized time in radian for the changing of
W during the integration.
WLB - Final normalized forcing frequency.
Card 2 Format (8F10,5)
(1) - The initial value of X,
Y(2) - The initial value of X, i.e. dX/dT.
X - The initial time, Ti for the integration.
Card 3 Format (8F10,5)
BES - Value of 1 in lbf.
BCS - Value of c, in 1b./ips.
Qs . Yalue of q in lbf.
AM - Mass of the ring in response in slug,
DELTA - Step depth, & in inches,
HO - Normalized equilibrium gas film thickness.
WB - The initial normalized excitational frequency.
Card 4 Format (8F10.f)
AN1 - Value of ny which is 2.5 in the case being Investigated
here.
AN2 - Value of n, which is 2.5 in the case being investigated
here,
DXT - Time increments during the fixed interval of the numerical

integration,



7 PROGRAM™RSTABT INPUTSOUTPUT)
DIMENSION SA(50)»
DIMENSTON PO{501)s"
DIMENSION CI(2+3+50)

" DIMENSTION XXTL1Q00)s BU50y3)s BH(501s AM(5Q)s CHUSQ)
COMMON Bls ALAMs Hls TOLs NL» NZ9 BZs NLls N219 NP’ NPLls NLZ, NL3
TT COMMONTH2% HLI343 "HZ23s"HSUM -~ 7 o T -
COMMON SAs SBs SCs 5SDs SEs SF
™1 FORMAT (&FI0 4,315y ~ & ° T T B
12 FORMAT (8F1045)
13 FORMAT "{54H "THE THRESHCOLD FREQUENCY OF THE STEP SEAL T s
1 Eldeds/)
14 FORMAT U54H THE SQUZEZE FTLM PARAMETER™ 7~ T _.., T T
1 El4ady /)
"71% FORMAT (54H THE BEARING 'NUMBER - - - ) ) Ty
l El‘!-lll-’/I
1% FORMAT (54H MASS - B »
1 El4ebs//7/)
17 FORMAT {S54H RATIO OF MIN™ CLEARANCE HETGHT" TO DIFFe 'TN CLEARANCES "
1 Eldelty/)
18 FORMAT (54H THE 157 ORDER PRESSURISED LOAD T . ’
1 Elgefsrs /)
19 FORMAT ((8EL1&e4)s/) - - -

20 FORMAT

SB{50)
PCR(B0) »

(54H THE POINTS ARE TOO FEW

mrm v mae merha >

SCi50)s SDIBO)s SEISG)
PCI(507s DX(5075
SUBVIS0)s VI2Q)

- 118 -

SF(50)
C{I00})» ALT70+70)

i
721 FORMAT™ (54HTA AND/ORTBTS OUT 'GF RANGE "OF"TABLE™ -~ o }

22 FORMAT (54H
Y EYALn N

23 FORMAT (52H
24 FORMAT "(52H

25 FORMAT (54H
1 ET4VEYY/)

26 FORMAT {54H

T 1 El4edy7yT 7

27 FORMAT
—29

30
EFl

32

FORMAT
FORMAT
FORMAT
T ET4VE, /) 77
READ 11.
" READ IZ>
BZ=1-—Bl

NL2=NL—~2
TNLZEND-377C
ND=NI_2+NL 2
NZTENZET
NP=N2+1
S NPLTENPFL
H12=H1#%2
H F=H T3 ™
H2=H1i+1l.
THZZEHZ2 %2
H23 HZ**3

Bls ALAM,
TVITTY TEL SNV

NCI=NCET™ -0

-

THE GRID DIFFERENCE
THE ZERQO ORDER PRESSURE DITSTRTBUTTON -
T}"E VALUE OF SMALLNESS

(5X2155({TF10e4))
FORMAT™ (/s (8L14«#

7 YT T -

Hls TOLs NL, N2

e e e - ————— PO e p—

L, L T - -

2
mahim s s L g GmLmmLesL s G g

NV

THE GUESSED THRESHOLD FREQUENCY OF THE STEP SEAL »

s/}
2/

LOAD DUE TO THE IMAGINARY PART OF GOMPLEX PRESSURE s

{52H THE IMAGINARY PART OF COMPLEX PRESSURE DISTRIBUTIONs/}
{52ZH"THE "REAL "PART OF COMPLEXTPRESSURE"DISTRIBUTION -
{544 THE RATIO OF WIDTH OF STEP WITH HEI";HT Hl ’

2/}

S AR RN e WAER A o L TS e —oebrnrns m
R = braine

£
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TTUUREAD T 125 UOXTTTYIELSNUTY T - T o
READ 12s {PO(I})sI=1,sNL}

T T HSOM=H13+3JFHI¥H2# (H1¥H2)+H23 - - T T

CALL NEWR{PO+DX)

T TCALLT TRNTEGTOws1e 5DXsPO” s NLYWLOADSCI»TERRY ™ Tt T
PRINT 32, B1

TOUTPRINTTLR, CALAM ST T T i T T e o o e o ""
PRINT 17, H1

~ O PRINT I4s SEG -~ "TT ¢ Tt T mT
PRINT 23

7T PRINT 19 TIDXTIY 3 T=TNL1T ~ . o oo rrrmmmmm T o o
PRINT 24 .

e CBPRINT IS (POTI Ty IEGNLT e - o
PRINT 25, TOL :

ST ALEEACAM¥HTIZZ, T T T o - T T T e -
A2=—ALAM® (H1+H2) /&

T AZE=ACAM¥HZ7Z., T ST o - TTomemenme s s s

THE COEFFICIENTS OF SMALL As By C» Ds Es F AT EACH GRID POINT ARE
CACCUCATED™ I'N THE FOLUOWING ™AS SAs % ETCS "~ .
DO 2 1=2,N21

TOBACTYEHL3/DXt1y 7 T T T i T

SC{I)=H13/DX{1=~1) )

- SBUIYE=SA(IY=SCrI) ~— =" e Tt e ~ T v
SD1={PO(I+1)%%2/DX{1} ~PO(I)*%2%(1e/DX{1)+1e/DX(I-1)}+PO(I-1}%%2

Tl /DX CISTI RIS TERTZV G, T T T o s e m e e -
SD2=ALAME (PO1i+1)-PO(I=1)1/2.

T sDTI)ESDl<sp2 - T T - T T
SE(I)=HLI#(DX(I)+DX{1I-1})1/2

T SFUITEIDX(IT+DX(I-1TY7 2, ~— o P ST e
AH{I)=AL

T CHUTYEDRT T T o e T T T s s e Tt
BH{I)=0.

T2 CORNTINUE ~° 7 "ot T T e e T
SA(N2)=HSUM/ 8. /DXIN2} -
SCUN2Y=H137DX 21Ty ™~ i e .

SBINZ)=-SA(N2)-SC{N2}
SDL=CTPOTRNP YR 2-PUOINIY#¥2) ¥ (H12+H 1 #HZ+HZZT7DXINZ2 T+ TPO(R2TT #%2="
1 POIN2)*¥#2)%¥3,%H12/DX{N21)) /4.

SD2=ALANMX (POTNP ) -PO(NZ15172 ” i ”
SD{N2)=5D1-5D2
SEINZ2IEC(HIFHZ 1EDXINZT+7 « #H1#DX (N21Y IV Ge - Tttt oo -
SF(N2)=(DX(N2)+DX(N21)) /2.
AHTN2)y=AZ T - Trmn o T e T T
CH{NZ2)=-Al .
BHINZ)=AH(NZT+CHINZ)Y ~ ~ N T T ’ C T -
DO 3 I=NP1lsNL1
TEATTYSEHZI/DRTITY T T - rms /s T e o e
SC(IV)=H23/DX{[-1)

- SBUTYE==SATTI=5C Ty ~ =~ T TTem s s e T

SD1=(PO(I+1)#¢2/DX(1)~PO(I)*¥2% (14/DX(1)+1s/DX(I=1))+POL1~1)¥%2
L YDXCTEITYRE S SH22/ 6T T -
SD2=ALAM* (PO([+1)~PO(1=11)/2.

T T sDTY=501=502 o . T
SE(I) H2*(DX(I)+DX(I 1))/2-

R o) gt e e



T SFUITE(DX (DYFDX(T=IY Y72, — " T T T T T e e e T
AH{T)=A3
CH{IY==A3" A ) T fTTL Tt o Ter T -
BH( 1120
T3 CONTINUE - . -7 - T - - ) -
SA{NPY=H23/DXINP)
SCUNPT=HSUM7 8 /DXINZ2Yy™— ~ -~ e, Ty T T -
SB{NP)Y=—SA(NP1-SCINP)
SOLET{POCNPTY* £2-PO{NPY R %21 %3 #H22/DXINP y+TPO N # % 2=POUNP ) ®## 2%
1 (H12+H1#HZ2+H22)/DX(NZ2Y 1/ S
T OSD2=ALAME(POINPLY=PO(N2Y) /24 T s s : "
SDINP}=5D1~5D2
SETNPY=(THIFHZ TROXTNZTFZ o #HZ#DX (NPT /g, ~~ 77—~ o
SF(NP)‘“(DX(NP)+DX(N2)}/20
T OAHUNPI=AZT 7 . ) T ) . U ;
CHINP)Y=—A2
BHINPY=AH (NP Y+ CHINP) T o o T -
CALCULATE ELEMENTS OQF (A} AND (C) IN THE EQUATION AX=Cs
"B MATRTXTISTUSED TO SAVE A(T1sJ) WHICH ARE "TNDEPENDENT DRTTHE
DO 4 J=1sND
T DO 4 T=1WND o ’ T
Alled}y=0,
‘4 CONTINUE - - : -
v=vI{l)
PRINT 22 ¥v—7 — > 77 77 T o T
AMASS=WLOAD/V##2
PRINT "Tés AMASSs - - 77 B ’ T - -
DO 5 J= 2;NL3
-t _I = JF1 B - h - o - -
JN=NL2+J '
IN=INFLTTT O T ovm - e T o -
ACJsIY=SA(I)*PO{I+1)+AH(I}
T ATIN ITNI=A(I ST = T v -
A{JsJ)=SBIL)*¥PO(I)+BH{T)
= KCINDINT=A(THJ) © " - - - - - -
Al J=1)=5CLI}*PO(I~-1}+CH(I)
T OCATINYINFIEA TS SS=1T) b e T T T -t -
AlJsIN)=SE(T )Y
- AUCINYITE=A(JHINY ™ -~ -~ . o ) ) T
CtJy=—-sDI(1}
o CI{IONT=SFITYRPO( T Y®YV ™ -~ b r
Bide3i=A{JdsJ+1)
T By ZY=EAlJdY S o o ot I T -
BlJsl)=A(JsJd=-1)
5 CONTINQE™™ — 7 7= == T i T o -
Alls1)=5B(2)#P0O(2}+BH(2)
T T ATNETYNCIYEATLYT)Y - o - - o o ) -
AlLs2)y=SA(2)%PO{3)+AH{2)

T TARNLTSNTY SR L2y T T - TT T o o

ALLSNLII=SE(2)#V

T AN ITEEATLISNGLY "7 7 . ’ Tt T
C(1)=-5D(2)

T TTCUNLIYESF (2T RPO(2Y RV ) ’ ; - e -
A(NLZ:NLB)‘SC(NLI)*PO(NLZ)+CH(NL1)

o e g i oo e s m— — = - —— e an = -~ (R —— o -
A e s e e ——a e TR e S it WL T e [P P e, B 4 ey o
>
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115

113

69

iy e

ATNDSND=1)FATNL2,RE3Y T 77 7
AUNLZsNL2)=5B(NL1)*¥PO(NL1) +BHI{NL L)

AINDSND)=A(NLZ2s+NL2)
ACNLZ2sND)=SE(NLL)*®*V
AINDsNC2YE~ATNLZ2 e NDY ™
C{NL2)=—-SD(NL1)
CUNDY=SF(NLCT*¥PO{NLIT®V"™
Bllsl)=A(lsl)
BTTs21=A11s2) o
BINL2+1)=A{NLZ,NL3)
BI{NL2,21=A{NL2,NL2)

DO 61 J=1sND

FROJi=¢c(ay - 0 o o0
CONTINUEL

T CALLC TDETEQUASXX s NOSDET)”

IF (DET-0.) 108s 109y 108
sTop T T T i T
CONTINUE

TPCTUIYEG. T e T

PCI(NL)=0.

PCRUIY=0. T T

PCR{NLI=0,

DO 7TTI=NLISNE 7 -
PCI(J=NL3}=XX(J)
CONTTNUE™ - 7
PRINT 30

PRINT 295 (PCI(I)sI=1I9NL)

CALL INTEG(Oss1esDXsPCIsNLsPSMLsCIsIERR)

IF CTERR=1) 113, Tl4,s 115
PRINT 20

sTep T T T T T
PRINT 21

sToP - T i
CONTINUE

PRINT 26, P3ML — ~° 777

DO 69 J=1, NLZ
PCROJFITEXXTSy -7 7 i
PRINT 29s (PCR(I)sI=1sNL)
PRINT 317 " °~ T T T

CALL INTEG(QerlesDXsPCRsNLPRSMsCI+1ERR)

PRINT T8 PRSM ~ -
AMASS=PRSM/ V2

SRINT 153 "AMASS ~™ =7~
DO 121 IV=2,NV

VEVT LIV T T T
PRINT 22, V
DOTBLTIELLNDT T T
DO 51 I=1sND
ATTFIVEQ™ "7 = e
CONTINUE

DO 52 JEZyNL3 T
1=J+1
~ IN=NLZFI™ -
IN=JN+1

e . m—— h b e e I -

am— —

- e s = - r—
- o
P -

- - 12% -

———— o

—— =
pa—



T ATRLYS

ACIN=INY=A(J.1)
ATINSINI =AY =777 777 . e T
ACINsIN=-1I=A(JsJd=-1)

VWIEATT2) 7777
A(NDsND=1)=ANLZsNL3)
ACNDsNDY=AUNL2YNL2Y

ATITITI=B(IYIY TUTTT T T TR e mme ST
AlJsJ1=B({Js2)
TALTSJETYERULS3Y 0 T T o T e

CONTINUE ™~ —" ~—— -7~ =7 °~ T v e e -
All1+1)=B(1ls1)

AL 2)EB(Le 2T T T - - -
A(NL2sNL3)=Bi{NwLZ2s1)

ACNLZsNCZISBTNLZ2s2) 7 ° ’ T -
A(NLIsNL1)}=A(1s1) )

CALCULATE THE ELEMENTS OF A AND C WHICH VARY WITH RESPECT TO v.
" DO 6" J=1lsNLZ i -
I=J+1
T ONEUFNEZT - T - o s T h
AlJsJNI=SE(I)#*V
ACINSITESR{IYINY 7 - T )
C(JN)—SF(I)*PO(I)*V
6 CONTINUE™ - - - - - "
DO 62 J=1sND
TTOoXXtny =ty s ey e T/ T e - T
62 CONTINUE
T TCALL DETEQ(AsXXsNDsDETY )
IF (DET=-0.) 111, 112, 111
112 sToP T oot T -
111 CONTINUE
T DO 8 JUENLILND T TR T o - T -
PCI(J=NL3I=XX(J)
© 8 CONTINUE T T - . -
PRINT 30
PRINT 295 "{PCI{T)Y¥TEI¥NL) - R
CALL INTEG(OQ#]..!DX!PCI9NL9P5M29CI’IERR)
- IF {(IERR=TY" 11651179 118 ) - -
117 PRINT 20
T STOP "'_‘ o - - T -
118 PRINT 21
TTOTSTOP T T T - T T ” ) -
116 CONTINUE ,
T T PRTINT 2%y PEMZTT T T o T TooTTm e T e mr o
DO 9 J=1ly NLZ
TTOTPCROTFLIVERXTIY T T -
PRINT 31
T T T PRINT 729y {PCRITISIZIONLY - o o }
CALL INTEG(O.91.90X9PCR;NL9PRSM;CI’IERR)
T T PRTINTTIBTPRSMT T T - oo T -
AMASS=PRSM/VH3Z
T O TPRINT 16y TAMASSTTTT T T T -
,121 CONTINUE
TTTTUENDTT T T o e - - N -




"T7T SUBROUTINE INTEGUASBYHIF s NPsVALUESCH»TERR) 7 T o o
SO R R R R K % K ¥ K ¥ ¥ ¥ O K ¥ N K R F ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¢ ¥ # ¥ ¥ INTEGO002Z

*INTEGOO3
SUBROUTINE INTEG *INTEGOO4
T s - "~ *INTEGOOS
* INTEG0O6

~ CINTEGRATES THE NON EQUTDTSTANTLY TABULATED FUNCTION FUX(1Y)  ~ *INTEGOO7
BETWEEN THE LIMITS A AND Be *INTEGQOS

" : - © ° =INTEGQO9

A MODIFIED METHOD OF OVERLAPPING PARABOLAS 1S EMPLOYED. *[NTEGOL0

i ) : T #INTEGC11

A SECOND ENTRY POINT 'INTEGZ' 1S PROVIDED FOR MORE THAN ONE *INTEGO12

" INTEGRATTON 'ON THE SAME DIVISIONS OF Xe THIS SAVES THE TIME =~ *INTEGOLS
OF CALCULATING THE WEIGHTING FUNCTIONSs *INTEGOL14

- ~ T g : *INTEGOL5
ARGUMENTS - *INTEGO16

A LOWER LIMIT OF "INTEGRATIONe : #INTEGO17

B UPPER LIMIT OF INTEGRATION. *[NTEGO18
T ARRAY OF ARGUMENT VALUES. MUST BE MONOTONTCALLY © #INTEGOT9
INCREASING AND MUST BE DIMENSIONED NP. *INTEGO20

F ARRAY OF "FUNCTTON VALJES. MUST BE DIMENSIONED NP. *INTEGOZ1

NP NUMBER OF POINTSe NP MUST BE GREATER THAN 3. *INTEG022
VALUE  RESULTANT VALUE OF THE INTEGRATION "~ *INTEGO23

C WEIGHTING FUNCTION PASSED TO THE MAIN PROGRAM *INTEG024

- "FOR"STORAGE. = - - : T ¥INTEGOZ5

IERR RESULTANT ERROR PARAMETERs *INTEGO26
- *INTEGD27
REQUIRED SUBPROGRAMS — NONE ¥ INTEGOZ8

a *INTEGO29

COMMON STORAGE - *INTEGO30

" THE WETGHTING FUNCTIONTC IS STORED IN THE MAIN PROGRAM ARD " *INTEG031
REQUIRES THE FOLLOWING DIMENSION STATEMENT WHERE DeGEeNP. *INTEG032
" DIMENSION C(Z53D) #INTEGO33 -
*INTEGO34
ERROR INDICATIONS - *INTEGO35 *
IERR = 0 INDICATES NO ERRORs *INTEGO36
IERR = 1° INDICATES NP IS LESS THAN 4. - " *INTEGO37
IERR = 2 INDICATES THE LIMITS OF INTEGRATION ARE OUT OF *INTEGO38

' THE RANGE OF THE TABLE. *INTEGO39
*INTEGO40

EDWARD Go TRACHMAN - 8 JULY I970 MeEs DEPTe 492-5640 *INTEGOA1
*INTEGO42

#O¥ % ¥R TR LF WTE K R % ¥ R X O ¥ % o % F oo ¥ ox K ¥ o ¥ x x INTEGOWES
DIMENSION X{501s F(50)s C{2s3+50)

T DIMENSION HU5Q)SUBVI5Q) INTEGO4E
INTEGO&S

NP "MUST BE GREATER THAN 3 ’ INTEGO47
INTEGO4B

IF (RP.LES37GU"TO 96 7 - INTEGU&HY
INTEGO50

T CALCUCATION OF INTERVALS OF XA INTEGOS1
INTEGOS52

TTUTNHENP=T O T 0T INTEGOS3

X{11=0.




= pUTLO TEIGNHTT T
X{I+1)=X(I}+H(I)
DO 20" 1=1sNH ~

IF (1 EQ 1) GO TO 15

DEFINE COEFFICIENTS COF FIRST PARABOLA

Cllolsl)=—{H(I))*%3/ (HexH{I=11¥{H{I~1}+H{1)))
T ETIYTS T =R TR (3 #H{T=T ) FHUT Y ) /(6 ¥HTT=1) ¥~ - o
C(lsBsI)—HiI)*(S o¥H(I—1) 42 *H(I))/(é.*(H(I l)+H(I)))

CONT INUE
IF ( T.EG. NH)

GO TO 20

DEFINE COEFFICIENTS oF SECOND PARABOLA

C(2e11t=HILI¥ (2 *H(I)+3.*H(1+l))/{6o*(H(I)+H{I+l)))
CU2y2s TVEHTII) R (AT +33HHII+1) I/ (64 ¥HUTF1) Y o N .
C(2» 3sI)=—(H(I})**3/(6 *H(I+l)*(H(I)+H(I+1))}

CONTTNUE™ = ~

" 7 ENTRY INTEGZ o -

INITIALIZ.E SUMMATION VARIABLt

VALUE=040
~ TFIBSAY 40592530 77 -
~ - B IS GREATER THAN"A ™ -
30 ALIM = A T -
BLIM = B
SIGN = 1.0 ) T I
GO TO 50
A 1S GREATER THAN B
40 ALIM = B
BCIM 2 A 0 T T T -
SIGN =—140
"50 ‘NH=NP-T" " ° ek -

SETTING THETCOWER"LIMIT OF

DO 63T TETINA -
PARTA = 1.0
IF (ALIM=X(T)) 61369363  ~ -
61 IF (1.EQe1) GO TO 97
o CALTMTE TXTET)
PARTA= (X(I)~ALTM}/(X{1)=X(I=1))
T G0 TOTEYT T T
63 CONTINUE
“—69 CONTTRUE ™~~~ il -

- ———— o udbin — - ———
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INTEGRATTON -

_= 124 -

INTEGOS®
INTEGO57
"INTEGOSS
INTEGO59
INTEGOB0
INTEGO6E1
INTEGO62
INTEGQ63
- INTEGO64
INTEGO65
"INTEGO66
INTEGO6T
INTEGO68
INTEGO69
INTEGO70
INTEGOT1
TNTEGOT2
INTEGOT3
- - INTEGOTSG -
INTEGOT5
INTEGQTE "
INTEGOT7
“INTEGGT78 -
INTEGOTS
y - INTEGOBO
INTEGOS81
- : INTEGO82"
INTEGOS83
" INTEGOB4
INTEGO85
- - : INTEGD86
INTEGO87
INTEGDSBS
INTEGDS8®
—“INTEGQ90
INTEGO91
“TNTEGD9Z
INTEGQO93
ITNTEGO94
INTEGO95
*“INTEGOY6E™
INTEGO97
“INTEGQ98”
INTEGD99
INTEGTOO
INTEG101
~“INTEGIDZ
INTEG103
- ~INTEGT04
INTEG105
~ INTEGY06"
INTEGLO7

e . -

P L I R am -

— e —



SETTING THE UPPER LIMIT OF INTEGRATION T - o
) PO 73 1=1sNH o . v, T T
PARTB = 1.0 ’
T O IFTUBLIM=X(IT) 71,79%73F T oo T )
7L IF {I.EQel) GO TO 97
TTTOBEIM = XTIV T T - ooy e o
PARTB=(BLIM-X(I-1))/(X{I}=X{I-1))
G0 TO 79 T T ) . - -
73 IF (I1+EQeNP) GO TO 97
79 CONTINUE T o - T }
T "CACCUUATION"OF INTEGRAL OVER SUBTNTERVAL -~ ——— ~~— =~ o
- DO"80 I=1sNH "~ ’ . i T - “
SUBVII) = 0.0
TF XD e EQeALIMY "SUBVITI=C {2919 1) #FUI)+C{2s 25 T)HF (T4+LY+C{2+3 51} %
IF(I+2)
7T IF UTSNHYTIOZ2, 107, 103 T - T N -
103 CONTINUE

ADX=ABS X (I+1y)-BLIM) ™" 77 " . -
IF (ADXebLTelefE=5) SUBVIII=ClLlsilsI ) *F({1-1)+C(1s241
1 FITI+I0) o i -
GO TC 101
“102 TCONTINUE™ " 7~
IF {X{I)eGTaALIMsAND eX{I+1}alLTeolLIM) SUBVIII=0e5%¥{C{1lslelI)}*F(I-1)
THOCTT 29 T)FC T2 T I VHFUT ) +UCTT s 39 IVHCU29 23 I TP I+ TN 4+CUTVI 9 [ ) %
2F(I+2))
CONTTINUE - ST
IF (PARTANE«1+40RsPARTB,NE«1) SUBV(I)=PARTA¥PARTB*SUBV(I)

JEF(T)+C( 13112

LT e p—— e S - Arin n o m—————— e 2 A e

101

CALCULATE THE FINAL VALUE OF THE INTEGRAL
80 VALUE=VALUE+SUBVI(I)
VALUESSTGN*VALUE ~ ~ =~ - - -

SET ERROR PARAMETER™FUR 'NORMAL RETURN T

IERR 0 . ’ T

RETURN

SET ERROR PARAMETER FOR TOQ FEW POINTS

IERR = 1
"RETURN 777 7 T

SET ERRORTPARAMETER™FOR "A° AND/OR B OUT OF "RANGE OF TABLE

TERR™="Z7 7 e e * T
RETURN
END —° - o T o o ST

wwwww
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TNTEGIOE™
INTEGLO9
INTEGL1O
INTEGI111
TINTEGL1Z
INTEG113
INTEGITH
INTEGL15

TINTEGT16

INTEGL17
TINTEGI1S
INTEG119
TNTEG120"
INTEG12]
INTEGIZ2Z
INTEGL1Z23
INTEG124

INTEGL1ZS

INTEG126
INTEGIZT”

INTEG1ZS
INTEGTZS
INTEGL30

INTEG131
INTEGI32"
INTEG133
INTEGL1 3%
INTEG135
INTEGI3E™
INTEG137

“TNTEGI3E,

INTEG139
“ITNTEGT&4O0”
INTEGLl4l
INTEG1I4Z2
INTEG143
INTEGTG4”
INTEGLAS
INTEGIGE
INTEGLAT
INTEGI&T®
INTEG149

“INTEGYST

INTEGLS]
INTEGYS2
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SUBROUTINE DETEQ-(ASBSNRDET) -~ -~ ~—- ~— =7 =~
DIMENSION A(70,70)5B(70)»I1PVOT(70)

DET=140" - - -

DO 11 J=1,N ]

“I1l IPVOTTJI=0WO" -~ - - - e T

DO 121 I=1,N

~ T=0‘. 0— b b - -k At - - — - - - Il anad - - - == -

DO 61 J=1sN
Tt IR UTRPVOTIJ =177 21.515217 7 7 T - T o o
21 DO 50 K=1lsN
TOTIFTUIPVOTIKI=1) "31550550 ’ i - T T
31 IF (ABS{T)=ABS(A(JsK))) 41350550
~&T TROW=J"— ~ "~ . ISR e mm v mtwwm e mmem o o e
ICOL=K
T TEACTYKY o - T - : o )
50 CONTINUE
BT CONTINUE™ 0T T - i -
IF (ABS{T)—1eE-8) 131+131,55
TEL TPVOTUICOLYET T T T T T . - -
IF (IROW-1ICOL) 61481461
"6l DETE~DET ~ oo - Tt
DO 71 L=1,N
7T TEATUIROWSLCD ) ) '“"“ ) - " " o -
ACIROW»L }=ALTIC0OL L)
71 A{TCOLCyET" "7 T T T o T )
T=B{ IROW)
"~ " BCIROW)EB(ICOL) ST -
B{ICOL)=T
TTEIT TEMPEA(ICOT,TTOLEY T -7 T o - B - a
DET=DET*TEMP
T AUTCOLYICOUTY=1. o - ST ’ -
DO 91 L=1sN
91 ACICOL,LY=ATICOLWL)/TEMP ~ -7 ) .
B(ICOL)=B(ICOL)/TEMP
DO 121 T1=13N - - -
IF (L1-ICOL) 101s121s101
IOl TEA(UI,ICOLY T T T T - : - oo
A{LLsICOL)=D. .
DO T11C=1sN - - S
111 A(LLIsL)I=A(LL>L)~A(ICOL,L )*T
- BILT) =8 (L1Y=B{TCOL)®T™ . em T )
121 CONTINUE N
“ CRETURN - T TSI OT T i T T e e e h
131 DET=0.0
7" RETURN - h T v o i o
END

=7 EUBROUTINE NEWRUPO,DXY T - T o
DIMENSION AA(50)s BB(50)s CC{50}s DD(50)s EE(509s FF(50)s DX(50)

e BTMENSTON ATS507) s "BI{S0Ys "C(501s PO(SOYs DPUS0)+ FI(50)s FIDP(5093)™
COMMON Bls ALAMs Hls TOLs NLs N2s B2y NL1s N21s NPs NPls NLZs NL3

T e me e e e o we e o P e e
- N - '

-
- pey)



" COMMON HZ% HI3, HZ3, HSUM "~ T -

COMMON AA, BBy CCs DDs EEs FF
11 FORMAT (4F1044+215) ’ ) -
12 FORMAT (8F10.5)

T3 FORMAT (6XEIG 493 (6XsETG444)s/) - o
14 FORMAT (17X3HFI=s3X1THDFI/DP(J)sJ=19293s/}
TS FORMAT (3XZHT=322X3HDXESTTX3HPO= /1 ™ -

16 FORMAT {5XI15+:2(6XElbGeb)s/)

" 17 FORMAT (54&H PRESSURE TS SMALLER THANTTHE AMBIENT

18 FORMAT (5XI54+3(&XEl4e 4),/)
19 FORMAT (TH1) ~

DO 2 I=2s NZ1

TARIINEHZ3VZ DX Yy T o r T

CC{I1=H23/2./DX{1-1)

BB IY==AR(D)-CCTHUITY 77 ) T
FRE{ID ) =ALAM*HZ /2.

TDDHIY==FF(I7 ) - T
EE{I1=0.

TTZ2T CONTTNUE ™ © - T ’ T
AAINZ)=HSUM/DX(NZ2)/16.
CCUNZIEHZ3 /2 /DX UNZLY .o
BB{NZ2)=—AA{N2Y-CC{N2)

T 7 O FFUNZ21EFFIN2Z2L) o7 ) .
DD{NZ)=—ALAM®{H2+HL) /4,

DO 3 I=NP1l, NL1

ERXCINVER13/ 2. /DX ’ -

CCUIN=H1I3/24./DX{1-1)

T OBBTIYERAR(CIV-CCUTY T
FF{TY=ALAM*H1 /2,
po{IY==FF {17 777 - 7T T -
EE(I)=0-

3 CONTINUE i )
AAINPY=H13/2./DX{NP) -~
CCTNPI=HSUM/DX (N2} /160
BB(NP)"-‘AA(NP)"CC(NP)

DDUNPTEDDTNPTY ™ ' .
FFUNP)=ALAM* (11 +H2) / 4o
EECNP) DD (NP )+FFTNP) ~ ° - -

104 CONTINUE
D05 IE2, NLL T T T T ; B
J=1-1
T KUY ERETTYHPO IFIVH0DTUTT T
B{JI=BB(I)*PO{I1+EE(I}
CUITECCUIT#PO (T=1Y+FF(T) -
FICJ) =A(J}*POLI+1)+B(J)*PO(II+C(JI#POCI-1)
TTTOFI(ITESFIVUY T T -
5 CONTINUE
T PO TTIEITNLZT Tt v T -
J=I-1
FIDPt I L) = CCUTI*¥2T*¥PO(I=1)+FF (1)
FIDP(J»2)=BB({I)1%2+%PO(I}+EE(I}
= FPTDPCJ ) SAAC I V%25 POCT+1 Y+DD( 1)
& CONTINUE

- = P S P i A0 U R ™ Y ——ara & = -

EECNZYVEDDIN2Y+FFINZ2) 7" © 777 N T

PRESSURE

P Y P

e e on o - e
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FIDP(1:2)=BB(2)%2.%¥PU(2)+EL(Z}
FIDPl1+3)1=AA(2)1%2%P0UI(3)1+DDIL)
FIDPINLZs1l) = CCUINLI)#2.%¥PU{NL}+FFNLL)
FIDP(INLZs2}) = bBb{NLI)*2,%#PO{NLLI}+cEINL])
CALL TOLEQ (FIDPsF1:DP4NLZ)
PO 7 I=2s NLI
POLIY=PO(L)+DP{I-1)
IF {PO(I)-0,4) 1uls 101, 7
101 PRINT 17
DO 23 IP=1ls NL1
PRINT 18, IPLUXUIP)sPOCIP)s wPLIP-1)
23 CONTINUE
STOP
7 CUNTINUE
RMAX=TOL/Z.
DO 8 K=1ls NLZ
R=DP(K)
IF {R—-RMAX) 8s 8s 102
102 RMAX=R
8 CONTINUE
IF (RMAX-TOL) 103s 103, 104
103 CONTINUE
PRINT 15
DO 9 IP=1sNL1
PRINT 16s 1Ps DX(IP)s POLIP)
9 CONTINUE
PRINT 19
RETURN
END

SUBROUTINE TDLEW (AsCsXaiv)
SUBROUTINE SULVES A TRIDIALUNAL 5YSTtm UF LINEAR EWUATIONS
DIMENSION a(5Us2)s Cio0}s X{buls bBi{HOs2)s LIDY)
START
J=N
Bllsl}=A(152}
B{ls2)=A(1s3)
D{L)=C({1)
JJd=J-1
DO 5 K=2,JJ
IF (ABS{B{(K-141))—ABS{B(K~1s2}113y w9 &4

3 B{Kel)=A(Ks2)#B(K-1s1)/BIirR—1a2)-A(Ksl)
BIKsZ2)=A(Ks31tB(K-1s1}/8(x—1s2)
DIKI=(CIKIFb (11} ~A{Ks 1} *UIK=-1}))}/D{K=-142)
G0 TO 5

L Bl{Kesl)=A(Ke2)-A(Ks1)#¥B(K=122)/0(n—1s1}
BIKs2)=A{K»3)
DIK)I=CH{RK)I=ALK» 1L I#DIK-1}/B(R=1»1)

5 CONTINUE

T XUH)=(CtAI*¥B(U=1s1)1-A0Js 1) *D(J-1)1 /AU 2) R (J=1s1 )AL 1) XB(JI=]1»2
Iy



15

10

K=J-1
XAK)=(DUIR)=BIK 21 ¥X{K+1)}/8({Ks1)
Ir (K—-1) 18Jds 1u0y 140

K=K-1

GO TQ 15

RETURN

END
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Card 1 Format (5F10.4, 3I5)
B1 - Ratio of 31/3.
ALAM - Bearing number, A,
H1 - Normalized gas film thickness, HQ.
Tol - Smallness for convergence,
NL - Total grid number for the step pad imcluding two
end points.
N2 - Total grid number for the left edge of the step pad
with H = H2.
Card 2 Tormat (8¥10.5)
VI(I) - Array of the squeeze numbers to be solved.
Card 3 Format (8F10.5)
DX(L) - Array of increments of X defined as AXi = Xi+1 -Xi
N
such that 2 DX(I) = 1.
I=1
Card & Format (8F10,5)
Po(L) - Array of the guessed zero order pressure profile Po, i

on the pad with Po, 1 = Po, n = 1,



