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I. DESCRIPTION OF MAIN PROGRAM

A, Program Name

The name of the main program 1s TRIPOT, meaning a potential prob-

lem solved by a non-uniform triangular mesh.

B, Functions of TRIPOT

1. Generation of a Non-Uniform Triangular Mesh

The non-uniform triangular mesh is generated on computer by
the Winslow method {Ref. 1). The essence of the method is to use a trans-

form to a logical plane, £, m which is related to the physical plane x, y by

2 2 2 2
_g_a + ——g-a = 0’ —na + __'38 =0
8}{2 ayz axz 8}1‘2 (13-’ b)

and by interchanging dependent and independent variables

B S T (22)

Ont BYgn ¥ Yyge =0 (2b)
where

a= x% + y'% (3a)

P=xmxetyye {(3b)

Y = x% + yE {3c)

On the logical plane &, m; the domain is composed of equilateral triangles only.



Equations (2a, b} are solved by specifying boundary values of
X, y on the selected logical domain £, m. For fuel sloshing in an axisymmet~
ric tank we chose a simple parallelogram as our logical domain (Fig. 3,
Appendix II). * The interface of arc length sy is locatedoni=1, j=1to N.
The centerline of length s, is between the interface and the tank bottom.
The wall is divided into two parts; the "bottom!' of arc length s3 and the
"side' of arc length s4. For cylindrical tanks, the side and bottom are dis-
tinct; hence it will be used as such and not be redefined, and then s, and sy
are divided into M parts, while s; is divided into N parts as s;. For a tank
such as a spherical tank, the wall is arbitrarily divided into s5 and s,
approximately in the ratio s; to s,. Parts of approximately equal length can
be specified. For fuel sloshing, especially with a "folding" interface, more
accuracy near the contact point and the folding part may be desirable (as the
machine time and the storage locations increase rapidly with number of
points on the interface and the side wall). Then one may use a coarser net
near the center on the interface and away from the contact point on the side
wall, while s; and s3 are divided 1n parallel with s4 and sy, respectively.
One may also use a finer net near the junction of s3 and s4. In general, it
is preferable to generate nearly equilateral triangles and to avoid obtuse
triangles (not necessarily eliminated in the Winslow method}, For a folding
interface, relatively high accuracy of the interface points is needed, and can

be fed in from outputs of the interface program, SSHAPE, meaning surface

*All figures in the theory are given in Appendix II,



shape {see Appendix I). For example, one may use N = 17 in SSHAPE (there
are 16 intervals but take 5 double intervals near the center and 6 single
intervals elsewhere), thenin TRIPOT use N = 12 {there are 11 intervals).
Likewise, a net of N = 24 may be obtained with piecewise uniform spacing.

Waith boundary values of x, y specified, the interior net points
are first solved by a "linearized' approximation (Ref. 1), namely

2 2 Z 2
8z, %x.0 22:212, (4a, b)
2g am ot an

Then the technigue of combined underrelaxation of coefficients and overrelax-
ation of dependent variables is used to solve Eq. (2a, b) starting with solu- )
tions of Eq. (4a,b). For Egq. (4a,b), aninitialrelaxation factor of WA = 1, 8
is used. For Eqs. (2a,b), aninitialoverrelaxation factor of WB = 1.0 is

used. The overrelaxation factors are improved as given in reference 1.

For example,

1/2

N _ -
TWinslow - & 14X = ZZ( T 1) (5)
T TR
_ ettt -1
}‘Winslow = ELX = { e
WENT Winslow
WX+ ETAX -1
= (6)1

WX *NETAX

TWX is the overrelaxation factor.



2

1 — = -

(wopthyringiow = WAX = > 172~ ©0
1+ (1 -A%) )
Winslow
= 2 - WO0; WO0Zo0.01  (7)
1+ N1 - ELX*%R

n+1 = = 1 - 1L

(oo Mrinstow = WX = [Bubpe + (1 - B) Plype 00

= RHO * WAX + (1 - RHO) WX; RHO = 0,05 (8)

It 1s noted that if ETAX > 1, use WAX = WX (previous) instead of Eq. (7).

Let
1 n n
XTEMP = [Cpagy_q, 3+ Cox_ 1,511 €%, 521
+C4X§_1+1,j+c5xil+1,3+l+C6X§.];j+1]/SUMC {9)
3
SUMC = C 10
K2 Tk (10)
RX=[X__-?,J - XTEMP] * WX (11)
then
n+1l__n
5 =% RX {(12)

It is noted that in the present problem, we use a simple parallogram in the
logical plane (Fig. 3, Appendix II). Two examples of constructed nets in a
physical plane are shown in Figures 4a and 4b, Appendix IL

2. Sequence of Calculations

The theory using auxiliary characteristic functions ij 18 given

o oy

in Appendix II, They satisfy 3 = hl.lj on F, _é—l = 0on W and VZLIJ =0in V.
n el



In our program, qu is found by the influence coefficient method. The influence

coefficients are ij and, therefore, one has

.

;= Fj - = My on F (13)
or

([F] -—1}:[1]){¢}= Oon F (14)

which 1s a standard eigenvalue problem; the kb eigenvector being V., and the
corresponding A\, are printed as eigenvalues. The xtb column of ij 1s con-
structed with a unit kth element of gi and zero normal derivative elsewhere.
n
: : ow(1,1)
The value of k varies from 2 to N while y(1, 1) = 0 and T = 0, at the
n

center of F,. ¢ is governed by
v =0 (15)

A finite difference formula of Eq., (15} on the triangular mesh was given in

reference 1. Let

AiJ = the area of ijth dodecagon 1nside the fluid domain

Ty = radius of the ijth point

1 - —
Wi :E(hkrk cot Qk—l- Rk—lrk-l cot G'k), k=1t 6
{see Fig. la, b)f

21
rk_g(r1j+rk+rk+l)

786y, 0y can be expressed in terms of fy, uy, ti .1, vk -1 and sg.



For an interior point (i, j),

S m? A 0 = (16)
k‘g]_ Wk(‘!Jk'qJ)"'l-_; ijl'p_ » M=
= J
with
Ne = 1
For an interface point (I, j)
¢ & N 1 1
m = =
k§1 Wk(lbk - ) - -g;Aijl{J + (-3—1‘:)1J [2 s3 + > 56] Ty 0 (17)

with

Ng =R = A, =0, Ng=hg =k =1, i=1

For ijt}1 point on the tank wall,

2
Wk("l"k -d) - %AijQJ =0, m=1 (18)
1

n Moo

with

)\.33)\.4:}\.5:0&.1'1(1}\1:7\.2

1]

>
o~

1t

1 on bottom wall,

i.e., i=M, j=1ltoN

It
I

= 7\5 = )\6 = 0 and }“1 )\2 = ?\.3 1 on side wall, i.e.,

>
1

e

j=N, i=1to M

K1=?\.2=1and?\3=?\.4-

i

>
N

|

>
(23

13

0 at corner point,

i=M, j=N



On centerline,

¢ =0form=1 (19)
At contact point, i =1, =N
6 2 a 1
m =
Y vl m W - T Ay e (5;) ('z‘ 53) %352 0 (20)
k=1 y 1N

with
7\3=}.and7\.4=h.1=7\.2=)\.5=}\.6=0

Equations (16) to (20) are solved by the overrelaxation method through use
of subroutine SOREL (1), which contains the same procedure and factors as
those used in solving for x [ see Eqs. (8), (12)].

After the influence coefficient matrix 1s determined, Eq. (14)
determines the eigenvalues and eigenvectors (the auxiliary characteristic
functions L!JJ- on the interface). The values of lle on the wall are obtained by
the S. 0. R. method through subroutine SOREL (2).

Then subroutine SOREL (1) is again used to solve the boundary
value problem of a capped fluad (rigid interface) under pitching oscillation
and subsequently the corresponding moment of inertia.

Next, the normal modes are determined by an expansion of

auxiliary characteristic functions (using N, numbersT out of the N number

TIt 1s probably more accurate not to use the last few auxiliary eigenfunctions
which contain larger errors,



of Lpgs). A matrix eigenvalue problem results as given in Appendix II. The
computer program thus calculates various integrals entering the matrix
equation. An eigenvalue subroutine yields the coefficients in series expan-
sion of the normal modes (eige‘nvectors) and the corresponding frequency
(eigenvalue).

Once the coefficients in the series expansion of the normal
modes are determined, integrals containing these functions (Appendix 11} can
be evaluated to determine the parameters of the spring-mass mechanical

model. This completes the main steps of the present program.



I. EXAMPLES

Results of numerical examples are given in Appendix IIL

It is noted that for a spherical tank with a '"folding' interface, the
result is sensitive to the inputs, especially the interface points; piecewise
uniform spacings of the interface points were used. With a 12 X 12 mesh,
it takes about two minutes CDC 6600 time in the main program, TRIPOT.

With 23 X 34 mesh, it would take about twenty minutes,



IIT, CONCLUSIONS

The program seems to yield reasonably good results in the examples
calculated with as few as 12 interface points., However, in some cases, 1t
is sensitive to inputs which should be reasonably accurate. Applications to

other cases remain to be examined.

10
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IV. INSTRUCTIONS FOR USING COMPUTER PROGRAMS
HTRIPOTY AND ''SSHAPE!'

A, General

TRIPOT is a program that computes the sloshing parameters for an
axisymmetric tank. A finite~difference tec.hnique using a triangular mesh
is used to solve the potential flow equations, The main restriction on the
program 1s that the Bond number and the volume of contained liquid are both
great enough so that the liquid covers the bottom of the tank.

SSHAPE is a program used to compute the equilibrium free surface
shape of the liquid. The output of SSHAPE is used as input for TRIPOT.

B. TRIPOT

Atriangular meshis laid over the liquid by a method to be described.
Figures 4a and 4b, in Appendix III, show typical meshes for a2 cylindrical
and a spheroidal tank.

Both the liquid interface and the tank shape are given as discrete x, y
coordinates, x=0, y=0being the point |Whe.:c'e the free surfaceintersects the tank
centerline. Theinterface, arclengthsji, is brokenupinto Npoints. The center-
line, arclengths;, is brokenupinto M points. The bottom, s3, and side wall, sg4,
are specified at Nand M points, respectively. Fora spheroid, for example, in
which thereisno ""bottom' or '"'side, ' thewallisarbitrarily dividedintoarc
lengths sg and s4 suchthat s3/s4is approximately equalto s3 /sy,

For a "olded over'' interface, additional accuracy can be obtained by

using a non-uniform spacing of the N and M points. A coarse net is used

on the interface, s;, near the centerline and on the part of the wall not close



to the contact point, s,. Then, s, and s3 are divided similarly to s; and sy,
respectively. For example, 16 intervals (N = 17} can be used in SSHAPE to
calculate the free surface shape. Then, the s, y coordinates of the 1, 3, 5,
7, 9|, 11, 12, 13, 14, 15, 16, 17 points can be used as input to TRIPOT with
N = 12 (eleven intervals, 5 wide ones near the centerline and 6 narrow ones
near the contact point).

The interior grid points are generated by TRIPOT. In general, it is
better to use near-equilateral triangles and avoid obtuse ones. Some trial-

and-error work may be necessary to insure this.

Subprograms Used

SOREL - Solution of a system of equations by successive
over-relaxation

SFIT - Curve fitting by a second degree polynomial

EIGEN - Eigenvalues and vectors of a real symmetric or non-
symmetric matrix

MATINYV - Matrix 1nversion routine

Tapes Used

TAPE 6 - Restart write tape
TAPE 7 - Restart read tape

Storage Used

Liess than 32, 000 case storage locations

12



Input Formats Used

Card No. Format

1 (12A6)

2 (415, 5F10, 0)

3t {8F10. 0)

4t (8F10. 0)

51 (8F10. 0)

6T (8F10. 0)

7 (8F10. 0)

8 (5E15. 8)

9 (415, 5F10.0)
C. TRIPOT--Program Restart Procedure

At seven different places in the program, results calculated thus far

are saved on tape so that 1t is not necessary to calculate from the beginning

in the event of catastrophic failure or insufficient alloted time. When using

the restart feature it is necessary to interchange tape six with tape seven so

that the tape which was written will become the tape being read.

One method

13

of effecting the interchange is by redefining LUN and KUN, which are the first

two executable statements in the main program.

output will state the highest restart number which can be used.

card numbers to be used with each restart are given below.

Restart Number

Input Data Card Numbers

~os Ol WY

TSet of cards.

-
-
.
-

. e
- w

-

-
O N0 O

[
-

-
[
[

-
-
-

b e et et b e e
NNN:[\JNNN
OOOOOOPO-J-J--J
O DO O 00 00 GO

-
-
[

During execution, the printed

The input data
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TABLE I. INPUT OF TRIPOT

TRIPOT --Input Data Description

Card FORTRAN Variable
No. Szmbol Name
1 ITITLE
2 M
N
ITA
IRS
WA
WB
EPS
RLGTH
BOND Ng
3T X(1,J), Y(1,7) (x,y)i=1,N
47 X(I,N), Y(L,N) (x,v)1=2, M-1
5F X(M, ), Y(M,T) (x,y);=1,N
61 X(I,1), Y({I,1) (x, y)1=2, M-1

tSet of cards.

Units

non-dim.,

non-dim.

non-dim.

length

non-dim.

length

length

length

length

Defimtion
72 columns of identification
Number of centerline points
Number of interface points
Maximum number of iterations
Restart number {initially zero)

Relaxation factor for linear
approximations

Imtial relaxation factor for
nonlinear solution

Convergence factor

Reference length used for non-
dimensionalization, e.g.,
maximum tank radius

Bond number

Coordinates for mnterfacel;

j =1 at tank center, increasing

outward

Coordinates for wall; i =1 at
interface 1ncreasing downward

Coordinates for centerline, j =1
at tank center, increasing outward

Coordinates for centerline, i = 1
at interface increasing downward

tlt is recommended to use 5 digits (or more} obtained from output of interface
program. Wall coordinates are not as critical.
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TABLE I (cont'd)

Card FORTRAN Variable
No. Symbol Name Units Definition
T GFLC non-dim. =0, compute L' ;mput dummy I’
=1, mmput I' from SSHAPE out-
put, or if interface 1s fiat input
' = 0.
GAMMA r non-dim. Contact point constant
THETAC 8¢ degrees Contact angle; must be greater
than 2°
8 ZCG length Center of gravity of laguidt
VOL length ° Volume of liquid}
cube
DEN mass/length Density of liquid
cube
RHOU mass/length Density of ullage fluid
cube
9 NEV Nev non-dim. Number of eigenvectors used

TObtained as output from SSHAPE,
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D. TRIPOT Input Example and General Instructions

Example for a Spheroidal Tank and General Input] Instructions are

given below:

1. TEST CASE xx, x Full, Bond number = x (see input description)

c. ITA =200

d. IRS =0

e. WA =1.8

£. WB =1.3

g- EPS=1x10"
h. RLGTH = 1.0

i. Bond = 5
3, X1,n, ¥,5

4,  X(,N), ¥(I,N)

6

no, of side wall points, see 5 below

no. of interface points selected, see 4 below;
usually greater than 10

suggested value; usually sufficient

always zero unless using restart procedure
suggested value

suggested value

suggested value

(see input data description)

specified value

selected interface points from output of SSHAPE

side wall points selected after i1nterface is
calculated; a plot of interface, tank wall and
center is desirable for selecting wall points.
Suggest division near contact point be nearly
an isocicle or form an acute triangular. It
is not necessary to have precisely equal arc
divisions. Usually, the meshes may be finer

‘near the contact pomnt. The points can be read

off from curve (or calculated from analytic
expression); accuracy is not as critical as the
interface points.

TTRIPOT input data descriptions are given in Table I



5. XM, I, Y(M,T)

6.  X(I,1), Y(I,1)

7. a, GFLC=1.0

b. GAMMA = -16.12
c. THETAC = 5°

8. a. ZGCG = -, 01

b. VOL =1.35

c. DEN =1.0

d. RHOU =0

9. NEV =7

E. TRIPOT Output

17

bottom wall points; the ratio of bottom wall to
side wall 1n arc length is approximately that of
interface to wetted centerline (eye observation
is usually sufficient). The divisions on the
bottom are suggested to be approximately
parallel to that on the interface. Foints can
usually be read off from curve plotted.

wetted centerline points. The divisions on
the centerline is suggested to be approximately
parallel to that on the side wall.

(see input data description) unity using output
from SSHAPE

output CGAM from SSHAPE
specified contact angle (no less than 2°)

output from SSHAPE; c. g. of liquid, negative
below center of interface

output from SSHAPE; liguid volume

1f RHOU = 0, the density of the liguid DEN
can be set to 1 without affecting result

density of ullage fluid usually neglected {zero)

number of eigenvectors used; for N 2 11,
Ney = 7 has been selected. For partial
convergence test on a finer mesh Ng, =
can be retained and for the convergence
test on Galerkin procedure, Ng, may be
increased. However, it may be advis-
able to use Ngy <N-3 or smaller to avoid
large inaccuracy in the higher auxaliary
characteristic functions,

TRIPOT--Program Printed Qutput

1.  Input Data - ITITLE, M, N, ITA, WA, WB, EPS, IRS

2. (x, y) coordinates for linear approximations to the mesh



10.

11,

12,

(x, v) coordinates for nonlinear solution to the mesh

Input Data (compute option) - GAMMA

Eigenvalues )\j and eigenvectors ¢m_ on F
J

Input Data - BOND, -ZCG, VOL, DEN, RHOU

oLa
Eigenvalues szi = and eigenvectors C;
g J

2

SIF, I}-‘_ll\th0
2
SIO, I,/Mgh

- - th
MK/MF, - nondimensional i*" slosh mass, MK/MF

ZK , kth glosh mass location, Zk. with i=k=1,2...
1

Z0, location of rigid mass, zZ,

18
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APPENDIX 1

A COMPUTER PROGRAM FOR GENERATING THE INTERFACE
SHAPE AND ASSOCIATED QUANTITIES



A, Governing (Mean) Interface Equation

The interface differential equation is given byT

2 132 '
yn=2Y +3(Y) —I—cot (6)[Yz+(y,)2]

y y%
2k
1 0 3/2
+= | Byly cos (6) - yo) - —| [y2 + (y')] (1-1)
y ; Yo
Converting from second order to first order,
let
Vi 7Y
Y, = '
then
Pt
W=y
yy =y (1-2)
or
1
179
2 2
2y + 3y 4
1 2 2
yé="—'—"_"-—2‘cot (9){V%+y§] (I-3}

Y1 Y1

1 ko 3/2
Y. { nly; cos (8) - y4l - -;,6-} (v§ + y2)

THastings, L. J. and Rutherford, R., III, "Low Gravity Liquid-Vapor Inter-
face Shapes in Axisymmetric Containers and a Computer Solution, "' NASA
Technical Memorandum, NASA TM X-53790, October 7, 1968. In the equa-
tion to follow, yisthe radial distance from the center of the top of the tank,

6 1s the angle counterclockwise from the tank centerline with origin at the

center of the top.



The solution of the first order differential equations (I-2) and (I-3)1s
obtained by using the Runge-Kutta~Gill fourth order method; the boundary
of the tank is approximated by a polygon. In general, a new polygonal
approximation is required below the interface according to the description
aforementioned in the main text.

E. Program Notes

In addition to the main program, the following subprograms were
used:

RKLDEQ - Runge-Kutta-~Gill differential equation solver

SFIT - curve fitting by a 2nd degree polynomial.
The input data description of program SSHAPE is given in Table II and the
output of program SSHAPE is given in Table III, respectively. Some of the
program symbols which were not given previously are defined in Table IV
and an example keypunch form 1s given in Table V.

C. Input Instructions for SSHAPE

The input for a spherical tank and general instructions are given

below:

1, NP = 37 Total number of points specifying the tank
starting from center of bottom to center of
top; varies with each case

2. 'Sf’BX:.L Horizontal and vertical coordinates of tank;
should be a close polygonal approximation to

3. YBZ, the tank, 1 = 1 starting from center of tank
bottom

4, a. a=5° Contact angle specified

b. KO =20 Usually zero



BN =5

BETAD = 5/8 =, 625

DKO =0.2
DBC = .005
DYO =.05
THETA =0

DTHETA = .05

RLGTH = 1
N =2

IBOPT = 1
NN({1) = 17
NN(2) = 33

Listing and Sample Input

Initial guess at distance between center of
interface and center of tank top

Bond number specified
Empty fraction specified
Suggested

Convergent criterion
Suggested

Usually zero

Suggested

(See input data description)
Always

Unity if calculating empty fraction (see
input data description)

{(Only 12 of these 17 were selected for
input in TRIPOT)

For a finer mesh if desired

These are included after those of TRIPOT at the end of the report.



TABLE II

INPUT DATA DESCRIPTION OF PROGRAM SSHAPE

Card FORTRAN
No, Symbol
1 NP
2 YBX
1
3 YBZ,
4 ALPHA
KO
YO
BN
BETAD
DKO
DBC
DYO
5 THETA

Variable
Name

Yo

Units

length

length

degrees

non-dim.

length

non-dim.
non-dim,

non-dim.

non-dim.

non-dim,

degrees

Definition
No. of points on container boundary

x-coordinate container boundary,
positive outward from top center,
1 =1 at bottom center

z-coordinate container boundary,
positive downward from top center,
i =1 at bottom center

Desired contact angle, ec , must
be greater than 2°

Assumed minitial guess of parameter
related to curvature k., atinter-
face center pomnt, i.e. Kk,y,.
Usually zero can be used.

Estimated distance from center of
tank top to interface centerpoint

Bond number, N
Be

Desired empty fraction

Increment for K, ., 2 typical value
1s 0.2,

Convergence criterion for BD
{A typical value is 0, 005}

Increment for vy, . (A typical
value 15 0.05 R ). .

Initial angle measured from vertical
ax1s to y . Usually zero,



I-6

TABLE II

INPUT DATA DESCRIPTION OF PROGRAM SSHAPE (Cont'd)

Card FORTRAN Variable
No, Symbol Name Units Definition
DTHETA Ag degrees Increment for 8. (A typical
value 1s . 05)
RLGTH Rg, length Characteristic container dimension
6 N n No. of equations
IBGPT Optron for calculation of empty
fraction B . If =0, suppress
calculationT; 1f = 0, calculate
7 NN(1) Two choices of no. of interface
points of equal intervals of which
NN(Z} the locations are desired.

TIn case vy, is known from either another theory or experiments, one may proceed
the calculation with a dummy mass fraction, In theoretical predictions, usuzlly desired
empty fraction 15 given, then we must use IBOPT =1 to calculate f§ for each assumed

Yo in the program, while the input y, 1s an approximate guess,



TABLE I1II, OUTPUT OF PROGRAM SSHAPE

Printed Output

1. Input data ALPHA, KO, YO, BN, THETA, Y(1), Y(2)

2. THETA, XOR, ZOR, Y(1), Y(2)
3. GAMMA, PHI, ALPHA, YO, XO
4., Extrapolated YO (non-dimensional)
5. VU\l, VU2, VU, VL, VT

6. BETA

7. G, RS, S5, XR, XY

8. KZ2ZF, FRR2 (interface curvature nF

point)

9. K2B, ZRRZ2 (wall curvature oy and

10, CGAM (T )
11, Dimensional YQ
12, XREB, XYB

13. ZCGT, BZCGU, ZCG

2
and 4 ¥ on F atthe contact

dp2
Fz
d.R > on wall at the contact point)

Description

FORTRAN Variable
Symbol Name Units
S s length
1
G, G length
* square
RS i34 length
1 s

Arc length, i = 1 at interface
center point

Sum of curvatures squared, 1 =1
at interface center point

dR/dS, i = 1 at interface center
point
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FORTRAN
Szmbol

CGAM

XR

XY

XRB

XY¥YB

ZCGT

BZCGU

ZCG

Variable

Name

XR

XY

XRB

XYB

CGT
BZcgy

CG

I-8

TABLE Iil. OUTPUT OF PROGRAM SSHAPE (Cont'd)

Units Description

non-dim. Contact point constant

Iength Horizontal distance from contaimer
vertical axis to liguid-vapor inter-
face with origin at interface center
point

length Vertical distance from x-axis to
liquid vapor interface with origin
at interface center point

length x-coordinates of container boundary
with origin at interface center point

length y-coordinate of container boundary
with origin at interface center point

length Container c. g.

length Mass fraction times distance of
ullage c.g. upward from mnterface
center point

length Drstance of liquid c.g. upward

positive from interface center
pownt



TABLE IV, DEFINITION OF TERMS IN SSHAPE

Some of the program symbols which were not defined previously.

FORTRAN
Symbol

XOR

ZOR

(1)

Y (2)

GAMMA

PHI

VUl

VU2

Yu

VL

vT

X/R

Z/R

Variable
Name

[«]

Units

Definition |

non-dim.

non~dim,

non-dim.

non-dim,

degrees

degrees

length
cube

length
cube

length

cube

length -
cube

length
cube

Horizontal distance from con-
tainer vertical axis to interface
point

Vertical distance (downward
positive) from x-axis to interface

point, origin at top center.

Radial distance from top center
to interface point

First derivative of y with
respect to B

Angle meagsured from vertical
and tangent to v(8) at contact
pomnt

Angle measured from vertical
and tangent to y_(8) at con-
tact point B

Vapor velume to point of contact
Vapor volume from point of con-

tact to boundary

Vapor volume
Ligquid volume

Total container volume



TABLE V. EXAMPLE KEYPUNCH FORM FOR SSHAPE

5 B ICOMPUTATIONS LABORATORY [PROBLEM Examele Kevewnch Form  [umee o
3 £ SOUTHWEST RESEARGH INSTITUTE PROGRAMMER oate 8/20/69
o g FORTRAN STATEMENT
- ool | 12 3 g g g 3 HAER 2
NIPL -] IFibleiMiart] 1] laltlsl
3
YBIXIGID L T[NP = Fldkmal! [ [8lelilol ol
0l. ol. lels ol. lels
YD L TV, NP =] IFlbleMal] 1] Talelilol. o] D
2l.lol4l 21. lola 0.
ALIPIRIAL IKIol, Ilo], BIN, [BIE[T]A0], IDlklo], IpiBlct, Plvlo] = FloRMART 1T [€lE el Tal 1D B
z R al. lAls Voo ol. |4 6l.[2 o|. lobls ol lo
THE[TIAL DiTHIE(TIAL, Rl -] [Fidlelaix] [(1 B[t o] D
0. 0l.o|s al.l¢l8
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APPENDIX II

A THEORYT FOR LOW-GRAVITY FUEL SLOSHING IN AN
ARBITRARY AXISYMMETRIC RIGID TANK

Wen-Hwa Chu

TThis theory and main results have already been published as ASME

paper 70-APM-EEE to appear in the Journal of Applied Mechanics and con-
tains major extensions and modifications of Technical Report No. 8, It is
included for convenience of the sponsor and the readers of this report.



Introdugtion

THE behavior and consequences of fuel sloshing
rochets under a high effestive gravibty were recognized problems
which have been quite well understood [1-3] ¢ The pioblem of

Governing Equations
Assuming motational meompressible flow, theie 15 a space-

fived veloeity potential® ¢ satisfymng the Laplace equation m both
space-fixed and tank-fined coor dinates

low-giavity fuel sloshing, characterized by the sigmficant role of '

interfacial tension, 15 now a subject of ymportance for apphcation
to coasting rockets or orbital stations
The equilibrium behavior of fliuds at zero and/for low gavity
has been studied m references [4-7]  The theoetical determina-
tion of an eguihibrium interface shape 1s nonlmear and 1equires a
frial and erion procedine for a given contact angle [3, 6]
Satterlee and Reynolds [8] have suceessfully solved the free

sloshing problem m eylindiieal contrners under low gravity and '

foimulated a vamational primeiple for this pmpose Yeh [9],
using a sl approach, solved the fiee and forced sloshing
problem under low-gravity conditions, without foree and moment
or an equivalent mechameal model  Dodge and Garsa [10, 11]
performed force measurements under simulated low-g1avity con-
ditions and predicted forces and moment for ciroular eylinduieal
tanks under lateral (translational) motion ‘The equvalent
spring-mass model was givea 1 [I0] Additional work by
Dodge and Gaiza for other special tanks was grven1n {12, 13] A
fimte-difference approach with appheation to a hemisphencally

bottomed cylindrical tank and sphercidal tanks was given by :

Coneus, Crane, and Satterlee in {14, 15]

These mvestigations indicate a need of a progiam for a general
ausymmetrie tank A prelimmary study on hgwd sloshimg
an arbrirary axisymmetue tank was reported w [18], but 1t 1<

Fig 1

Same Nomenclatures

Iimited o tran<latonal escllattons It 1 the object of the
present paper (o pieseni a sesmnumerical approach for an arbi-
tray avsymmetiig tank with simplified foice and moment eal-
culations and the 1esultant mechanical model §o both mtching
and thanslational osellafions A general computer program
utiizing Winslow method {17] will be completed to obtam slosh-
g fiequencies, slosh masy, and mass-height, for which a bref
deseription 1s given 1 Appendis, A

¥ Numbers 1n brachets designate References at end of paper
Contnibuted by the Applhed Mechames Division for publication
(without presentation) in the JOURNAL OF APPLIGD MECHANICS

Vie =10, Vi =0,

S

s ot o ot
F] + Dot by 227
oz, oy, oz,

= o oyt - D2

()

As i thin airfoil theory, the veloaity potential can be obluined
by mposing boundary conchiions on the mital or mean posihon,

' but the hydrostatic pressme due to gravity possesses components
along both the tank axis z and the lateral avis x, Fag 1, for piteh-
g osalllations  The lineaized Bernoull’s equation states

2
p—vrn+p§+py(z-xﬁy)=ﬂ 2y
and
o¢,
i P Pyt —;% + puglz — 26,) = 0 (3)

for the hquud and the ullage, respectively, and py, p,, ale con-
stants

Boundary Londitrons
The Imearized nteiface kinematic condition states that

oh _ 0¢ -
Pl W ks 4}
o = on F {4}

The mteiface dy namme condition states that
—p-+pr=6k=ok+ o’ onF, )]

For the “mean” mterface location f (in general, pr = m® -+ pr’,
1%, pif being constants),

i —aho+ (p = pulgf — (11° —pu®) =0 onF  (6)
wheie the cuivatuie of the mean mterface, ap, 1 axisymmetric
and

P
Q) aF (ar o of azr)

————— (6a)
H

Os D Os Os?

Equatwon (6) hold- for » = 0, thus

o
° g% = =
s Pur (br2)11

‘The linearved interface dyname condition 1s then

¢ e )
—_ L LA - ! —_—— —— pu— —_
(Po’ — pu’) ~ ok’ + p o Py + {p — puloh ™

- (P - pu}gxsy =0 (7

? For example, 9¢/3x gives velocity tomponent in z-cdirection with
respect to space-fived coordintes

*Chu, W H, “I'ree Surface Condition for Sleshmg Resultmg
From Pitching and SBome Gorreetions,” ARS Jonrnal, Vol 30, Nov
1960, ppr 1093-1094

1A vertual mterfuce description was used but 15 onh successiul
when (dF/dR)~! does not vamish on the mterface

5 For smusotdal oseillationsandm = LA =0, = g = 0,2 = 0,
and ¥ = 0 at pomt I, thus pf — puy” = 0 For other m values,
—pr* -+ pug® = oxr’, which will be omitted until neaded
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wheie the pettbation curvatue for cos () vanation 15 to the
first order

o 1o 13
Tost ' r sb-+r2682
1a5\: ar 2y af orr\?
—_= ke S i Ta)
+|:(?" as) +(as D Ds Os? b (7a)

m bemg umty for lateral exatation of a nigid tank
the onigin, & = 0, ¢p = 0, n" = 0, and thus pr = puy  For most
analyses, p, = 0 was assumed  We shall assume the mpulsive
pressure mn the ullage 1» neghgible, 1e, ¢, = 0 Then, for si-
sodal oscllations with b, ¢ popottional o cos (wt) and sin (wl},
respechively, equations (7), (7a), and {4) yreld

1o oH m? oR
—_— —_— —_— —_— ‘2 —_—
{Rbs(Rbs) 2H—]—GH}-{-J\H,Has

+ 8,Na.R cos 8 + 0F = 0

At pomt I,

on P (7hY

Tt 1 noted that, for lateral oscillations, m = 1, solutions are po-

portional to cos &

The boundary condition an the wall s that the relative normal

Oz
veloeity be se10, 16, with cos (n, ) = on and cos (n, 2) =

and

o
on

%%
on

o

oz

5}';’)
or
= — 8
T o ( )
dz dz
Z = 9
Fon T bn) ®)

for translatronal and pitching oscillalions, respectively
In addition, there 15 an mnterface contack pomné condition which
takes the form {8, 9, and 15]

where & The wstantaneous mte:face can be descrlhgd hy the Dosition Vec-
tortfa = (B — HF | eosth + [R — HFJsnf + [F + HR.)h Bs =
¢ = 1oF)\: " oIt OF  BF DE\* dR/ds, Fy = dRfds The curvatures can then be denved from the
“\Ras 25 Ot ~ s b? fandamental magmtudes (18] neglecting gher-order terms The
Lineanzed total curvature 15 given by this equation, which ws firsh
dentved 1n [15] by a different procedure
- 1 Fgt + |: Fae ]2 (7) * For sm;s:ndé\; oscﬂ[atmns,; :nthout. lioss }?g gfc:neraht.y, :zo, Bﬁ, tqb
B {1+ Fg?) + FRQ)"": 2;: ?:i;xme o be proportional to sin (wt} while £ 1s proportionil to
Nomenciature
a = 1eference length, say, mas- pur = equilibiium ullage pesswe &, = amphtude of nendrmensional
mum radms of tank origin—a constant potential ¢ fwa?
d1 = rdrdl 1 = 1/e, nondimensional 1adius &y = see equation (15)
dA = d.l/a? (ascalay) 1, 8,z = tank fixed cyhndrieal coordi- &$° = amphtude of nondimenstonal
d8 = 3-D surface element, eg, nates potential ¢° fwe?
rdds s = arclength nondimensronahred ¢ = velocity potential
dS = dS/a?, nondimensional <wi- by a ¢y = veloorty potential of the Ath
face element (2 scalar) s = atc length {a scalar) natural mode
F = equlibuum {menn) tnterface ! = time ¢' = additional velocity potential
of f/a ¥V = yolume of hqud divaded by ¢° due to interface movement
F, = mstantaneous interface V; = hqud volume ¢° = velocity potential of hgwd
Fy = howvontal force defined by ¥ = wall wetted by hqud with a frozen inteiface
equation (19) I, = mstantaneous wetted wall be- ¢ = veloaty potential of aunthary
Fug = {dF/dR),t sl(:p;a of F i the {;wnhtautaneousmtelface, ergenfunctions
gener atrn plane . _
F, = x-componem of foree on tank Te = transiational amphtude n .- ¥, = Jt}}u!:::‘tll\;:aﬂf characteistic
{ = equhbimm {mean) wnteirface duection @ = paw?/a, product of Dond
elevation messwed along ., 4, z, = space-fived rectangular cou- ’
number, pa%/e, and he-
ver tical axis dinates " I
g = gavifatonal acceleration I' = ~a, nondimensiong! eontact quency parametel, wii/g
H = amphtude of h/e, nondimen~ puint constant @ = hequency of osallation
stonal slosh herght 4 = hysteres1» coefhaient o can- @ = kth natural fiequency
k= mieface pertubation noimal tact pomt constant
to equilibiium mterface Ap = denstiy difference, p — p,, Subsenpts
hy = 1efeience length, say, depth 3,, = Krunecher delta ( n = () st veates of equhibuum
of hgquad at centet of tank & = wgnofn 2, (n,z),m 02/9n mterface {otign)
Mo To = 11gd mass and moment of - 8, = amphtude of pitchmg about { Ju = ( )atecontact pomntin genei-
ertia of mechanal mode) Yot aurx plane
M, = hywd mass A= mean chuwutm? ( e = ¢( z related to center of grav-
M, = puching moment about y-nx~ . pe:.::: ation ol mestt Qv () = eﬁl{ilve value of { )
M= Ath slosh mase A, = jth eigenvalue (n = 1) { ) =( YonF
Xy = Bond number, p’s/c A, = pth eigenvalue conesponds to () = { ) associnted with cos (m#)
r = outer neamal mth ureumfelential mode mode
ne = nfa, nondimen~wonal nomal p = hgud denstly ( ), = ( )related to pitching
distance p, = densaty of wllage fliud (vapm { )p = ( )Yrelated to translation
p = Dpressme oL £0n) ( J =0 YouW
m = equbbrium hquid pressuie at o = «wface termion { ) = ( )related to ullage
origm=-a constant @ = amphtude of nondmmenstonal ()= = ( )iu-k below mterface
p. = ullage pressine veloaity potential, ¢/wa? { ) = ( ))ust above mterface
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oh oH
— = ~h =
o vh or o TH atpomnt IT

(10}
where v may be a frequency-dependent constant However, 1f
the contact angle remains constant, we can show that (see Appen-

dix 8y

IR S SRR I e

7=+ sm @, { ] (14 Z,-”)l/’lw I cos 0, (1 + 5,27 n]
{10a)y

T'=+vya (10b)

wheie

dz df d*z dif
2, = E’f' = Zypp = d_rz’f" = zon W,fon F
Method of Sclution

We shall decompose ¢ mnto two parts, ¢’ and ¢° ¢°1s the
veloaty potential correspondmg to a iqud contamned by a rigid
mean Inteiface and the tank walls Therefore, 1t satisfies the
Laplace equation and the nonhomogeneous boundary condifion
on the contour, equation (8) for translation and equation (9) for
pitehing on F and ¥, 1t1s noted that

thy® = oz in

while ¢,® can be constructed numersecally

¢’ 15 the perturbed veloaity potential due to sloshung which 15
governed by the Laplace equation, the zero normal velocity con-
dition at the wall and the resultant mterface condition The
first two are sahsfied by expansion m normal modes and the last
by equations (15) and (16) In this paper, the normal modes are
determmned by expansion mto s seb of awahary charactenstic
functions™ ,, whieh 15 orthogenal on the curved mterface, and
satisfies the Laplace equation and the zero normal veloaty wall
condition 1t The mierface condition governing normal modes 15
second order {see equation (75)] subject to rero H at center and
the contact point condition, equation {10z} at wall The former
15 satisfied as ¥, vamshes along tank center hne  The interface
equation 15 approumately satisfied by a modified Galerkm
method (the strict Galerkm method 15 gven m [19)), which 18
tllustrated m Appendin B In this method, the contact point
condition was mposed on the whole seres, not term by term
The numerical results shown later substantiate the method used

The force and moment are obtamned by integration of pressure,
not only on the wall, but also on the mteiface smce the direct sur-
face tenston force and moment on the tank 15 equivalent to those
on the mterface due to pressure, assuming the mterface mertia is
neghgible, as well as the mterface mass To put resuits in the
mechameal model form, the divergence theorem has been most
useful (with some mampulations)

Analytical Resulis

Free Oscillations. For free osollations, the natural mode ¢ 1s
expanded mfo a fruncated series of the aushary eigenfunetions,
1e,

# Appendi 1s not 1 order of mention

¥ An equivalent form was first derived 1n reference [15)

1 For direct apphcation of the Winslow method {171, we impose the
simpler normal dertvation condition, 9,/ /dne = M, on F and used
the well-hnown mfluence coefficient technique to determine the eigen-
vector ¥, on the intersuriace, the eigenvalue A, .

1 Strictly speaking, the boundory conditions are imposed 1n Wins-
low method, wiife the solution not proven to satwsfy these conditions
15 correct on physical grounds (see Appendi A)

b =
%, = ﬁ;’ - ng catfm, cos (mb), ‘I’: = ¥m cos (mf) (120,0)
hL Jmz
Hy=2= — c1frm, cos (mf) (12¢)
a =4

€3,18 the £th eigenvector of the following matrix equation obtained
by a modified Galerkin method {Appendix B) from mtegrating
the nondomensional equation (75) with §, = 0 and weighting
function YmdS/cem,?

[“P[an] + Wil -+ m¥en,]

+ %Nalﬁmﬂ - Q’lAm.J] (o] = 0,25 = Lto Jne (13)

where
_ Km., Wm.IPm;el _ ?E’ 12
ot e () o
Amg 1
T, fF 7= WmbmdS (130)
2 k'ﬂu
Pm = =0 (B (13c)
A b m, A
AL 21—y £ T+ _TT
Yo = 25 U; [+ P T S s

- f Gw,,..;b.,.,ds} (130)
P

1
Amnt = zf 'S!’m; me @8 = 5,, (13e)
omt Jp
am.’ = f kf/m,’ d8 (lsf)
F
and m = 1 for lateral exentation of & rnigid tank
Forced Oscillabions  Let
Kmse a 9: Jmz
¢ = —wat E &Py, di = Q,l—_m, @ = E e,
A=l k =1
(14qa, b, c)

1 order to satisfy the interface condition that

Kz Ap T
3 d - Q)8 = —F° + e, —; - 8, =&, (15)
k=1

¢ = 0 for translational osaillation, e, = 1 for pitching osallation
We have by the Galerkin procedute {19, equation (115 5), p 435]

Kmz
3 & f Dy (—HDAS = f Bu(—HAS, I = Lto Ky, (16)
F r

k=1

A weighting function of H; was used taking advantage of the
biorthogonal relation, equation (17}  This assures the first X,,,
components of the error as series in ¢, be 7ero 4y can he solved
from equabion {16) by matrin mversion There 1s no need of
storing information of ¥, mside the fluid domain as only the foree
and moment are of mterest It 13 noted i the limut {8 and 9)

f B —HS = b f By(—HS
F r

1 The orthogonahty property of ;, thus, ¥m, can be easily proved
[16] as 1n the hugh-G case  cos? (mé) in the mtegrand are umformly
omutted as they contribute the same factor, 1/:

13 This 1s referred to as borthogonal relafion

17y
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then,
[ #nt-ras
F

f P,(—H)dS
F

which was utilized m proving that a umque spring-mass system
exists for both prtching and tiansiation

The force and moment exerted by & spring-
mass system, Fig 2, without dampmg were wntten in the follow-
mg form [20) and remam valid if contitbutions due to duect sur-
face tension me meluded

(18)

Force and Moment

z
F
' X
. k=1,2,--, e -z
Ki = mg ek m ,"
" “Io
0
Mo 1
o—n=t I
!
]
Fig 2 Equivalent mechanical model
Fy=F_— Mg, {19
1
Frup = zp00*Mp l—l-z M,,F"(——l) (20)'
w:
ZeG o [ g 1
My, = *M phy Vo — -+ =5
¥r TolwiH pg %o + ;:;1 M (]?o + flowi) o2 )
-
(21)
zc6 — My (2 q 1
Fy, = 2 chy Y— L TR S R
Hp 020 chy + LZ T (ho + hof-*’!) 0t :
E —
(22)

I
My, = 8,020 che? }E;";J—‘F +

2o [z ¢ \? i
E1 Mp ( + O”hﬂ)
w’ -3
+ 8,9} vho ( ,f“) (23)

with ngid mass my, 1ts location z,, and moment of mertia Iy given
by -

Mo _ = e 24

fr Z T @4)
a_1 |:i’._°°= - % mk] (25)
o me ke S he Mp

iy

I I o 207 | om My z,;—‘)
=—— —|¥= - = 26
ﬂI Fhuz ﬂ[ _phqz (1‘{ ¥ hq’ + E 1 M 7 haz ( )
The force due to hqud pressure and direct surface tensionis

)
F.= f P = d8
WetF, OF

and the moment due to hiquid pressure and direct surface tension

15
2
M, =f p(z—f—xg-z-) a8 (28)
WerFe N on o On

1t can be shown that

(27

iy

'L
Tt (29)

where

s T
f‘.r = z cL, . Xﬁl’, ; ds (29(1)

=1

5 1 m T
dip = o= P — dS = — oA —, dS (208)%
T B j:;r+F *on .3;: ,§1 " Jj;' @ ¥, ¢

= Vifpat, Bt = f & (—H A (29¢, d)
F
and
L
2o L(y)
\ Mg
where
IL = d“‘ Z Cagbty (303)
1=
z 0x x Oz
= j;’-{-W v, (a o a a1) @ (306)
and that
1 z29r x0z
= oF * * o Ll P — - —
Ir = Mpall,% I5% = v .fH’+F , (a dn @ an)
(31a, b)

In derving the mechamcal model, p, has been set to zero A
simple modification ean be made for small uliage density by using

A
.‘Vs, = —P .N);
p

the effective Bond number instead of the Bond number based on
the density of the hqud, provided that the dynamc pressure due

1 Tt 35 important to note that great ssmphfcation i results, when
reduced to the mechanieal model for both translation and pitehing, 1s
achieved by considerntion of balance of forees acting on the thin inter-
face as n free body The force and moment on the tank due to direct
surface tension must be equal to those acting on the interface by
liquid pressure These weve not included m reference {15]

15 For finite Jmz, 1t was found that dir, determined by maim -
version of equatton (16} without usmg biorthogonal relation, 1ields
results in better agreement with Dodge's theory [12] than equation
(295) which 13 eorreet 1n the it
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to ullage motton 15 neghmble

It 15 noted that to prove the mechanieal model for prtching
motion fiequent application of divergence theorem combined with
differential properties of the auxihary charaeteristic functions and
the coordinate functions = and z were used For brevity, the
details are not included 1n this pager

Numerical Examples The present computer program has been
checked out for several examples in Appendix IIJ. These mclude
cyhndrical tanks, sphenical tanks, and sphermdal tanks Good
agreement of first spring-mass with known theory or experlinents
was obtamed with us few as 11 or 12 interfuce net points and the
first seven auwthary characterstic functions TFimer nets may
31eld igher accuractes, especially for the higher modes

Machine Yime For a 12 3 18 mesh and a 12 X 12 mesh, the
CDC-6600 central process time 15 o hittle over 2 mun, while for
the 23 X 34 mesh 1t 15 about 21 min ~ Most of the computing
time was expended for the generstion of influence coefficients,
each of which 15 a Neumann problem  However, the influence
coefhicient method may be more convenient than the inversion of
a large matrix, if not faster No computer runnmg trme was
reported 1n references [14 and 15}, which finds natural modes by
fimte-differences and {partial) matrix mversion

Canclusion

It seems that the present method jielded a practical way of
computmg the fundamental natwal fiequency, the first slosh
mass, and its location  Higher masses and locations are usually
not needed for design purposes and can be oblaned by using finer
meshes and longer machine time A computer program utihzing-
triangular meshes and Winslow method {17] has been success-
fully employed and 15 expected to be vompleted 1n the near future
for the titled problem  However, the pesent logieal diagram
may be imited to a conves avsymmetie tank for good acCUracy

Acknowledgments

The author would hike to take this appoitumty to thank D R
Saathoff, A F lueller, and B Consales for writing the com-
puter progiams, and D1 Fianklm T Dodge for s helpful dis-
cussions  The present 1esemich 1s supported by NASA Contraet
NAS8-20290, George C Maishall Space Fhght Center

References

1 Abramson, H N, ed, “The Dvnime Behavior of Laquids
m Moving Cont uners,” NASA Office of Scientific and Technical In-
formation SP-106, Washington, 1966

2 Abramson, H N, “Dinamic Behavior of Liqwds 1 Moving
Contawners,” Applied Mechamics Reviews, Vol 16, No 7, July 1963,
pp 501-506

3 Cooper, R M, *Dhnamcs of Liguids 1n Moving Containers,”
ARS Journal, Vol 30, Aug 1960, p 725

4 New, J T, and Good, R J, “Equlibrium Behavior of Fluds
n Contamers at Zero-Gravity,” AIA4 Journel, Vol 1, No 4, Apr
1963, pp 814-819

5 Eatterlee, I M, and Chin, J H, “Memscus Shape Under
Reduced-Granvity Conditions,” 83 mposium on Flud Mechames and
Heat Transfer Under Low Graitatronal Conditions, June 1965

6 Hastings, L J, and Rutherford, R, III, “Low Gravity
Liquid-Vapor Interface Shapes i Avisy mmetnie Contarmers and a
Computer Solution,” NASA TM X-53790, Oct 1988

7 Petrash, D A, and Otto, E W, “Studies of the Laqud Vapor
Interface Configuration in Weghtlessness,” ARS Space Power Bys-
tem Conference, Santa \omer, Calf, Paper No 2514-62, 1962

8 _Satterlee, H 1AL, and Revnolds, W C, "The Dynames of
the Free Ligmd Surface m Cylindindal Contamers Under Strong
Capillary and Weak Grawity Conditions,” TR LG-2, Department of
JMechameal Engineering, Stanford University, Al 1, 1964

9 Yeh, G C K, “Free and Forced Oscrllations of a Ligmd 1n an
Avsymmetne Tank at Low-Gravitys Environments,” JOURNAL oF
ArPPLIED MECHAYICS, Vol 34, No 1, Trans ASME, Vol 89, Series
E, Mar 1967, pp 23-28

16 Dodge, F T, and Garzi, I R, “Experimental and Theoreti-

f{‘gl?tudll\l'es op Laqud Sloshung 4t Bunul rted Llcn\ Gravities,” Technical
ort No 2, Contract No NAS2-20299, Coutrol No DCN 1-8-75-

00010, 8wRI Project 02-1846, Southwest Research Institute, Oct
1966, see -lso Jounrvan ofF Apruitb Mecuawics, Vol 34, No 3,
TrinNs ASME, Vol 89, Series E, Sept 1967, pp  555-562

11 Dodge, F T, and Girzr, L 11, “Sunulated Low-Gravity
Sloshing i 4 Cylindneal T ok Including Effects of Daungmng and
Small Liqud Depth,” Proccedings, 1968 Heal Transfer and Fhod
Mechanics Insbidute, Stanford University Press, 1968, pp 67-69

12 Dodge, F T, and Garza, L R, “Smmulated Low-Gravity
Sloshing m Spheneal Tanks and Cylindreal Tanks With Inverted
Ellipsoidal Bottoms,” Technical Report No 6, Contract NASS-
20290, Control No DCN 1-6-75-00010, SwRY Project No 02-1846,
Southwest Research Institute, Feb 1068

13 Dodge, F T, and Garz, I R, “Slosh Force, Natural Fre-
quency, and Damping of Low-Gravity Sloshing in Oblited Ellipsoidal
Tanks," Techmeal Report No 7, Contract No NASS-20290, Control
No DCN 8-75-00043(IF), SwRI Project No 02-1846, Southwest
Research Institute, Feb 1969

14 Coneus, P, Crane, G E, and Satterlee, H M, “Low Grawnity
Lateral Sloshing in Hemispheneally Bottomed Cylhindnieal Tanks,”
Proceedings, 1968 Heat Transfer and Fluid Mechanics Inshitute,
Stanford University Press, 1968, pp 80-97

15 Coneus, P, Crane, G E, and Satterlee, H A, “Small Amph-
tude Lateral Sloshing in Spheroidal Containers Under Low Gravity
Condiions,”” NASA CR-72500, LAISC-A944673, Lockheed Misstles
and Space Co, Sunnyvale, Calif , February 4, 1969

18 Chu, W H, “Low Gravity Liqud Sloshing in an Arlatrary
Asnymmetnie Tank Performing Translationnl Osendlations,” Technr-
cal Report No 4, Contaet No NASS-20290, Control No DCHN 1-6-75
00010, SwRI Project No 02-1846, Southwest Research Institute,
Mar 1957

17 Wmslow, A A, *Numerien] Solutions of the Quasthnenr Poi-
son Equttions in o Nonumferm Triwmguliwr Mesh,” Journal of
Computatwonal Physics, Vol 1, No 2, Nov 1966, pp 149-172

18 Wang, C T, Apphed Blasticity, Mo Graw-Hill, New York, 1953

19 Sololmbhofi, I S, Mathematical Theory of Elasticity, 2nd ed
MceGraw-Hill, New York, 1956

20 Abramson, H N, Chu, W H, und Ransleben, G E, Jr,
“Representation of I'uel Sloshing in Cylindracal Tanks by an Cquina-
lent Mechanical Model,” ARS Journel, Dee 1961, pp 1697~1705

APPENDIX &

Brief Description of a Computer Program

The following steps of a computer plogiam ale bitefiy de-
st1lbed

Construchion of a Triangular Mesh  The tuangula mesh 1~ gener-
ated as deseiibed m 1eference [17] exeept that 2 sumple paiallelo-
gram 1> used as the logical diagiam, Fig 3 For a cylindical
tank at Bond number 100, the physical diagiam 14 shown 1 Fig

LOGICAL PLANE

z
!
-1 X 1]

PHYSICAL PLANE

INONEN/N/
N/

Fig 3 Simple logical diagram for triangulor mesh

\J
el “
A
X+l
k Ux -
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4(a) TFor aspherordal tank (¢ = 0 3) at Bond number 3, a t11-
angular mesh 15 shown m Fig 4(b) The lengths of the edge of
the paiallelogram ean be adjusted for each individual case to yield
desiied fiangular meshes A continuous wall need- to be
broken mio two parts for the logieal diagmam  This only affects
the local distuibution of the tuangular mesh and has shown to
yield good resulls for a spheimdal tank, as well as a «ylmdiieal
tank

Construchion of Auxihary Characteristic Funchons The chaiactells-
tie functions ¥ satisfy

Vil = 0 (32) |
9— =0 onl¥ (33)
Ony
o
T M enF (34)

¥ can be solved numerically with the constricted triangular
mesh by Winslow method [17] Contact pomt s treated as one
of the mesh ponts, as are the other boundacy points ¥ Hence,
oYr/an may be diseontinuous at the confact point  Zero contact

024 10

-0 2-

-0 44

)

-0 8- l

-10-\

-1 24

A AVAVA

-1 44

-
l

|1\
L

-1 6+

I
L~

-1 8+

-2 04

A
e

-2 24

<24

Fig 4{a} Physical dragram of triangular mesh—cylindnical tank

angle cannot be constructed graphically but results of decrease
mesh size give closer and eloser approumations to the mnte: face
and would probably lesd to the correct lmting value

For an mterior yomnt, 4, [¥ = ¥, Yo = dls, 3), 1 = nile, 2),
r=r,l

6 m?
S ol — ) — A =0 (35)
L=1 ez
where
A,, = area of the xth dodecagon [17] mside the flud domam
,, = radius of the #5th pomnt

w =3} O\r_ﬂ_ cot & + MaFircoton) A = Lto6 (35a)V
Fpo= % (ru + 4+ Tt+|) =1 (350, ¢}

O, o, Fig 3, can be expressed m terms of &4, ez, -y, Unmyy
and &,

For mterface point,

6 mt
E w&(’ibk - llb) - T_ A,,l,b
=1 13
ap\ 1 1 _
+ (a)l-J l:é 55 - 3 Ss:l r, =0 (36)

Ao = AL = As = 0, M=A=h=1

where

To solve for the exgenfunchions on the interface, we use the m-
fluence coeffictent method i whieh (2 /on) . = 0 except (0f/
dn),, = 1for the yth column of the mfiuence matrix A stan-
dard exgenvalue problem involving onty the interface points, ex-
cluding 1, at r = 0, 15 needed to chtam the eigenvalues X, and
eigenvectors ¥, Knowing the jth eigenvector on the interface,
the conresponding value of ¥, on the wall can be easily solved
numericzlly again by the method of overrelaxation
For 43th point on the tank wall

5 m?
Z wk(d’k - ‘J’) - ?"_‘ A,,lll =0 (37)
k=1 2

MN=A=2A,=0and A = A; = Ag = 1 on the bottom wall
he = A

M=A=A=0and A = 3 = 1 on the side wall

On center ling, r = 0,
Y =0form>21
(3%)
_6_1,2 =0form =0
or

=
z
Il
b
I
1

?\g=0and?\4=h,=)\5=1

At contact pomntz = 1,7 = 7,5

6 2
3 wldn — ) - ?— A+ (‘g_g)“ (% 33) n, =0 (39)

A=l
)\3=1,)\1=)\2=}\¢=>\,=)\5=0

Calculution of Interface Shape A program based on the theory of
reference [6] was written to generate the interface shape with de-
sired net pownts for a mven empty fraction or central depth and a

16 This represents conservation of mass in the tnngle cont unmg
contact pommt  Eapenence shows that the contict pomt condition
should not be imposed on ¥,

I;Note (J\J_I/z) reference {17] = y—1r Ay 9) reference [17]
=4y
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074
0 6-
024 By=5, o =5
0 4-
0 3-

02+

014

_0 1-

SPHEROIDAL TANK, 3/8 Full
e=05, a=1, bh=046

06 038 10

-0 2-

-0 34

_‘0 4-

05-

Fiy 4(b) Triangulor mesh for spheroidal tank at low graviy

given contact angle  This program also calculates contact potnt
constant T' but bmts the contact angle to possibly 2 deg or
greater

Calculation of Natural Frequencies, Slash Masses, and Their Location
The remaining steps are relatively routine and, therefore, will not
be deseribed It s, however, 1emarked that trapezodal rule and
midpoint rules weie employed convemently m evaluating the mn-
tegrals For some quaniities, quadratic fittings were mede,
such as dF /dR, before entering the quadiature formulas

APPENDIX B

A Modified Galerkin Method

In the Galerkin method, 1t 1s generally assumed [19] that each
of the coordinate functions of o complete set satisfies the same
boundary conditions as the exact solution  This condition seems
to be a sufficient condition 1ather than a neeessary eondition
simee the series expansion as a whole may satisfy the preseubed
conditions, not necessavily term by term  Since the solution, if
contmuous, can be expanded mto a conveigent series confaiming
the complete set, the failure of the error mmmmization process,
if 1t oceurs, must he 1n the insufficient differentiabality of the
series  Therefore, the present method as applied to o second-

order ordinary differential equation performs mtegration by part, |

then mnposes the remamng boundary condition’® as 1lustrated
by the following example
Let ¥ be governed by the sunple equatton

18 This may be a new technique o satisfy the boundary condition
or conditions However, & general proof and extension reman to
be done

dYy 2m — 1
¥y = foiii iy
o Ay =0 A= T (40)
subject to
y=0 atz =0 (41}
dy = T4 abz =1 4n
dz

We shall select a complete set i (0, 1) which satisfiesy = 0 at
z=0buty 2 0atz =1 To bespecific, we expiess

=3, Cnn (A) (43)
where me=t

2m — 1
2

Then, the modified Galerkin procedule munmizes the error of the
differential equation as follows

1 2
0= j; s (Ax) [l—;ﬁ + )\’y] dz

1 1
= [sm (M) d_y] - f Ao d_y cos (A 1)dr
dz_lo 0 dz

1
+f Ay s (Auddr = (— 1)
0

‘
A, =

™

1 @
- f A €., cos (A,x) cos (A x)dr
. 0 =1

m=
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1 o
+ f A2 Z Cosm (A,x) sin Az
0

m=1

= (—1)"_1111 - (}'\)L'- - %) Chy n=1, 2, » o (44)

Thus
2l{—1)t
C,= T 45
T ol
The exact solution of the problem s

T,

Y=o A

sin (Az) = i O sin (Az) (46)

nexl

It 15 easy to show that the Fourter coefficient C,' of the exact
solution 15 equal to C,, thus the modified Galerkin method yields
the evact solution m the himit

The 1ate of convergence of the foregomg example (' 5= 0)1s
only 1/n*near theend, z = 1 This could be expected as dy/dx
13 seto term by term while nith infimte terms converge to I'; as
a whole when z — 1  Tguation (13) m the text 15 analogously
devived, however, the rate of convergence might be better as 1llus-
fiated by results i Appendix HI. It should be pomnted out that
at the high Bond numbers, each auxibary characteristie function
15 & normal mode and, as Bond number decreases, more character-
1stie functions are required to represent each mode Only by
actual computation is one to find out how many of them are suf-
fietent fo1 engineering purposes

APPENDIXC

Consfant Contact Angle Conditton

For small perturbed motions at the mnstantaneous contack
pont, Part 2, Fig 5,

b=6,+p (47)
=6+ (2’—9“) dS + (91‘) (48)
s 11 3s 11
df dr € dr)
= s ————, = — 1, h
With tan & 5 ‘\/.]Tf,.", e = SN ( i one has

ZLFU _ ] ﬂf € ) = S ]
(as)ﬂ = sectbo drt /1 § r2/u LA+ 49

Siumilarly, at the instantaneous contact pont 2,

Ou; = oy + (_bﬁl) dsw {50)
Osy Jui

dsp = dsyy cos 8¢ = hTE cot ag
L)
SW* S o

Fig 5 Geomelry for contact pomt condition

= vt |

dz
= o —_
e 8 \ar

We shall assume constant contact angle independent of time ¢,

e ] dsw (51)
W)L

where

J1e,

8, = By — B = By, — 0: = comst (52)

h
then, with dSp = ——=—s dS; = dS;y cos &, Fig 6
sin 8,

Jorfr oh Zgpés h

h
P — _ __“EARZ " _p atll
T+707 %, * o {1+ 2% sin 6, *
(83)
1e,
ok
= 34
- ~h (54)
where

1 Zrp€r frrel -
L 0,[(1 v Akl e f,z)""’:ln G3)

For a convex tank with convex inteiface

Z

eSO

T 11

1 f )
T ane, [ a +f,2)'f=ln} (66)
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Flat Interface with High Bond Number in a Cylindrical Tank

Np = 1000, % =2.34, 2a=0.68withIT'=0, a 12 X 18 mesh yielded
m%a. :
— - 1. 85 compared with 1. 847 from exact theory (Ref. 1 of Appen-
dix B).

m

1. 0. 193 compared with 0. 194 from high-G theory (Ref. 19 of
my

Appendix B).

z) = -0.729 in. compared with -0. 724 in. from high-G theory (Ref. 19
of Appendix B).
Flat Interface with Low Bond Number in a Cylindrical Tank Ny =10,

h, wia
- T 2.34, 2 =0. 68 with I"'= 0, 12 X 18 mesh yielded

=2.15 com-
pared wath 2, 46 from exact theory. A finer mesh is required for
better agreement.

h
Curved Interface with Low Bond Number NB =100, _ag = 2. 34,

w%a m] -
= 1.860, —5 = 0.442, z, % -0.7241n.
g 2 pa
wia

compared with theoretical value of

a =0.68, 6, =2° yielded
m]_
= 1.777, —5 = 0. 438,
g pa

z £ -0.73 in. (Ref. 12 of Appendix B). It is noted that experimental

wza

value of—g-— for Bc = 0° is around 1,78 to 1. 80, Finer net may lead

to better approximation.

h
Spherical Tank with Flat Interface Ng = 1000, —=1, a = L with I'= 0,

wza

1
11 X 11 mesh yielded 'l = 1.54 compared with high-G sloshing value

wza

of—-l--z 1, 54.
g
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. h
E. Spherical Tank with "Folding' Interface Ng = 10, ?0 21,14, a =1,
w%a my
Qc =4,96° (I'= -65.788), 12 X12 mesh yield — = 1, 469, — = 0. 604,
g pa

z1 = -0.742in. compared with Lockheed result (Ref. 16 of Appendix B)

0028..

of—-g— = 1,507 (for GC = 5°). The first slosh mass is much larger than
that of Lockheed, probably due to the inclusion of force directly
attributed to surface tension in the present theory which yielded con-
firmed results for cylindrical tanks (Case 3). The value of zq would
be the location of the center of the sphere if the contribution due to
direct surface tension [i. e. , the integral over F in Eq. (30b)] is
neglected.
F. Spheroidal tank with Folding Interface Ellipticity e = 0.5, major axis
a =1, minor axas b = 0. 866, Ng =5, B = 0. 6263 (3/8 full tank),
-2?- = 0.4999, BC = 5.06°, {(I"'=~38.430, Vj =1, 35).f 12 X9 mesh

, . it o T ™1
(non-uniform on free surface) yielded —=1,114"'', —— = 0, 582,

pV
o
zy = -0.5841 compared with Lockheed result of 5 0.966. Itis

noted that the value of z; puts the first mass under the tank bottom

which should be examined by future experiments when available.

tCalculated for 3/4-full tank,
iFor O, = 5.06° the I'used in ASME paper APM-EEE was in error and the
correct value is given here as are the results,

m%a ml
Ttwith 23 X 17 mesh, — = 1,079, —— = 0.5736, Zq = ~0,4644; and

a oV
L
w%a m%a
—— = 15, 03 while Lockheed's result for — is 13,26, It is uncertain which
g

results are more accurate. The value of T"has not been given by Lockheed
to facilitate the explanation of the differences,
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-~ U e W=

94
95

96

97

30603

200

PROGRAM TRIPOT({INPUTsOUTPUT+sTAPET s TAPES)

NORMAL COORDINATES
02-1846-02 TRIANGULAR MESH GENERATOR AND SOLUTION OF

NORMAL MODES

COMMON Cl4092448) yPHI(40224) sWBsEPSsITAsNIMaWOsRHOSRIOY YT (T)

DIMENSION X(40424) Y (40+24)ITITLE(12)

DIMENSION ELAMDA(G) SS{6)sT(6)+CTIB) sCS{B)+W(E) o XT(T) 2A(6)

DIMENSION CV(24) 9F {24+24) +EVAL (24+24)sEVEC(24024)sEVI{191)

DIMENSION EIGVAL (24) sNVAL(24) sPHIS (24324 ) sPHIW(64424)

DIMENSION DFDR(24)9DRS(24) sDFRR(24)9DS(24) s DRW{64) sDZW (64)

DIMENSION ALPJS{24)eENU(244924) +6J(24) sTKJ(24) sRMX (24924)

DIMENSION AMU(24) +TALSK(24) +COMS(24) ¢sRW{64) 9ZWI(64) +EKS(24) 2 TK(24)

DIMENSION ELK(24) yEMK (24} sZK{(24)sDELIJ(2%4924) s IROW(25) 2 ICOL (25)

DIMENSION SIGK (24)

DIMENSION VNB{24) ,VNF{24) s VNW(40) s XK (24)

EQUIVALENCE (DFDR{1)+C(1)) s (DRS(1)+C(25))+(DFRR(1)+C(4G})),
(DS{1)9C(T73) )+ (DRW{L)sC(OT) } o (DZW(1)+sC(161)) s (ALPJUSIL)sC(225) )
(ENUCL1)sC(249)) o (GJI(1) +C(B25)) 9 (TKJ(1)9C(849)) s (RMX(L)YsC(8T3) )
{(AMUCL1YsC(1449) ) o {TALSK(1)2C{1473))s (COMS(1)+C(1497) ),
(RW{LIsC{1521)) e (ZW(1)+C{1585)) s (FKS(1)sC{1649))+{TK{(1)sC(16T73))
(ELK (1) 9C(1697) )4 (DELTJ(1)oC{IT721)) s (IROW(1)2C(2297))
(ICOL(Y)sC(2322)) o (SIGK(1)sC({2347)) s (EMK{1)+C{2371)) s
(ZK(1)sC(2395)) 9 (XK(1)sC(2419))

KUN=6

LUN=T

NDIM=24

RHO=0.05%

BETAC=0.5

wo=,01

PI=3,14159267

READ 94«ITITLE

FORMAT (1l2A6)

READ 95¢MsNsITAs IRSsWASWBsEPS+RLGTHsBOND

FORMAT (415+5F10.0)

PRINT 96+ ITITLEsMaNsITAsWAsWByEPSsIRS

FORMAT (26H1TRIANGULAR MESH GENERATOR/+1lXs12A6/

117H LOGICAL MESH IS +1I5e3H X +I5/932H MAXIMUM NUMBER OF ITERATIONS

2 1S+I5/¢40H RELAXATION FOR LINEAR APPROXIMATION IS +F7.3/»

353H INITIAL RELAXATION FACTOR FOR NONLINEAR SOLUTTION IS sF 7.3/

428H EPSILON FOR CONVERGENCE IS +F1l0,.,6/919H RESTART IS NUMBER +1I5/)
NM1=N=-1
MM1=M-=1
NMZ2=N-2
EM=1.0
MM=1
NPMMI=N+M~1
IF (MM +EQ. 0} NMZ=NM1
DO 97 J=Z2eNM1
PO 97 I=2.MM1
ClIsdnl)=0,5
ClIsede2)=0,5
ClIsJe3)=0,5
CONTINUE
IF (IRS .EQ. 0) GO TO 3003
GO TO (3001+1061+300693008+30129377+4389)I1IRS
CONT INUE
READ 200+ {X{ls ) eY(lsJd)sJ=1sN)
READ 2008 (X(IsN)sY(IsN)sI=29MM1)
READ 2004 (X{Ms L) sY{Me ) e J=1eN)
READ 200 (X{Isl)sY{Isl)eI=2eMM])
FORMAT (8F10.0)

DO 93 J=1sN
X(leJ)=X{19J)/RLGTH
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Y{leJd¥=Y (19 J}/RLGTH
X(Me J)=X(Ms J} /RLGTH
93 Y(MsyJI=Y (M J)/RLGTH
DO 92 I=2sMM1
X(IoN)=X(ToN}/RLGTH
Y{TeN)=Y(IsN)/RLGTH
X{I+1)=X(191)/RLGTH
G2 Y(I¢1)=Y({Is1)/RLGTH
INTERPOLATE FROM BOUNDARIES TQO GET FIRST GUESS
DO 100 J=2sNM1
DO 100 I=2sMM1
X{TIoN=X{Tad=1)4X(Twle)=X(I=14sJ=-1)
Y(Io =Y (Tad=1)+¥(I=1aJ)=Y(I=19sJ-1)
100 CONTINUE
GO0 70 3002
RESTART 1
3001 READ (LUN) ({(X(TeJ)sY(IsJ)sIz=1leM}s =1sN)
WRITE(KUN) ((X(IsJ}sY{IsJ)sI=1aM)sJ=19sN)
3002 CONTINUE
IDIR==1
DO 103M0ST=1+1ITA
SX=0.0
KIT=MOST
SY=0.0
SRX=0,0
SRY=0,.,0
IDIR==IDIR
DO 102 K=2+MM1
DO 102 L=2+nNM1
IF(IDIR) 1001+10024+1002
1001 I=MM1-K+2
JENM1-L+2
GO TO 1003
1002 I=K
J=L
1003 CONTINUE
XTEMP={X{I=19Jd=1)+X{(I+1ad+1)+X(ToJ=1)2+X(LaJ+1)+X{I=10J)+X(1+1s)
1 )/6.0
YTEMP={Y{I=loJ=1)+Y(T+1sJ+1)+Y(To =13 +Y (Lo J+1)+Y(T=1aJ)+Y(I+1eJ)
1 )/6.0
RA=(X(IsJ)=XTEMP )} WA
RY=(Y{TsJ)~YTEMP) % WA
X(IsJ)=XA{IsJ)}=RX
Y(IsJ)=Y{TaJd)=RY
SX=SX+X (e ) a2
SY=SY+Y Iy J)usp
SRA=SRX+RA##2
SRY=SRY+RY##2
102 CONTINUE
IF (MOST=20#{MOST/20)) 1022+1021s1022
1021 WRITE (KUN) ({X{TseJ)eY{Iod)sI=1eM)eJ=1sN)
REWIND KUN
IRS=]
IF{MOST +EQe 20} PRINT 4104IRS
410 FORMAT(21HOYOU MAY USE RESTART s14)
1022 CONTINUE
SRX=SQRT{(SRX/SX)
SRY=SQRT{SRY/SY)
IF (SRX .LE. EPS .AND. SRY LLE. EPS) 105103
103 CONTINUE
PRINT 201+SRXsSRY
20)1 FORMAT(S51HIPROCESS DID NOT CONVERGE FOR INITIAL APPROXIMATION/»
110H EPS=X IS $FE15,7912H EPS-Y IS #F15.7//+41H X AND Y VALUES ARE
2 PRINTED BELOW BY ROWS/)
DO 104 I=14M
104 PRINT 2029 (X(IsJ)9Y{IsJ)sJ=1sN)
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202 FORMAT (8E15.7)
WRITE (KUN} {((X{IsJ)sY(IsJdlseI=1aM)eJ=1sN)

REWIND KUN
IRS=1

PRINT 410sIRS
STOP

105 PRINT 203+KIT
203 FORMAT (S8HIPROCESS CONVERGED FOR INITIAL APPROXIMATION ON ITERATI
10N +I5/933H X AND Y ARE PRINTED BELOW BY ROW/)
DO 106 I=1l.M
PRINT 202 ({X(Ted)aY(Isd)sJ=1sN)
106 CONTINUE
WRITE (KUNY ((X{IeJ)eY(IsJ)aI=1sM)eJ=1sN}
1 v (({ClIsJeK}sI=1aM) s d=1sN)eK=]143)
REWIND KUN
IRS=2
PRINT 410+IRS
GO TO 1062
C RESTART 2
1061 READ (LUN) ((X(TIsJdeY(IoJ)sI=1aM)ed=1eN)
1 2{{({C({TodeK)YsT=1sM)eJ=1sN)eK=1+3)
WRITE(KUN) (IX{IsJ) oY {(Tod)sIx=laM}od=1sN)
1 »({(C(TIaJaK}IeI=1eM)sJ=1aN}sK=1e3)
1062 CONTINUE
WX=WB
wY=wB
IDIR=-1
DO 135 MOST=1+1TA
IDIR=«IDIR
KIT=M0ST
SRX=0.0
SRY=0.0
SX=0,0
SY=0.0
D0 110 I=2+MM1
DO 110 J=2+NMi1
DXDX=({X{I=19J=1)+2,0#X(I=1s ) +X{TeJ+1))=(X{ToJ=1)+2.0%X(I+1sJ))
1 #X{I+1s4+1))) /6.0 -
DYDX={(Y{I=)oJ=1)+2,08Y(I=19 ) +Y(TaJ+1))=(Y{Tad=1)+2.08Y([+)s))
1 +Y(I+1s0+1)2)/6.0
GAMMA=DXDX##2+DYDX*#2
DADY=((X{I=10a ) +2, 08X (JaJ +1)}+X(TI+19pd+l)) = (X (Tl =1)+2,0#X(IsJ=1)
1 +X(I+1s0)))}/6.0
DYDY=({Y(I-1aJ)+2,0%Y{TIaJds1) ¥ {I+1aJ+l))=(Y(I=1sJ=-1)+2,08Y(I9J=1)
1L +¥(I+1s))) /0.0
ALPHA=DXDY##2+DYDy#e2
BETA=DXDY#DXDX+DYDX®#DYDY
CPl=ALPHA-BETA
CPZ=BETA
CP3=GAMMA-BETA
CP1=BETAC*CPl1+{1.0-BETACY#C(IsJsl)
CP2=BETACHCP2+ (1.0=-BETAC}*C(I1sJs2)
CP3=BEIACH#CP3+(1.,0=-BETACI®*C(IsJs3)
C{Isdsl)=CpPl
ClIsds2)=CpP2
C(I+Js3)=CP3
110 CONTINUE
DO 120 K=2s+MM1
0O 120 L=2sNM1
IF{ICIR) 1011+1012+1012
1011 I=MMl=K+2
JENMI-L+2
GO 7O 1013
1012 I=K
J=L
1013 CONTINUE



Cl=C{IsJsl)
C2=C{Isds2)
C3=C{1+Je3)
Ca=C1
C5=C2
C6=C3
SUMC=C1+C2+C3+C4+(C5+C6
IF (ABS{(SUMC) = 1.0E-10) 1209120+111
111 XTEMP={CleX{I~1eJ)+C28X(I=1laJ-1)+Ca#X(TsJ=1)+Ca42X(I+190)
1 +Co#X{I+1lsJ+1)+Co#X(IsJ+1))/SUMC
YTEMP=(CI#Y (I=190)+C28Y (I=13J=1)+C3#Y (FoJ=1)+CanY (I+1ls)
1 +CouY(I+1lsJ+1)+CouY(I+J+1))/SUMC
RX={X{1eJ)=XTEMP)Y2WX
RY=(Y(I+J)=YTEMP)®WY
X{Is+J)=X(IsJ)=RX
Y{IeJ)=Y(IsJ)=-RY
SRX=SRX+RX##2
SRY=SRY+RY##2
SX=SX+X(IsJ)sn2
SY=SSY+Y(IeJ)sti?
120 CONTINUE
IF (MOST=20#(MOST/20)) 3005+3004+3005
3004 WRITE (KUN) ((X{IaJ)eY(TIsJ)eI=1eM)eJ=1aeN}
1 s(((C(IsdaK)sI=1sM)oed=1eN})sK=193)
REWIND KUN
IRS=2
IF(MOST .EQe. 20) PRINT 410,IRS
3005 CONTINUE
IF (KIT-1) 12641264127
126 SPRX=SRX
SPRY=SRY
127 EPSCX=SQRT{SRX/S5X}
EPSCY=SQRT (SRY/SY)
IF {(EPSCX .LEe EPS JAND. EPSCY .LE. EPS) GO TO 140
ETAX=SQRT{SRX/SPRX)
ETAY=SQRT (SRY/SPRY)
ELX=(WX+ETAX=-1.0) /7 (WX#SQRT(ETAX))
ELY=(WY+ETAY=1.0) /7 (WYH#SQRT(ETAY))
IF {(ABS(ELX)Y=1.0) 12941294128
128 WAX=WX
GO TO 130
129 WAX=2,0/(1,0+5QRT{1.0~ELX##2)}=WO
130 IF (ABS(FELY)=-1.0) 132+132+131
131 wWAY=WwY
GO0 70 133
132 WAY=2,0/(1.0+SQRT{1.,0=-ELY#%2))}~W0
133 WX=RHO*WAX+{]1.0-RHO)®#WX
WY=RHO*WAY+ (1, 0~RHO) #WY
SPRX=SRX
SPRY=SRY
135 CONTINUE
PRINT 2049k ITeEPSCXERPSCY
20¢ FURMAT (43HINONLINEAR SOLUTION DID NOT CONVERGE AFTER #I5911H ITER
AT IONS/910H EPS=X IS sE15.79+12H EPS~Y IS +E15.7/934H X AND Y ARE
2 PRINTED BELOW BY ROWS/)
GO 136 I=lsM
PRINT 202+ (X{IaJ)sY(IeJd)ed=1eN)
136 CONT INUE
WRITE (KUN) ((X(IeJ)sY{IsJd)eI=1sM)sJ=1eN)
1 2 (((C(IoedsK)sT=1eM)sJ=1aN)sK=1+3)
IRS=2
PRINT 41041IRS
STop
140 PRINT 205+KIT
205 FORMAT (4Z2HINONLINEAR SOLUTION CONVERGED ON ITERATIONeIS/»
134H X AND Y ARE PRINTED BELOW BY ROWS/)



C

141

3006

3007

300

301

302

303

305

306

307
304

309
310

311
312
313
314
315

316

DO 141 [=1sM

PRINT 2029 (X{I+sJ)s¥Y{IsJ)sJ=1sN}

CONTINUE

WRITE (KUN) ((X(IaJd)sY(IeJ)sI=1sM)eJ=1eN)
1 s 0({C{IsJsK)2I=1sM)sJ=1sN)sK=123)

IRS=3

PRINT 410+1IRS
GO TO 3007
RESTART 3

READ (LUN) ((X(Isd)sY(Tad)sI=1leM}sd=lsN)
1 s ({(CU{IsJaK)I2TI=1eM)ad=1eN)eK=1+3)
WRITE(KUN) (X (IsJ)sY(IsJ)sI=1leM)eJ=1sN)
1 s({(C{IsJaK)#sI=19M)sJ=1sN)sK=193)

CONT INUE

D0 301 J=1l4N

DO 301 I=1+M

DO 300 K=146
ClIsdeK)=1.0

CONT INUE
C(IsdsT)=0,0

CONT INUE

DO 302 J=1sN
ClleJel)=0,0
CllsJe2)=0.0
C(lsJe6r=0,0
C{MsJe3)=0,0
CiMedess}=0,0
CiMeJe5)=0.0

DO 303 I=l+M
C(lelsl)=0,0
Cl{lsle2)=0.0
C{Is1+3)=0,0
C{IsNe4)=0,0
Cl{I+Ns5I)I=0,0
Cl{IsNeb)=0,0

DO 350 I=14M

DO 350 J=1sN

DO 305 K=1l46
AlK)Y=0,0

R(K)=0.0

SS{KI=1.0

T{K)=1.0

CT(K)=0.0

CS{KI=Ua0
ELAMDA(KY=C{TsJsK)
XT(K)=0.0

YT{K)I=0.0
XTEMP=x{1+J)
YTEMP=Y (L9 d)

IF {I-1} 307+307+306
XK1 {b1=X{]=1+4)
YE(L1=Y(I=1s0)

IF (I-117 3084309,309
Al{ay=a{I+1eJ)
YT{&4)=Y(I+1e))

IF (J=1) 311+311.310
AT(3)=4A{Is5=~1)
¥YT(3)=x{Is+J=1)

IF {J-N} 3123134313
XT(6)=A{1sJ+1)
YT{6)=Y(IsJ+1}

IF (I«1) 31643164314
IF (J=1) 316+316+315
XT(2)=X{I~1sJ=1)}
¥YT(2)=¥Y{I-1+J-1}

IF (I-M) 317+31943159

w-b



317 IF (J-N) 318+319,319
318 XT(S)=X{I+1yJ+1}
YT{5}=Y(I+1sJ+1)
319 CONTINUE
XT(7)y=XT(1)
YT{T)=YT(1)
DO 323 K=146
320 SS(K)=SQRT((XT(K)=-XTEMP) ##2+(YT{K)~YTEMP) #x2)
IF (SS5{K) .EQ. 0) S5S5(K)=1.0
IF (K-6} 321+322s322
321 T(K)=SQRT ((XT(K+1)=XT{K))##2+ (YT(K+1)=YT{K))##2)
IF (T{(K) +EQe 0} T{K)=1.0
RIK)=A{XTEMP+XT{K) +XT(K+1}})/3.0
GO0 To 323
322 TK)I=SART(XT (&) =XT (1) y#22+(YT(6)=YT (1)) ##2)
RIK}=(XTEMP+XT (6)+XT{1)) /3.0
323 CONTINUE
DO 340 K=1,6
IF(K=1) 32443244326
324 IF (ELAMDA{6}} 325,331+325
325 COSS=(T(6)##2+55(6)##2a85(11#3#2)/{(2,0%T{6)%#55(6))
GO TO 328
326 IF(ELAMDA(K=1)) 327s331.327
327 COSS={TI(K=1)#u2+SG{K=1)##2-SS(K)##2) /{2, 0%#T(K=-1)#S5{K-1})
328 CS{K)=1.0~-COSSun2
IF{CS(K)) 329+329,330
329 CS5{K)=0.0001
330 CS(K)=COSS/SART(CS(K))
331 IF(ELAMDA{K)) 332,340,332
332 XAz=(,5#(XT(K)+XTEMP)
XB=(XT(K)+XT(K+1)+XTEMP) /3.0
XC=0,5# (XT(K+1)+XTEMP)
YA=Q ., 5# (YT (K)+YTEMP)
YB=(YT(K)+YT{K+1)+YTEMP) /3,0
YC=0.5%(YT(K+1)+YTEMP}
AB=SQRT{ (XA=XB)##2+ (YA=YB) ##2)
BC=SQRT{{YB=-YC) ##2+ {XB=XC) ##2)
AD=SQRT ( (XA=-XTEMP) ##2+ (YA-YTEMP) #t#2)
BO=SQRT ({(XB=XTEMP) ##2+ (YB-YTEMP} ##2)
CO=SQRT ({XC=-XTEMP)##2+ (YC=-YTEMP) ##2)
ARA=( 5% (BC+CD+BD)
ARA=SQRT (ARA* (ARA-BC) # (ARA-CD) # {ARA-BD))
ARB=0.5% (AB+BD+AD)
ARB=SQRT (ARB* (ARB=-AB) # {ARB-BD) # {ARB—~AD))
A{K)=ARA+ARB
IF(K=6) 334+333+333 .
333 COST=S{T(6)##2+85({ 1 ) ##2=8S5(H) 42}/ (2.,0%#T(6)%55(1))
G0 TO 335
334 COST=(T(K)##2+SS{K+]1) ##2=SS(K)##2} /(2. 0T (K)*¥5S{K+1}}
335 CT(K)=1.0~COS5Tu#2
IF (CT(K)) 33643369337
336 CT(K)=0.0001
337 CTIK)= COST/SARTI(CT(K)}
340 CONTINUE
K=1
IF (I-1) 34143414342
34} IF ( U EQ. 1) 5S{3)=0.0
IF ( J «EQ. N) S5{6}=0,0
CV{J)={D#(S5{3)+55(6)) ) #XTEMP
342 DO 343 K=2.6
WIKY=ELAMDA (K)Y #R (K) #CT (K} +ELAMDA (K=1) #*R(K~-1) #C5 {K)
343 WIK)=0D,5#W (K}
WIL)=ELAMDA(I)#R(1)#CT (1) +ELAMDA{6)#R(6)#CS(]1)
W(l)=0,5%#KW(])
IF (XTEMP) 34543444345



344
345
346

347

348
349

350

3503

3506
3508
3509

4000

3008

3009

EMR=0,0

GO T0O 346

EMR=EM*EM/ XTEMP

SUMC=0.0

DO 347 K=1ls6

ClIsdsKI=W(K)
SUMC=SUMC+W {K)} +A (K)#EMR
Ci{IeJds8)=5UuMC

IF (J~1) 348+3484+350

IF (MM) 3494350345

C(IesJsl}=0.0

ClIeds2)=0,0

Clis+093)=0,0

C{IsJded)=0,0

Cl{Is+JsS)=0,0

C{IeJe6)=0,0

ClIeJeBi=1.0

CONT INUE

SET COEFFICIENTS FOR CONTACT POINT
C{leNel)=0,0

ClleNs2)=0,0

ClleNs5)=0,0

ClleN26)=0,0

READ 200+GFi.GyGAMMATHETAC
THETAC=.0174532925#THETAC
R{1)=X(1sN=-2)

R(2Y=X(1sN=-1)

R{3)=X(1sN)

YT(1)=Y{lsN=2)

YT(2)=Y{1sN=1)

¥YT(3Y=Y (1sN)

CALL SFIT(FRe+FRReXTEMP+YTEMP)

IF GFLG IS 0 COMPUTE GAMMA

IF (GFLG) 3508,3503+3503
R(3)=X(1sN)

R(2)=X{2+N)

R{1)=X(3+N)}

YT(3)=Y(1sN)

YT{2)=Y{2sN)

YT(L)=Y (3N}

CALL SFIT(ZR+ZRReXTEMP+YTEMP)
ZTEMP=COS(THETAC)

IF(ABS(ZTEMP) +GEe1.0) GO TO 3506
GAMMA=(ABS(ZRR)Y-ABS{FRR)#ZTEMP) /SIN{THETAC)
GO0 TO 3508

GAMMA=0.0

CONT INUE

CONTINUE

PRINT 4000+GAMMA

FORMAT (THOGAMMA +FE15.8}

WRITE (KUN} GAMMA. (({C(IsJaK)sT=1sM)sJ=1sN)sK=198)s (CV(J)sJ=1sN)
I1iI=1

IRS=4

PRINT 410+IRS

NMl=N

GO 70 3011

RESTART «

IIl=1

NMI=N

READ (LUN) ((X(Iy )eY{IsJ)sI=14MYs J=1eN)
1 s ({(C({IsJoK)aTI=1eM)sJ=1oN)sK=143)
WRITE(KUNY ({(X{Isd)sY({1eJ)sI=14M)eJ=1eN)
1 s{{((C{IsdaK)osI=1aeM)oJ=1sN)sK=1+3)
READ (LUN) GAMMAs (((C(IsJsK)sI=1sM)aJ=1aN)}sK=1sB)+{CVIJ)sJ=1aN)
WRITE(KUN) GAMMA { ((C(TsJsK)sI=1oM)aJ=1sN)sK=198),(CVIJ)eJ=19N)
READ (LUN) (F(JeIT)esJ=leNML)


mailto:GAMMA,(((C(I,J,K),I=1,M),J=1,N),:I@,8).(CV(J),J=19N

3010

3011

355

356

360

c
3012

3014

3013

36l

370

371
372

373

374
375

400

401

IF (EOFsLUN) 3011,3010

II=11+1

WRITE(KUNY (F{(JeIT)eJ=1sNM1)

GO TO 3009

CONTINUE

b0 355 J=1sN

DO 355 I=1l+M

PHI(IsJ)=0.0

IF (MM oNE. 0) CV(1)=0,.,0

DO 360 ICOUNT=TIsNMI
C(l1+ICOUNT+7)=CV{TCOUNT)

CALL SOREL(I1)

GO 356 J=1,NM1

F{Js ICOUNT)=PHI(14J)}

CONT INUE

WRITE (KUN) (F{JsICOUNT)yJ=1sNM1)

C(le ICOUNTT)=0.0

CONT INUE

IRS=%S

NM1=N

PRINT 410s1RS

GO TO 3013

RESTART 5 :
READ (LUN) ((X(ILsJ)sY(IoJd)aI=1sM)aJ=19N)
1 s{{{C{IaJeKIsTI=1sM)oJ=1aN)sK=1+3)

NM1=N

WRITE(KUN}Y ((X{IsJ)sY(Isd)eI=1sM)sJ=1sN)
1 s ({(CiIadaK) s IS1laM) s J=1aN})siK=193) :
READ (LUN) GAMMAS (((C(TsJeK}sI=19M)sJ=lsNIsK=148),s(CV{J)sJ=1sN)
WRITE(KUN) GAMMAS {(({C(IaJsK)eI=1aM)aJ=1oN)sK=198)s(CVIJ}sJ=1sN)
DO 3014 I=1s+NML

READ {(LUN) (F{JsI)sJ=1+NM1)

WRITE(KUN) (F(JsI)sJd=1sNM1)

CONT INUE

DO 361 I=1lsNM1

DO 361 J=1lsNMI1

EVAL(IsJ)=F({1sJ)

CONT INUE

CALL EIGEN(NML+EVALSIEVIIEVECsS093+s0s1sNDIM)
DO 372 I=1eNM1

NVAL(I)=1

IF (EVAL{(Is1)) 370+370+371
EIGVALI(II=10.0E+60

GO 70 372

EIGVAL(I)=1.0/EVAL(TI+1)}

COUNTINUE

DO 375 I=lsNM1

K=1

DO 374 J=KeNM1

IF (EIGVAL{I)=EIGVAL (J)) 374+374+373
XTEMP=EIGVAL (U}

ITI=NVAL(J)

EIGVAL{J)=EIGVAL(I)

NVAL (J)=NVAL (D)

EIGVAL{I)=XTEMP

NVAL(TI)=II

CONTINUE ¢

CONT INUE

PRINT 400+ITITLE

FORMAT {(i1Hi+1246/)

PRINT 401

FORMAT (77H EIGENVALUES AND EIGENVECTORS ASSOCIATED WITH INFLUENCE
1 COEFFIiCIENT SOLUTIONS)

NM2=N

DO 376 I=lsNMZ2

PRINT 402+1+EIGVALI(I)

1v-9


http:EIGVAL(I)=10.OE

402 FORMAT (6HOMODE +13¢14H EIGENVALUE +EL15.8)
K=NVAL (1)
PRINT 202+ {EVEC(JsK) s d=1sNM1)
376 CONTINUﬁ
WRITE (KUN) (EIGVAL{(I) 2 I=1oNML) o (INVAL(I)sI=14NM1},
J({EVEC(IsJ) o I=19oNML)Y o =1 oNM1) o (NVAL (J) s J=1eNM1)
I1I=1
IRS=8
PRINT 410+IRS
NM1=N
NMZ2=N-1
GO T0 382
RESTART 6
377 READ (LUN) ({X{IsJ)seY(IsJ)sI=1lsM)sJ=1sN)
1 s{{(C(IeJsK)sI=1sMIaJ=1oN)siK=143)
NM1=N
NMZ=N=]
WRITE (KUN) ({X(Iad)eY(IeoJ)eI=1aeM)rJ=1sN}
1 s (({CiTaJaK)sI=1sM) e =1eN)sK=1+3)
READ (LUN) GAMMA» ({(C{IsJaK)sI=1oM)sJ=1eN)sK=1s8)s(CVI{J}sJ=1sN)
WRITE(KUN) GAMMAS (((C{IsJsK)sI=1loM)oJd=1lsN}sK=198) s (CV{J)}sJ=1sN)
DO 378 I=1sNM1
READ (LUN) (F{Js1)sJ=1sNM1)
378 WRITE(KUN) (FA(JsI)sJ=1sNM1)
READ (LUN) (EIGVAL(I)+I=1sNML1)s (NVAL(I)osI=1aNML}+s
T((EVEC (T oJ) s I=1oNML)Y o J=1sNMI} o (NVAL{J) o J=19sNML}
WRITE (KUN) (ETIGVAL{I)sI=14NML1)Ye (NVAL{I)»I=14sNM1},
1{(EVEC{TIsJ) s I=1aNM1)sJ=1sNM1} s {NVAL{J)sJ=1sNMI1)
379 READ (LUN)(PHIS{TI«IX}oI=1oN) o (PHIW(IaII)sI=1sNPMM})
IF (EOFsLUN) 382.+381
381 WRITE(KUN) (PHIS(I+II)sI=LoN) o (PHIW(IsII)sI=1sNPMMIL)
II=I1+1
GO 70 379
382 CONTINUE
DO 383 J=lsN
DO 383 I=2.M
383 PHI{I+J)=0,0
DO 388 ICOUNT=IIe«NMZ
L=NVAL { ICOUNT)
DO 384 I=1.NM1
384 PHI(l+1)=EVEC({TsL)}
CALL SOREL(2)
DC 385 J=1N
385 PHIS{J+ICOUNT)=PHI(1+J)
DO 386 J=14N
386 PHIW(JsICOUNT)=PHI (MsJ}
DO 387 K=lsMML
KPN=K+N
L=M=i
387 PHIW(KPNsICOUNT)=PHI (L N}
WRITE (KUN) (PHIS(I+ICOUNT)sI=19N)s {(PHIW(I+ICOUNT)sI=1sNPMM1)}
388 CONTINUE
NM1=N
NM2=N=1
GO 70 391
RESTART 7
389 READ (LUN) ((X(IsJ)sY(IsJ)sI=1sM)sJ=1sN)
1 s (((C{TadsK)pI=1aM) s =1aN)eiK=14+3)
NM1=N
NM2=N=~1
WRITE(KUN) ({X{IsJd)a¥Y(TaJ)sI=1eM)sJ=1laN}
1 s{((C{IaJosK)sI=1sM)sJ=1sN)sK=1+3)
READ (LUN) GAMMA» (((C(IsJsK)aI=1aM)eJ=19N)sK=1e8)s{CVIJ)sJ=1sN)
WRITE(KUN} GAMMAS ( ((C{EsJdoK)osI=1sM) s J=1aN)sK=198)s (CV(J)sJ=1sN}
DO 390 I=luNM1 R
READ (LUN) (F(JsT)sJ=1sNM1}

1v-1io



C

390 WRITE(KUN) {F{JsI)sJ=1sNM1)
READ  (LUN) (ETGVAL(I)sI=1sNML) s (NVAL(I)sI=19sNML),

392
391

4002

4003 FORMAT (13HOBOND NUMBER sE15.8s 7H ZCG »E15.8,

4102

4104

4106

4108

4109
4110

4112

4114

4116

4118

4119
4120

4122

TO(EVEC(IsJ) s I=19NM1) s J=19NM1) s (NVAL (J) s J=1sNM1)

TOEEVECA{IsJr o I=1aNM1) s J=1sNM1) o (NVAL (J) » J=1sNM1)

WRITE (KUN) (EIGVAL(I)oI=1sNM1)o (NVAL(I)sI=1eNM1),

DO 392 .J=1sNM2

READ (LUN) (PHIS(IsD)sI=1sN)s{PHIW(IsJ)sI=1sNPMM]1)
WRITE (KUN} (PHIS(IsJ)sI=1eN}s{PHIW(I+J)sI=1sNPMM]1)

CONTINUE

IRS=7

PRINT 410+IRS

NMi=N=1

NMZ2=N=2

READ OTHER INPUTS

READ 4002+ZCG+VOL sDENsRHOU
FORMAT (5£15.8)

PRINT 400sITITLE

PRINT 4003+BONDZCGIVOLeDENRHQU

9H

VOLUME sE15.8

1 //+22H (LOWER FLUID DENSITY +E15.8 +25H DENSITY OF ULLAGE FLUID

2

sE15.8)
2CG=ZCG/RLGTH
VOL=VOL/RLGTH##3
MMl=M=1
NM1=N=1
DO 4110 J=2+NM1
XTEMP=X{1leJ+1)=X{1+J)
IF(XTEMP.EQ.0e) GO TO 4108
DZDR=(Y (1o J+1)=Y(19J) ) /XTEMP
IF(DZDR)4104+4102,4104
SIGN=1.0
GO TO 4106
SIGN=DZDR/ABSF (DZDR)
DZDNF=SIGN/SQRT (1 ,U+DZDR#%2}
DRONF ==DZDR®*DZDNF
GO TO 4109
DZDNF=0.0
DRDNF='100
YNF (Y=Y (1o J)HDRDNF=X(1+J)#DZDNF
CONT INUE
VNF (1)y=0.0
VNF (N)=Y {1 sN)*DRDNF=X(1sN}#DZDNF
MPl=M+1
MP2=M+2
DO 4120 I=2+M
XTEMP=X (MP2=TeN)~X (MP1=TsN)
IF(XTEMP.EQ.0.) GO TO 4118
DZDR={Y {MP2=TsN) =Y (MP1l=TsN) ) /XTEMP
IF{DZDR) 4114411244114

SIGN==-1.0
GO TO 4116
SIGN=DZDR/ABS (DZDR)

DZDNW==SIGN/SQRT {1.0+DZDR#*%2)
DRONW==DZDR#DZINW

GO TO 4119

DZDNW=0.0

DRDNW=1.0

VNW (MP2~T)}=Y (MP2~T o N) #DRDNW=X (MP2-1 s N} #DZDNW
CONTINUE

VNW(L)=Y (1,N)#DRONW=-X (1 aN) #DZDNW
DO 4130 J=1sNMl
XTEMP=X({MyJ+1) =X (MsJ)
IF(XTEMP.EQ.0.) GO TO 4128
DZDR=(Y(MsJ+1) =¥ (MsJ)) /XTEMP
IF(DZDR)4124+4122,4124

SIGN=1.0
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GO TO 4126

4124 SIGN=DZDR/ABS (DZDR)

4126 DZDNW==SIGN#DZDR/SQRT(1.0+DZDR##2)
DRDONW==DZDR*DZDNW
GO TO 4129

4128 DZDNW=0.0
DRDNW=1.0

4129 VYNB(J)=Y (MysJ) #DRONW-X (Ms J) #DZDNW

4130 CONTINUE
VNB(NY=Y {MsN) #*DRDNW=X (MeN} #DZDNW
C(l,l’?):ODO
SS{3)=SART ({X{(1aN)=X (1 oN=1) )22+ (Y (1aN}=Y{1gN~1))n#2}
SS5(4)=SART( (X (2sN)=X{1aN) )22+ (Y{(24N}~Y (1aN}}*#2}
ClleNe7)=o5# (YNFIN) +VNF (N=1) )%, 5#S5(3)#X(1sN)+

1 S (VNW (1) +VNW(2) ) #5855 (4)#X (1eN)

DO 4132 J=2sNM1
SS(3)=SART{{X{lo ) =X(1loed=1))#24(Y{1sJ)=Y{19J=1))s#2)
SS{E)=SART{{X(LloJel)=R{laJ))ut2+(Y(lsJtl)=Y(1eJ})2#2)
CllsJaTI=VYNF (J)#,S#{SS {31 +SS{63)%X(1sJ))

4132 CONTINUE
DO 4134 I=Z.MM1
SS(1Y=SART (X {ToNY =X (I=) oN) )& 2+ (Y {IoN} =Y (I=19N))#¥2)
SS{4)=SORT({X(T+14N)=X{ToN))I##2+(Y (IT+1aN)=Y {IsN))##2)
CUIaNe7)I=VNWLIY#5#(SS{1)+5S5(4) ) *X{TsN)}

4134 CONTINUE
SS{I)=SQRT({X{MaN)=X(M=LeN))##2+ (Y (MaN) =Y {M=1sN) }##2)}
SS(3)=SORT ( (X {MeN} =X {MaN=1))##2+ (Y (MoN)~Y {MgN=1) }##2}
CiMaNes 7= (S# (VNW (M) +VNW (M=1) ) #,5#55(3)

1 + 5 (VNB(N)+VNB(N=1})#,5#S5(1) ) #X (MsN)

DO 4136 J=2+NM1

SS{3)=SART (X (Ms ) =X{MaJ=1))##2¢{Y (MsJ) =Y (MoJ=1))®#2)
SS(6I=SART({X(MsJ+1) =X (MaJ) }#a#2+{Y (MaJ+t1)~Y (MsJ))#52)
CiMaJa7TISVUNB(J) #,5#(SS5({3)+55(6) ) #X(MeJ)

4136 CONTINUE
SS(E)=SART({X(MeZ2) =X (Msl) ) #A2+ (Y (Me2) =Y {Ms1)}*#2)
CiMslaT)=VNBLL1)# SHSS(H)#,25% (34 HX(Msl)+X(Mse2))

DO 4138 I=1+M
DO 4138 J=1l+N
PHI(I«J)=0,0

4138 CONTINUE

CALL SOREL (1)

XTEMP=0.0

DO 4140 J=1+NM]
XTEMP=XTEMP+.5%# (PRI(1e J)#VNF (J)#X (1)

1 +PHI(1aJe L) BYNF(J+]1)#X (1o Jtl) ) ¥
2 SART((Y{lsd+1)=Y (1o ) ) ##24 (X {1y J+1)=X{1sJ))#&2)

4140 CONTINUE
DO 4142 I=1+MM1
XTEMP=XTEMP+ . 5# (PHI (I +N) #VNW (1) #X(EsN}

1 +PHI(T+ e NI 2VNW(TI+1)EX(T+1eN) ) *
2 SARTC(Y(T+L s NI =Y (TsN) ) ##24 (X (I+1aN)=X(TaN))##2)

4142 CONTINUE
DC 4144 J=1s+NM1
XTEMP=XTEMP+ ., 5# (PHI (MsJ) #YNB (J) #X (Me })

1 +PHI (Mo J+1)#VYNB(J+1)#X(MaJel} ) %
2 SART( (Y (MeJ+1) =Y {Mad) )22+ (X (MsJ+1) =X (MeJ))##2)

4144 CONTINUE
SIF=XTEMP#PI/VOL
DO 415 J=1sNM1
DRS{J)=X{1yJ+1)=X(1s))

415 CONTINUE
DRS {N)=DRS (NMI1}
BFDR(1}=0.0
DFRR{1)=2.,0%#(Y(192)=Y(1+1))/DRS{1}5u2
DO 417 J=2ZsNM1
R{1)=X(1e4~1}
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417

418

419

420

421
422

423

R(2)=x(1lsd)

R(3)=X(1sJ+1)

YT()ly=Y{1lsd=-1)

YT(2)=Y(1ls )

YT{(3)=Y(1lsJ+1)

CALL SFIT(FRsYTEMP+ZTEMPsXTEMP)
DFDR(J)=XTEMP

DFRR{JI=YTEMP

XK (JYy=ZTEMP

CONTINUE

DFDR (N)=FR

DFRR(N)=DFRR(N=~1)

XK (1)y=XK(2)

XK(N)=YTEMP

DO 418 J=1sNM]

DS{J) =2, 0#PIH (X {1y J+1)+X (1)) #.5
1 #SQRT (Y (1eJd+1)=Y(1sJ) )24 (X(1aJ+1)=X(1s]))3#s2)
DS (N)=DS (NM1)

DO 419 J=1sNM1

DRW{JI)=A (Mo J+l)=X(MsJ)

RW(JI=X{MsJ)

ZW{J)=Y (M )

DZW(J)=Y (Medel)=Y (MsJ)

RW(N) =X (M)

ZW{N) =Y {MsN)

DO 420 K=1sMM]1

ITEMP=M=K+1

DRW {N+K=1)=X (M=KsNI =X (ITEMPsN)
DZW(N+K=1)=Y (M=KsN) =Y (ITEMPsN)

RW (N+K) =X (M=KsN)

ZWAN+K) =Y (M=KsN)

RW (N+M}=X{1eN)

ZWIN+M)=Y (1 eN)

DRW (NPMM1 ) =DRW (N+M~2)

DZW (NPMM1) =DZW (N+M=2)

DRW (N+M) =DRW (NPMM1)

DZW (N+M)=DZW {(NPMM1)

DO 422 Jd=lsNM2

XTEMP=0.0

DO 42]1 K=lsNM1
XTEMP=XTEMP+0 S# (PHIS (KsJ) #3#2+PHIS (K+1s J} #3#2) %05 (K)
ALPUS (J) =XTEMP

DO 423 J=1sNM2

DO 423 I=l+NM2
ENU(TIsJ)=2.0%PI/ALPJS(I)#X{1sNI*PHIS(NeJ ) #PHIS(N.I)®EIGVAL (J)
CONTINUE

READ NUMBER OF EIGENVALUES TO BE USED IN REMAINING CALCULATIONS
READ 95¢NEY

NMZ2=NEV

DO 430 J=1sNM2

DO 430 I=1sNM2

EPSIJU=0.0

BETAIJ=0.0

DELIJ(TIsJ)=0.0

GAMIJ=0.0

XTEMP=0.0

YTEMP=0.0

IF(leEQeJ) DELIJ(I+d)=1.0

DO 428 K=1sNM1
YPRP=(Y{1+K+1)=Y(1eK)}/DRS{K)
EE=DRS (K} /ABS (DRS(K) )
CURVA=1.0+YPRP#*2

CURVB=SQRT (CURVA)

EPSTJ=EPSIJ+0.5% {PHIS(K+JI#PHIS({Ka I}/ {{X(1sK)+.00001)%%2)
1 +PHIS{K+1s JI#PHIS(K+1aI) /(X (1oK+1)3#2))}RDS(K)
DPSITIA=(PHIS{(K+1+£)=PHIS{Ks1))/DRS(K)
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DPSIJA=(PHIS(K+1+J)=PHIS(KsJ)) /DRS(K)
ZTEMP=YPRP##2/ (CURVA# (0 .5# (X (LsK) +X (1aK+1)) ) ##2) +

1 0SF (XK (K) #3224 XK (K+]1) #%2)
XTEMP=XTEMP+DPSIIA#DPSIJA#DS (K) /CURVA
YTEMP=YTEMP=«S#ZTEMP# (PHIS{Ks 1) #PHIS(KaJ) +PHIS(K+1s I} *PHIS(K+1sJ))

1 #DS (K}
BETATIJ=BETAIJ+0«5#(PHIS(Ks 1) #PHIS(KsJ) +PHIS(K+1s 1) #PHIS(K+14+J))
1 *DS (K) /CURVB#®EE

428 CONTINUE
EPSIJ=EPSTJ*ETIGVAL (J) ZALPJS (1)
GAMTJ=(XTEMP+YTEMP) #*EIGVAL (J) /ALPJS ()
BETAIJ=BETAIJ*EIGVAL (J) ZALPJS (1)

430 RMX(I+J)==GAMMA®ENU (15J) +GAMIJ+EM*EMYEPSTJ+BOND*BETATY
1 # (DEN-RHOU) /DEN
CALL MATINV(DELIJsIROW»>ICOLsNM2sNDIMs1,0E=06)
DO 432 I=14NM2
DO 432 J=1,NM2
XTEMP=0.0
DO 431 K=1.NM2
431 XTEMP=XTEMP+RMX (I+K)*DELIJ(K+J)
432 EVEC(IsJ)=XTEMP
DO 433 I=1sNM2
DO 433 J=1sNM2
433 RMX(IsJ)=EVEC(Isd)
KM2=NM2
CALL EIGEN{NMZ2sRMXsEVIsEVECsS50+290s1sNDIM)
PUT EIGENVALUES AND VECTORS IN INCREASING CROER
DO 442 I=14NM2
NVAL (I} =1
IF (RMX(Is1)) 440,4409441
440 KM2=KM2-1
COMS(I)=10.0E+50
GO TO 442
441 COMS(I)=RMX(IsI)
442 CONTINUE
D0 445 I=1,NM2
K=1
DO 444 J=KsNM2
IF (COMS(I)=COMS(J)) 44434449443
443 XTEMP=COMS (J)
1I=NVAL (J)
COMS (J)=COMS (1)
NVAL (J)=NVAL (1)
COMS (1) =XTEMP
NVAL(I)=II
444 CONTINUE
445 CONTINUE
DO 447 J=14NM2
K=NVAL (J)
DO 447 I=1,NM2
F(IsJ)=EVEC(IsK)
447 CONTINUE
PRINT 4005

4005 FORMAT (39H0 EIGENVALUES AND EIGENVECTORS AT LOW G)
DO 448 I=1sNM2
PRINT 402+1+COMS(T)

PRINT 2025 (F(JsI)»J=19sNM2)
448 CONTINUE

XTEMP=DFDR (N}

RIT=X(1sN)

FIT=Y{1sN)

NPMM2=NPMM1~1

L=N+M

RWMAX=RW (1)

ZUMAX=2ZW (1)

DO 4491 I=2,L
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449

4491

4492

4493

450
4501
4502
4503

4504
4505

4506

4507
4508

451

4511
4512
4513
4514

4515
4516

4521
4522
4523
4527

4528
4529

452

453

IF (RW(I)-RWMAX) 44914+4494+449
RWMAX=RW(I)

ZWMAX=ZW (])

CONTINUE

RFMAX=X({1+1)

ZFMAX=Y({1ls1)

DO 4493 I=2.N

IF (X{1s1)=RFMAX) 4493+4492+4492
RFMAX=X{(1s1)

ZFMAX=Y (1s1)

CONT INUE

DO 453 J=1sNM1

XTEMP=0.0

00 451 K=1+NPMMZ2

IF(ZW(K) ~ZWMAX) 450445044501

SIGN=1.0
GO TO 4502
SIGN==1.0

IF(DRW(K) ) 450444503+4504
DZDR=1.0E+07

GO0 TO 4505

DZDR=DZw (K) /DRYW (K)

Y TEMP=SQRT (1. 0+DZpR##2)

If (ABS(DZDR)~1+0E+05) 4506245074507
DRDN=SIGN®*DZDR/YTEMP

GO TO 4508

DRON=1.0

DZON=~SIGN/YTEMP

XT(1)=0.5%(RW(K) +RW{(K+1))
YT{1)=0.5#(ZW(K)+ZHW(K+1)}
XT(2)=0.5%{PHIW(KyJ) +PHIW(K+1+J)})
YT(2)=SQRT{DRW (K) ##2+DZW (K) ##2)
XTEMP=XTEMP+PI#XT(1}#XT(2)# (YT (1} #*DRDON-XT (1) #DZDN)#YT (2}
CONT INUE

XTEMP NOW CONTAINS MUJI

D0 452 K=1sNM1
[F(DFDR(K))4511+45124+4511
SIGN=DFDR{K)}/ABS(DFDR{(K))

GO TO 4513

SIGN=1.0

IF (ABS(DFDR(K))~1.0E+05) 45144451544515

DRONA=-SIGN#DFDR{K}/SQRT(1.0+DFDR (K) #*2)
GO TO 4516
DRDNA==-1,0

DZDNA=SIGN/SQRT (1 ,0+DFDR(K) ##2)
IF(DFDR{K+1))4521+4522+4521
SIGN1=DFDR(K+1)/ABS(DFDR{(K+1))

GO TO 4523

SIGNI=1.0
IF{ABS(DFDR(K+1) -1 ,0E+05)4527+4528+4528
DRDNB==SIGNL#DFDR (K+1) /SORT{1.0+DFDR(K+1}##2)
GO TO 4529

DRDNB=-1.0
DZDNB=SIGNL/SQRT(1.0+DFDR(K+1}##2)
XT=SQRT(DRS(K) ##2+ (Y {1lsK+1)=Y (1 +K))#%2)

ATEMP=XTEMP+0,5#PT# {PHIS(KsJI# (Y (1K) #*DRDNA=X (1K) #DZONA) #X (1K)
1 +PHIS(K+1sJ)# (Y (LaK+1)#DRDNB=X (19K+1) #DZDNB) #X (1sK+ 1)} #XT

CONTINUE

AMU (JY=XTEMP

CONTINUE

IF(NEV +GT. KM2) NEV=KMZ
DO 461 K=14NEV

DO 461 I=1leNEV
TALSK(K)=0.0

DO 460 J=1enNM]

XTEMP=0.0
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YTEMP=0,0 IV-1b

XT=0.0

YT=0.0

DO 459 L=1sNEV

XTEMP=XTEMP=F (LsK} # (=EIGVAL (L)Y *PHIS(JsL)#SQRT{1.0+DFDR(J) ##2))

YTEMP=YTEMP+F {L+ I} #PHIS(JsL)

XT=XT~F (LK) # (=ETGVAL (LY #*PHIS(J+1sL)#SQRT(1.0+DFDR(J+1)#%2})
459 YT=YT+F (L« 1) #PHIS (J+1lsl)
460 TALSKIK)=( S#XTEMPEYTEMP#X(1sJ) +0 . S#XTH#YT#X(1eJ+1))#ABSIDRS{J))

1 +TALSK(K)
461 RMX(I+K)=2,0#PI#TALSK (K}

CALL MATINV(RMX+IROWe ICOLNEVsNDIMs1.0E-06)

DO 464 K=1sNEV

XTEMP=0.0

DO 463 J=l.NM1

XTEMP=XTEMP+0 5% (=L IGVAL (K} #PHIS (JsK) #X (19 )

1 —EIGVAL(K)#PHIS(J+1sK}#X {19 J+1))#DS(J)
463 CONTINUE
464 GJIK)Y==XTEMP

PO 466 K=1eNEV

TALSK(K)=0.0

DO 465 J=14NEV
465 TALSKI(K)=TALSK(K)+F {JsK)}#GJ(D)
466 CONTINUE

DO 4670 I=1sNEV

ATEMP=0.0

DO 467 J=14NEV
467 XTEMP=XTEMP+RMX{I,J)#TALSK(J)
4670 EKS(I)=XTEMP

EMS=1.0

25=0.0

DO 468 K=1sNEV
468 SIGK (K)Y=GJI(K)

00 471 K=1lsNEV

XTEMP=04.0

XT=0,0

YT=0.0

DO 470 J=1lsNEV

XTEMP=XTEMP+F {J+K)#SIGK(J)
470 XT=XT+F{JsK)*AMU{J)

TK(K)}=05%#XTEMP

ELK(K}Y=EKS(K)#XT

EMK (KY=EKS{K) #TK(K) /VOL

EMS=EMS-EMK (K}

ZK{KY=RLGTH/VOL*ELLK (K) /EMK{K)

ZS=ZS+EMK{K) #ZK (K)
471 CONTINUE

Z5=1.0/EMS# (ZCG=Z5)

XTEMP=0.0

00 473 K=1sNEV
473 XTEMP=XTEMP+EMK(K)#ZK(K) #3#2

SIO=SIF={EMS*ZS®#2+XTEMP) /RLGTH®#2

EMF=DEN®*VOI_ #*RLGTH##3

PRINT 475+SIF +SI0LEMF
475 FORMAT (25H0 SIF-MOMENT OF INERTIA =4E15.8/

1 25H0 SIO-MOMENT OF INERTIA =,E15.8/
2 22H0 EMF-MASS OF LIQUID =+E15.8)
PRINT 500

500 FORMAT (7THO MK/MF/)
PRINT 202s (EMK(K) 4K=1+NEV)
PRINT 501
501 FORMAT (4HO ZK/)
PRINT 202 (ZK(K)eK=1eNEV)
PRINT 502sEMS+2ZS
S02 FORMATI(SHOMO= 4E15.8¢7H Z0= +E15.8)
ENDFILE KUN


http:YT:YT+F(LI)*PHIS(J.IL

sTop IV-17
END
SUBROUTINE SFIT(YRsXK3sXKsYR2)
FIT QUADRATIC THROUGH THREE POINTS
COMMON C(40524+8) yPHI(40+24) sWBIEPSsITAsNsMyWOsRHOSR(6) s YT (7)
IF (ABS((YT(3)=YT(2))}/(R{3)=~R(2))).6GT.1.,0) GO TO 30
IF(ABSC(YT(2)=YT(1))/(R{2)=R(1)))+6T41.0) GO TO 30
XTEMP= (R(1)##2aR (3} ##2) # (R(2)=R(3) )= (R(2) ##2=R (3) ##2) # (R(1)=R(3))
YTEMP=(YT (1) =YT(3))#(R(2)=R(3))={YT{2)~YT(3))# (R(1)-R(3))
AD=YTEMP/XTEMP
AB=(YT(2)=YT (3)~AD# (R(2) ##2=R(3) #¥2))/{R(2)=R(3})
YR=2.0#AD#R (3) +AB
YR2=2.0#AD#R (2) +AB
YRR=2,0#AD
XK=YRR/ (1.0+YR2#42) #%1,5
H2=R (2) ~R (3}
H1=R (1) =R (3)
F2=YT(2)
Fl=YT (1)
FO=YT(3)
YRR=2 . # (H2# (F1~F0)=H1%* (F2=F0) ) / (H1#H2# (H1=H2) )
XK3=YRR/ (1.0+YR##2) 521 .5
RETURN
30 YTEMP=(YT(1)##2=YT(3)##2)#(YT(2)=YT(3))=(YT(2) ##2-YT (3) ##2)*#
1 (YT(1)=YT(3))
XTEMP=(R(1)=R(3)) = (YT(2)=YT(3))=(R(2)=R(3)I#(YT(1)=YT (3})
AD=XTEMP/YTEMP
AB=(R (2)=R(3)=AD#* (YT (2) ##2=YT{(3) ##2) ) /(YT (2)=YT(3))
YR=1.0/(2.0%AD%YT (3) +AB)
YR2=1.0/(2.,0%AD*YT (2) +AB)
YRR==2, 03 AD#YR2##3
XKSYRR/ (1. 0+YR2#42) #4],5
H2=YT (2)=YT (3)
H1=YT (1)=YT(3)
F2=R(2)
F1=R(1)
FO=R(3)
RYY=2,# (H2# (F1=F0) =H1# (F2=F0) ) / (H1#H2# (H1=H2) }
YRR3==RYY#YR##3
XK3=YRR3/ (1., 0+YR##2) ##]1,5
RETURN
END
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SUBROUTINE SOREL (L)
COMMON C(4092448) +PHI(40924) sWBsEPSsITAsNsMaWOsRHOSR(EY YT (T)
SUCCESSIVE OVER-RELAXATION TO SOLVE FOR PHI
IL=LL
WX=W8B
DO 135 MOST=1+1ITA
KIT=MOST
SRX=0.0
SX=0,0
DO 120 I=ItsM
DO 120 J=1sN
PHIT=C(IsJs7)
D0 108 K=1+6
CT=C{IsJsK}
IF (CT «EQ. 0.0) GO TO 108
IF {K=2) 100+101,102
100 I1=1-1
JJd=J
GO To 107
101 II=1-1
Jd=Jd-1
GO TO 107
102 IF {(K=4) 10391044105
103 1I1=1
Jd=J-1
GO TO 107
104 IE=1+1
JJd=J
GO TO 107
105 IF {(K=5) 109,106,109
106 II=1+1
Jd=J+1
G0 TO 107
109 11=1
JJd=J+1
107 PHIT=PHIT+CT®*PHI(II»J}
108 CONTINUE
PHIT=PHIT/C(Is4+8)
RA=WX# {(PHI (I J)=PHIT}
PHI(I«J)=PHI(I4J)=-RX
SRX=SRX+RX##2
SX=SX+PHI ([ J)u%2
120 CONTINUE
IF (SX «EQ. 0.0) GO TO 140
IF (KIT=1) 1264126127
126 SPRX=SRX
127 EPSCX=SQRT(SRX/SX)
IF (EPSCX .LE. EPS) GO TO 140
ETAX=SQRT {SRX/SPRX)
ELX= (WX+ETAX=1.0)/{WX#SQRT(ETAX))
IF (ABS(ELX)Y=1.0) 129+129.128
128 WAX=WX
G0 TO 130
129 wAX=2,0/(1,0+SQRT{1.0=-ELX#:t2})=WO
130 WX=RHO#WAX+{]l0~=RHO)*WX
SPRX=SRX
135 CONTINUE
IF(IL 4EQ. 1) PRINT 200sKITSEPSCX
IF(IL EQe 2) PRINT 204+KIT+EPSCX
200 FORMAT (#1SOLUTION DID NOT CONVERGE FOR INFLUENCE COEFFICIENTS#/,s
1 # AFTER #4+159% ITERATIONS EPSCX= #,E15.7)
204 FORMAT{#1SOLUTION DID NOT CONVERGE FOR EIGENVECTOR ON SURFACE®/»s
1 % AFTER #415+% ITERATIONS EPSCX= %#4E15.,8)



DO 136 I=1.M
PRINT 2029 (PHI(XI s J) s Jd=1eN)
202 FORMAT (8E15.7)
136 CONTINUE
STOP
140 IF(TIL LEQe 1)} PRINT 2032KIT
IF(IL .EQs 2) PRINT 205+KIT
203 FORMAT (# INFLUENCE COEF. SOL. CONVERGED AFTER ITERATION#41I5G)
205 FORMAT(# EIGENVECTOR SOLUTION CONVERGED AFTER ITERATION#sI5)
RETURN
END
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SUBROUTINE EIGEN({M+BeTIoToMAXIT+NDECsNIOPT+N20PTaNDIM}
SUBROUTINE FOR GENERATING THE EIGENVALUES AND EIGENVECTORS
OF A REAL 5YMMETRIC OR NON-SYMMETRIC MATRIX.
THIS PROGRAM GENERATES THE EIGENVALUE MATRIX(REAL OR COMPLEX)»s
AND AS OPTIONS, THE EIGENVECTOR MATRIX AND ITS INVERSE.
THE CALL FOR THIS SUBROUTINE IS AS FOLLOWS,
CALL EIGEN (NsBsTIsTsMAXIToNDECINIOPT+NZ20PTsNDIM)
WHERE N IS THE ORDER OF THE MATRIX
B IS THE MATRIX WHOSE EIGENVALUES ARE DESIRED
TI IS THE INVERSE OF THE EIGENVECTOR MATRIX
T IS THE EIGENVECTOR MATRIX
MAXIT IS MAX NO. OF ITERATIONS FOR GENERATING EIGENVALUES
NDEC IS THE NUMBER OF TIMES RESULT IS REFINED
NI1IOPT IS 1 IF OPTION =1 IS DESIREDs OTHERWISE 0.
OPTION =1 PROVIDES FOR GENERATING THE EIGENVECTOR MATRIX INVERSE
N20PT IS 1 IF OPTION =2 IS DESIREDs OTHERWISE 0.
OPTION =2 PROVIDES FOR GENERATING THE EIGENVECTOR MATRIX
NDIM IS DIMEMSIONED NO. OF ROWS OF MATRIX (B)
THE ORGINAL MATRIX B IS LOST DURING THE COMPUTATIONS AND IS
REPLACED BY THE EIGENVALUE MATRIX.
DIMENSION B{1)sTI(1)eT(1)
INITIALIZE COUNTERS FOR NO. OF ITERATIONS AND YRsYS REDUCTIONS
IT=0
NTIMES=0
ANORM=0.,0
DO 1100 I=1s+N
DO 1100 J=1sN
IJ=(J=1)#NDIM+I
ANORM=ANORM+B (I J) ##2
ANORM=SQRTF (ANORM)
DO 1101 I=1sN
DO 1101 J=1sN
IJ=(J=1)Y#NDIM+I
B(IJ)=B(IJ}/ANORM
FORM IDENTITY MATRIX IN TI LOCATION IF OPTION 1 IS DESIRED
IF(N1IOPT)1010+101051001
DO 1003 I=1lsN
IT = {I=-1)#NDIM+I
DO 1002 J=1sN
IJ = (J=1)#NDIM+]
TI(IJ) = 0.
TICITY = 1.0
FORM IDENTITY MATRIX IN T LOCATION IF OPTION 2 DESIRED
IF {N20PT)1020+1020+1011
DO 1013 I=1sN
IT = (I-1)#NDIM+I
DO 1012 J=isN
IJd = (J=1)#NDIM+]
TiIJ) = 0.
T(II) = 1,0
CONTINUE
YR=10.0E=~7
¥Y5=10,0E-7
NO=N=1
SUM=10.0E20
TAU=0,0
EN=0.0
DO 1 I=14NO
JO0=1+1
DO 1 J=JOsN
IJ (J=1)#NDIM+I
J1 {({=1)}#NDIM+J
TAU = TAU+B(LJ) #8248 (J1)##2

IV-20



~Nonsmn

10

11

12
i3
14
15

bo
Il
TE

EN=
EN=

2 I=1sN

= {(I=-1)#NDIM+I
= B(II)
EN+TEz#®2
EN+TAU

DELN=SUM=-EN

IF(

DELN}B8+847

SUM=EN

IT=

IF(

IT+1

MAXIT-IT)120+120+10

CONTINUE

IF {

YR=
¥S=

NTI

IT=

DO
KK

KO=

(HY
MM
KM
MK
H=0

NDEC-NTIMES) 120412049

YR/7100.0
YS/100.0
MES=NTIMES+1
IF+1

38 K=1eNO

= (K=1)#NDIM+K
K+l

98 M=KOsN
(M=1) #NDIM+M
{M=1)#NDIM+K
(K=1)#NDIM+M

nui

+0

G=0,.,0

HJ=

DO
IF{
IF ¢
IK
KI
iM
MI
80
B8R
BQ
858

0.0

24 I=1sN

I~K) 14924414
I=-M}15¢244+15

= (K=1)#NDIM+I
(I=-1)#NDIM+K
(M=1)#NDIM+]
(I=1)#ENDIM+M
BIIK)

BI(KI}

B{IM}

B(MI}

H=H+BR*BS~-B0#BQ
TEP=BO#BO+BS#BS
TEM=BR#*BR+BQ*BqQ

G=G+TEP+TEM

HJ=

HJ-TEP+TEM

CONT INUE
H=2,0%*H

n =
TEP
TEM

B{KK)-B{MM)
= B{KM)
= B(MK)

C=TEP+TEM
E=TEP-TEM

IF¢

" oC=
SS5=

GO

BY=

ABSF{C)=YR) 27427530

1.0
0.0
T0 39
DsC

IF(BY) 40094014401
S$IG==1.,0

GO

TO 32

SIG =1.0

COT=BY+(SIGH#SARTF (BY#BY+1.0))
SS=SIG/SQRTF(COT#COT+1.0)

CC=

58#COT

TEP=CC#CC~55#59
TEM=2,0#55#CC
D=DH*TEP+C®TEM
HEH#TEP-HJ*TEM
CONTINUE



40 ED=2,0%E%D V=22
41 EDH=ED~H

42 DEN=G+2.0#(E#E+D#D)

43 TEE=EDH/ (DEN+DEN)

75 CONTINUE
205 IF (ABSF(TEE)~YS)44+44446
44 CH=1.0

45 SH=0,0

GO T0 48

46 CH=1.0/SQRTF(1,0-TEE#TEE)
47 SH=TEE#*CH

48 Cl=CH#CC-SH*#SS

49 C2=CH®CC+SH#SS

50 S1=CH#S5S+SH#CC

51 SZ2==CH#SS5+SH*CC

52 CONTINUE

53 IF(S1)155+:544+55

54 IF(52)55498455

55 DO 59 J=1lsN

KJd = (J=1)#NDIM+K
MJ = (J=1)#NDIM+M
56 BO = B(KJ)
57 BR = B{MJ)

58 B(KJ) = Cl#BO+S1#BR
59 B(MJ) = S2#BO+C2#8R
60 DO 66 J=1sN

JK = (K=1)#NDIM+J
JM = (M-1)#NDIM+J
61 B0 = B(JK)
62 BR = B(JMm)
65 B(JK) = BO®CZ2=-BR#s2
66 B{JM) = ~BO#S1+BRxCl

1070 IF(N1OPT)1075+1075+1071
1071 DO 1072 J=1sN

KJ = (J=1)#NDIM+K
MJd = (J=1)#NDIM+M
BQ = TI(KJ)
BS = TI(Md)

TI{KJ) = Cl#BQ+S1#BS
1072 TI(MJ)Y = S2#BQ+C2#BS
1075 IF{N20PT1984+98,1076
1076 DO 1077 J=1eN

JEK = (K=1)#NDIM+Y
JM = (M=1)#NDIM+J
BO = T{JK)
BR = T{(JuM)

TLJKY = BO#C2-BR®s2
1077 T(JUM) = ~BO*51+BRx#Cl
98 CONTINUE
GO TO 97
120 DO 1102 I=leN
DO 1102 J=1sN
IJ={J~1)#NDIM+1
1162 B(IJr=B{(1J)#+ANORM
IF (N20OPT) 1107+110751103
1103 DO 1106 J=14N
ANORM=0,0
DO 1104 I=1sN
IJ=(J=1)#NDIM+]
1104 ANORM=ANORM+T (IJ)#x2
ANORM=SQRTF (ANGRM)
DO 1105 I=1sN
[J=(J=1}#NDEIM+I
1105 T(IJY=T(IJ}/ANORM
1106 CONTINUE
1107 RETURN



10

11

SUBROUTINE MPRINT (AsMeNsMD)
DIMENSION A{(l)+IT(6)sC(O)
EQUIVALENCE (IT+C)
FORMAT (1HOs 4Xe 6( 6X9 THCOLUMN 114
FORMAT {(1H 1I4. Xo» {6E 17.8) }
N1=N
NZ2=6
N3=6
Na=1
IF (N3=N1) 63645
N2=N1=N3+6
N3=N1
K=0
DO 7 I= N&eN3
K=K+1
IT(K)=]
PRINT 2 (IT{(I)eI=19sN2)
DO 9 I=1+M
K=0
L=MD#% (N4=1)+]7
DO 8 J=N4sN3
K=K+1
Ci{K}=A(L)
L=L+MD
CONTIMNUE
PRINT 3¢ Is (CIK)eK=1sN2)
IF (N3=N1) 10s11ls11
N3I=N3+6
N4=N4+6
GO 7O 4
RETURN
END

77/

IV-23



OOOO0O00O0O00

10

15

20

SUBROUTINE MATINV (As IROWs ICOL sNsNDIMsSMLST)
DIMENSION A(1).IROW(1)sICOL(1)
709-16065

709-16065 SUBROUTINE MATINV = MATRIX INVERSION ROUTINE

A = ARRAY NAME OF MATRIX
IROW = DIMENSIONED AT N+1 OR GREATER
ICOL = DIMENSIONED AT N OR GREATER
N = NUMBER OF EQUATIONS
NOIM = VALUE OF|I IN DIMENSION A(IeJ} » I AND J MAY DIFFER
SMLST = SMALLEST !LEADING ELEMENT ALLOWED BEFORE CALLING THE
SYSTEM SINGULLAR s USUALLY = 1,0 E~04 OR 1,0 E~-05
NPl=N+1 '
DO S I=1lsN
ICOL(TI)=]
IROW(I)=I
DO 75 ITER=1eN
MAXR=ITER
MAXC=1

TEMP=ABSF (A (MAXR))
LIMITC=NP1-ITER

D0 15 I=ITERsN

DO 15 J=1+LIMITC
FJ=(J=-1)#NDIM+I

IF (TEMP=(ABSF(A{TIJY})}} 10415415
MAXR=1

MAXC=J

TEMP=ABSF {A(1J))
CONTINUE

IF (TEMP=-SMLST) 202025
IROW{NPl)=]TER

PRINT 200s ITERsSMLST

IV-24

MATINOOO
MATINOOL
MATINOOZ
MATINOO3
MATINGO4
MATINOOS
MATINOGOO
MATINMOOT
MATINOOS
MATINOOS
MATINOLO
MATINOL]
MATINOLZ
MATINOL3
MATINO14
MATINOLS
MATINOlG
MATINO17
MATINOLB
MATING19
MATINGZ20
MATINOZ]
MATINGZZ
MATINOZ3
MATINOZ4
MATINGZ5
MATING26
MATINOZ27
MATINGZB
MATINGZ29
MATINO30
MATING31
MATING32

200 FORMAT (7HOON THEI3+63HTH ITERATION ALL THE REMAINING TERMS WERE LMATING33

25
30

35

40
45

50

55

60

1ESS THAN OR EQUAL TO Ell.4418H IN ABSOLUTE VALUE)
RETURN

IF (MAXR=-ITER)
DO 35 J=1sN
MAXRJ=(J=1)#*NDIM+MAXR
ITU=(J-1) #NDIM+ITER
TEMP=A({MAXRJ)
AMAXRJY=A(ITN

ALITH =TEMP
ITEMP=IROW (MAXR)

IROW (MAXR)=IROW(ITER)
IROW(ITER)Y=ITEMP

IF {MAXC=1) 45,55,45
DO 50 I=1.N
IMAXC=(MAXC=1)#NDIM+T
TEMP=ALID)
A(D)=A(IMAXCY
A{IMAXC)=TEMP
ITEMP=ICOL {(MAXC)

ICOL (MAXC)=ICOL (1)
ICOL(1)=ITEMP
TEMP=A(ITER)
ITEMP=ICOL (1)

DO 60 J=2sN
ITUML=(J=-2)=*NDIM+TITER
ITJ2(J-1) #NDIM+ITER
ACITIML) =A{ITI) /TENMP
ICoL (J-1r=1COL (D)
ITN=(N-1)#NDIM+ITER

30440930

MATINO34
MATINO35
MATINO36
MATINO3Y
MATINO38
MATINO39
MATINOAO
MATINGG]
MATING42
MATING43
MATINOA44
MATINO4S
MATINO4E
MATINO&T
MATINO48
MATINO4G
MATINOSO
MATINOSI
MATINOSZ
MATINOS3
MATINGSS
MATINOSS
MATINOSE
MATINOS7Y
MATINOSS
MATINOS9
MATINOGO
MATINGG1
MATINOGZ



65

70

75

80
as
90

35

100

105
110
115

120

125

A(ITN)=1,0/TEMP
ICOL(N)=ITEMP

DO 75 I=1+N

IF (I-ITER) 65,475,65
TEMP=A(I)

DO 70 J=2sN
TIM1=(J=2) #NDIM+ I
IJd=(J=1)#NDIM+I
ITUM1=(J=2)#NDIM+ITER
ACTUML)=ALTI N —A(ITIML ) #*TEMP
CONTINUE
IN=(N=1)#NDIM+]T
ITN=(N~1)®NDIM+ITER
A(IN)==(TEMP®A(ITN))
CONT INUE

DO 100 I=14N

DO B0 J=T1eN

IF (IROW(J)-=1) 80,85,80
CONTINUE

IF (1=J) 90+100+90
DO 95 L=1sN
LI=(T=)1)#NDIM+L
LJI=(J=1)#NDIM+L
TEMP=A(LI)
A(LIY=A(LD
A{LJY=TEMP
IROW{J)=IROW({I)}
CONTINUE

DO 125 I=14N

00 105 Jd=IsN

IF (ICOL({J)=TI) 10541104105
CONT INUE

IfF (TI-J) 11541259115
DO 120 L=1sN
IL=(L=1)}#NDIM+T
JL=(L=1)#NDIM+J
TEMP=A{IL)
AlIL)Y=A{JL)

ACJL) =TEMP

ICOL (J)=ICOL(Y)
CONTINUE

IROW{(NP1)=0

RETURN

END

IvV-25

MATINOG3
MATINOGA
MATINOGS
MATINOGS
MATINOG7
MATINOGS
MATINOGS
MATINOT7O
MATINOT1
MATINO T2
MATINO73
MATINO74
MATINOTS
MATINGT76
MATINOGTT
MATINOGTS
MATINOTO
MATINOCGBO
MATINGB1
MATING8Z
MATINOB3
MATINOBSG
MATINOSS
MATINOBG
MATINOBY
MATINOSS
MATINO8S
MATING90
MATINOO1
MATINOS2
MATINGOS3
MATINGO4
MATINGSS
MATINO96
MATINOSY
MATINOYS
MATINO9G
MATIN1GO
MATINIOL
MATIN1OZ
MATIN1O3
MATINL1O4
MATINLOS
MATIN106



c

12
0.0
«4BT4
« 71564
+768
«970
925
0.0
343
«640
0.0
0.0
0.0
1.0

~+36708

7

INPUT DATA
TEST CASE 10C SPHERICAL TANK

12 200 0 l.n
0.0 1216
« 0895 «6008
« 3594 « 1657
«510 .825
«108 « 395
"'.510 .855
-1.131 094
-1.070 422
-0.,898 «695
-.056 0.0
-.369 0.0
"0821 0.0
-65.788 5.0

3.14159267

374 FULL
1.3

« 0047
«1535
4274
«436
".037
-064?
~1,126
-1,036
-0.845
‘-116
"'-484
‘0976

1.0

BOND NUMBER =
000001
.2438

+6960
« 1527
+884
+999

«180
500
#1735
0.0
0.0

1.0
0194
2429
.5024
«339
~+181

-1.113
-0.,997
-0.805
~+181
-«581

10

10,

» 3665
e 7319
. 7209
« 333

« 377

+ 264
.572
« 765
0.0
0.0

« 0464
«2978
«5576
«233
~“e341

-1.093
-0 0949
-0 0774
-ez 73
-.702

Iv-26



C INPUT DATA
FTEST CASE 1t

g i2 200 n 1,8
B¢0 0,0 164
633 c 140 . 768
L 917 (422 942
, 964 600 (980
, 994 « 2810 ,98n
010 '|499 '151
588 -, 333 718
,833 -,114 LB65
0_!0 9'06 0.0
G40 -, 30 0,0
1,0 n16,12 5,0
eis

94 1.35
7

SPHEROIDAL TaMK 378 FuLL

1'3
008
231
1500
D40
«194
-,48%
-, 235
-, 070

-,12
-, 36

1.0

ROMD NUMBER =
.0npoal 1,6

.325 L 032
L827 287
.951 581
L9941 454
954 « 113
L3081 - 46D
. 75n -.2n1
L9600 -, 015
t.0 -,18
0.0 '042
0.0

5

484
.B77
+ 939
1,00

447
800
,923
6,0

075
351
v 6A3
D67

=,407
-,4154

031
-l24

Iv-27



APPENDIX V,

LISTING AND INPUT SAMPLE OF SSHAPE



QOO0

Cx*xxxR E A D

20np
S5np

‘200

CoxexxC .0 N T A [ ¥ E R

95
2p

CawrwaN'yU M B E R

94

igng

3ng

3n5

PRCGRAM SSHAPE (INPUT,OUFPUT,TAPES= INPUT, TAPE6=UUTPUT)
PRCJECT 02-1846m02
ALGUST 1969
«LCW GRAVITY LIQUIND~-VAPOR
AXISYMMETRIC CONTAINERS =

INTERFACF SHAPES [n

CLC 6 6 0 1 FORTER ARN

DIMENSIOM  Y(10),F(10)

DIVENSION XOR(20DD),Z20R{2000), YRX(200),YBL(200)

CIMENSTION TBDX(2),TBANGL2),AN8(3),ARG(3)

DINENSTION XYB(20N),XRB(200),XY(2000),XR(200C)

DIMENSION XAKF(31,ZKF(3),XKB{(3),ZKR(3)

GIMENSION  S(20n0),G(50),RS¢(50),SSv(50),ANC2),RX(50),2(50)
TYPE REAL Kn,KUSV,KUP,K2F,K2B

COnl = 1,74532925Eg~(2

CONE = 57,2957795

Pl =2 3,14159265
NTAPEL = B

NTAPED = 6
CONTAILI NER I N ATES
READ (NTAPEL,50n) NP

FORMAT ¢ 215 )
READ (NTAPEI,20M)
FORMAT ( BF10,0 )

READ (NTAPE!,200)

CaoRED

(YBX(I),1=1,NP)

(YBZ(1),1=1,NP)
VOLUME
NP1 = NPwl
VT = @,
DO 95 [=1,NP1L
VT = VT+, 5« {YBX(I)*w2+YBX(I+1)+%2)%(YBZ2{[)-YBZ(I+1))
CONTINUE
VT = PI#vT
READ (NTAPE!,200) ALPHA,KOD,YO0,RBN,BETAD,UKO,BEC,DYO
READ (NTAPEL,20n) THETA,DTHETA,RLGTH
0F EQUATIONS
READ (NTAPEI,506f) N,IBOPT
READ (NTAPEI,S500) NN(1),NN(2}
DO 94 Is4,NP
YBx(Iy = ¥YBX{I)/RLGTH
YB2(1) = YBZ(I1)/RLGTH
CONTINUE
Y0 = YO/RLGTH
DYD = pYO/RLGTH
TPRINT = 2,
IPRINT s{(TPRINT+DTHETA/10,)/DTHETA)
KASY = KO
DKOSY = DKO
DKD = 4,%DKn
YBx1 YAEX(1)
¥YBZ1 = YBZ(1)
Il =
Jd =
JK =
TBLX(
NT =
Y{1)
Y{2)
X = THETA=CON1
H = DTHETA*GON1
WRITE (NTAPEQ,3n0)
FORMAT (22H1 | v P U T DAT A
WRITE (NTAPEOD,3n5) ALPHA,K0,Y0,BN
FORMAT (9HOALPHA = ,E15,8,6H (DEG),4x,5HK0 = ,E15,8,6x%,5HYp =

1} = K0

Hnmnonmoooh i
g
=)

0,

’

V-2

SSHO0200
SSHO0300
SSMO0400
SSHRO5D0
SSHO0600
SSH0O700
SSHo0800
SSH00900
$SH01000
SSH014100
§SH01200
SSHU1300
SSH014090
SSHO15040
SSHO1600
SSHp1610
SSHO1620
SSHD1700
$SH01800
S5HO1900
SSHO2200
SSHE2300
SSHO2400
$SHO2500
SSHO2600
SSHO2700
SSHO2800
SSHO2900
SSHO3000

-$8H03100

SSH03200
SSHO3300
SSHD34040
§SHN3500
SSHU3600D
SSHO3700
SSHO3800
SSHO3GGD
SSHO4000
SSHD4100
SSH04200
8SH04300
SSH04400
S5HO4500
SSHO4600
SSHB4700
SSH04800
SSHO4900
SSHO%000
SSHD5100
SSHp5200
SSH05300
SSH05400
SSHO5500
SSHOS5600
SSHO%700
SSHOS800
S5Ha5900
SSHO6G00
SSHO&100
S8H06207



1
319

75
12§

13p
132

777

778
134

1
2
135

105
i1p

465

470
47%

111

113
112

4Q
50

115

E15.8,4X,5HEN & ,E15.8)
WRITE (NTAPEQ,310)

V-3

SSHO 63140
SSHO6400

FORMAT (1HO,5X,2HTRETA,10X,3FXnR,12X, 3HZ0GR, 12X, 4uY (1) ,12%,44Y(2)/)8SP06500

XO0R{1) = 0.

ZOR(1) = Yo

XDEG = 0,

WRITE(NTAPEG,319) XDEG,X0R(1)Y,Z2CR{4),Y(1),Y(?)
Vg = g,

ICCUNT = 1

K =1

IJk = 2

po 35 1=2,NP

F{1) = Y(2)

IF ¢ X,Ef,0, ) 125.13¢0

FCE) = YOw(d,=KnN)

G0 TO 135

CONT INUE

TERH = Y{1)w*2+¥{2)nx2

IF { TERM-1,0E+60 )} 131,132,132

XDEG = XwCON2

WRITE (NTAPED,315) XBEG.Y(1),Y(2Y,F{1),F(2)
IF ( JJEQ.N ) 777,778

KO = Kg=DKoSYVY

G0 TO 1000

CONT INUE

GO TO 74

CONTINUE

FU2) 2 (€2, %Y (1) %2+, #Y (2} wr2)/Y(1))a(Y(2}/Y(L)*22)%(1,/

TANCX) IR (Y (L) w24 Y () w2341, V(1)1 (BR={Y(1)*COS(X)-YD)~

(€2, %#KN) /YD) I w(SORTIY (1) ww24Y(2)2%2) Jwud
CONTINUE
§ = RKLDEQ ( N, Y, F, Xs H, AT )
IF ¢ S-1,0 ) 105,755,110
STLP
TERML = SIN(X)
TERM2 = COS(X)
XDEG = X#CON2
TERM = YBZ(I=1)=YBZ(1)
IF { TERM,EQ,Nn,)465,470
R = 1,0E+1i0D
G0 TO 475
R = (YBX(Ty=YBX(I-1))/TERN
CONTINUE
YX 2 (YBX(I1=L)+R#YBZ(1l~1))/{TERMI+R*TERNZ)
YBX2 = YBX(I)
YBZ2 = YBZ{ID)
YZ = SQRT{YBX(I)#*2eYBZ{])*xZ)
K = K=+1
XOQR{K) = Y(1)xTERML
ZOR(K) = Y(1)«TERMZ
VUL 5 vUL1+ , S (XOR(K=1)»nZ2+X0R(K)#%2) +{Z0R(K=1)=Z0R{K}) )} *Pl
IF ( YZ,EQ0.0, ) 111,113
THETAB = 90,»CON1
60 TO 112
THETAB = ASIN(YBX(I)/YZ)
CONTINUE
IF ¢ Y{1)=YX } 40,45,45
CORTINUE
IF ( XDEG=9n, ) 5";74p?4
CONTINUE
IF ( ICOUNT~IPRINT ) 115,120,115
ICOUNT = ICOUNT+1

S5HQ6601
85406700
SShob8pyg
SSHO&%90
SSHO7000
SSHD714G0
SSHO7200
S8Hp73ag0
SSHO7400
SSKHO7500
SSHO7600
SSHD7700
SSHO7800
SSHO7980
SSHO8000
SSHDB100
SSHO82a4
SSH0B3pQ
SSHE8400
SSHp85p0
SSHOB600
SSHOB8700
SSH08800
SSHOB930
SSHO9000
83H09100
SSHE%200
SSHR9360
SSHp9400
SSHQ9500D
SSHO9600
SSHpP9700
$SHE9800
SSHOS%1D
SSH10000
SSHINLn0
S8H10200
SSH10300
SSH10400
SSH1i0500
SSH10600
SSH1G700
§SH1i0800
SSHip%00
SSH11000
$SH11100
SSH1120¢0
S8H113040
SSH11400
SSH11500
SSH11600
S5H11700
SsH118¢0
SSH11900
SSH12000
SSH1i2100
SSH12260
SSH1230¢
SSH12400



GO TO 117
129 CONTINUE

WRITE (NTAPEQ,315) XDEG,XOR(K),Z20R(k),Y(1),Y(?)

315 FORMAT ( BE15,7 )

ICCUNT = 1
117 IF ( X=~ThETAB ) 116,118,113
116 YBX1 = YBX2

YBz1 = Y5272

GO TO 75
118 ISAVE = |

GO TO 35

45 QANMA = (ATANZ(Y(2)*SIN(X)+Y{1) wlOS(XY,Y{A)*SIN(X)=Y(2)*CUS(X) )

1 CCh2
IF ( ABS(GAMMA)=-9n, ) 46,456,74
46 CONTIMUE
ARG = =(YBX(1)=YBX(l=1})
ARG2 = = (YBZ{I}=YBZ(I=1))
IF ¢ ABStARGBZ),LE,(1,0E~08)) 47,48
47 PHI = 90,
GO TO 49
48 PHI = ATANZ2(ARG1,aRGZ2)*CONZ
49 ANGLE = GAMMA+PHI

WRITE (NTAPEO,315) XDEG,XOR(K),ZOR(K),Y(1),Y(2)

KRITE (NTAPEOQ,320) GAMMA,PHI,ANGLE,Yq,X0

320 FORMAT {10HD GAMMA = ,E15.8,8H PH] = ,E15.8,10H

170 YO = ,E15,8,7H KO = ,E15 8,
IF ( ABS{ANGLE=ALPHA)=~,> ) 55,55,6n

55 vuz = p,
JJ = 0
JK & O

TBOX(2) = Knsy

YBXSY = YBX(ISAVE=1)

YB2SV = YBZ{lS5AVE-L)

YBX{ISAVE~1) = XOR({K)
YBZ(ISAVE=1) = Z0R(K)
1J 8 ISAVE=-1

DO 100 Js]Jd,NP1

VU2 2 YU2+ Sa(YBX{J)»w24YBX(J+1)}#*2)a({YBZ(J)=YBZ(J*1))»F]

1np CONTINUE
YEX(]SAVE~=1) = YBXSvy
YEZ(ISAVE~1) = YBZSY
VU1l = VULxRLGTH##3
VU2 = VUR*RLGTH**3
VU = vylevy2
VL = VT=VY
BETA = VU/VT
WRITE (NTAPED,325) vul,VU2,VL,VL,VT,BETA

:325 'FORMAT (8BHO VUL = ,E15.8,8H vuz = ,E15,8,7H
1 7 VL = ,E15,8,7H V¥T = ,E15,8,/9H BRETA = ,E15,8)

BB = BETAD-BETA
IF ( IBOPT.EQ,0 ) GO TO 145
IF ( ABS(BB)=DBC ) 145,145,149
145 CONTINUE
IF ¢ Il )} 155,150,155
150 1] = fI#+1
ANS(1) = YO
Yn = YQo+DYOD
ARG(1) = BETA
KN = KQSV
DKD = DKOSY
GO TO 1000
155 JF ( Il-1 ) 165,160,165
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S8H12500
SSHi1260a80
SSH12800
SSH12960
SSHi1dn00
SSH13200
S5H13360
SSKH13400
S8H135n0
585H13600
SSH13700
SSH138400
SSH13900
SSHil4dg000
SSH14100
SSHi4200
SSHid43G0
§SH14400
SS5H14500
SSH14600
SSH14700
SSH14800
S8H1490¢0
SSH15000
SSH15100
§SH15200
$8H15300
S8H15400
SSH155p0
SSH15600
SSH15700
SSH15800
85H15900
SSH1i6000
SSHL16100
SSH16200
SSH16300
§SH16400
SSH165n0
SS5H16600
SSH16700
ssH16800
8SH16900
SSH17000
SSH17100
SSH17200
SSH17300
SSH17400
gSH17504
SSH17600
SSH17700
SSH17800
SSH17900
SSH180090
SSH1B8160D
SSHi82¢00
SSH18300
SSH18400
S8H18500
S5H1864010
SSH18700
SSH18600



160 11 = 1I+1
ANS(2) = YD
ARG(2) = BETA
YN = Yo+DYO
Kt = KOSV
UKo = pKosvy
GO TO 1000
165 IF ¢ 11«2 ) 175,170,175
170 ANS(3)} = YO
i1 = I1+1
175 ARG(3) = BETA ;
IF ¢ ARG(1)=ARG(3) ) 405,400,400
ang AT = ARG(1L)
ARG(1) = ARG(3)
ARG(3) = AT
18 = ANS(1)
LANSC1) = ANS{3)
ANS(3) = TS
405 IF { ARG(1)=ARG(2) ) 415,410,410
44p PP = ARG(1)
ARG{L) = ARG(2)
ARG(2) = PP
TS = ANS(1)
ANS(L) = ANS(2)
ANS(2) = TS
415 IF ( ARG(2)~ARG(3) ) 425,420,420
420 .87 = ARG(?2)
ARG(2) = ARG(3)
ARG(3) = ST
TS = ANS(2)
ANS(2) = ANS(3)
ANS(3) = TS
425 .CONTINUE
IF ( BETAD~ARG(1) ) 435,430,430
439 IF ( BETAD-ARG(3) ) 440,445,445
440 IF ¢ BETAD~ARG(2) ) 450,455,455
450 .ANSE = (ANS(1)¥(ARG(2)=BETALD)~ANS(2)#(ARG(1)~-BETAD) )}/ (ARG(2)~
1 ARG(1))
GO TO 469 -
455 ANSE = (ANS(2)+(ARG(3)=BETAD)~ANS(3)+«{ARG(2)»BETAD) )/ (ARG(3)~
1 ARG(2))
G0 TO 469
435 ANSE £ (ANS(1)*(ARG(2)=BETAD)+ANS(2)w (BETAD=ARG(1)))/(ARG(2)~
1 ARG(1))
GO TO 460

445 ANSE = (ANS(2)*({ARG(3I)«BETAD)+ANS(3)«(BETAD=ARG(2)})/(ARG(3)=-

1 ARG(2}))

460 'CONTINUE
WRITE (NTAPEOQ,700) ANSE

700 FORMAT (20H0 EXTRAPOLATED YO = ,E15,8)
¥Yn = ANSE
ARG{1)
ARG{2)
ANS(1)
ANS(2) ANS(3)
ANS(3) Yo
DKo = DKoSV
KR = KOSV
G0 TO 1060

145 CONTINUE
S(1) = 0,
'8SV(1) = S(1)

ARG(2)
ARG(3)
ANS(2)

& o

1
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S5H1894040
SSH1g000
SSH19190
SSH19200
SSH1i9300
SSH19400D
SS5H19560
SSH19600
SSH19700
SSH19800
S5H199040
SSH2D000
SSH20400
§SH2p200
SSH20300
SSH28400
SSHZ2pS00
SSHZpén0
S8M20700
SSHZ2p800
SSH20900
SSH21000
SSHZ11q¢
§SH21200
SSHZ21300
SSH21400
SSH21500
SS5H21600
§SH217090
SSH21800
SSH219.00
S§H22000
SSH22100
SSHz2200
S§HZ223g0
ssM22400
S8H22560
SSH22640
S8H22700
SSHz2800
SSH22909
SSH230409
SSH23100
SSH232¢90
SSHE233q0
SSH23400
$8H23579
SSH23600

5SH23700

$8H23800
SSH23900
SSHZ24000
8SH24100
S8H242p0
8§8H24300
SSH24400
s5sH2450¢0
SS8H24600
SS5H247q00
SSH24800
S5H24900
SSH25000



V-6

NS = Rel SEHPB1G0
OO 1 (=2,NS SSH252n¢
BELX = {XOR{L+1L)=XOR(L))*RLGTk SSH29300
DELY = (Z0R{L)~ZOR{L+1))+*RLLTE §Suz25400
CELS = SGRT(LELX*«Z+DELY*x2) §5H25500
S(L)Y = S(L-11+DELS S§HES600
1 CONTINUE S8HZ57¢0
0o 5 Jl=1,? SSHZ580 0
IF (Nh¢JI1),EG,0 ) GO TO 6 SIHZBeN g
NNY = NN(JI) =1 SSH260010
NM = AN(JD) S5H26100
SI = S(NS)/NNL SEM26200
G(1} = 0, SSH26300
RS(1) = 1, S3H26400
060 2 L=2,nNN1 SSH26500
DD 3 J=1i,NS§ SSH26680
IF (S(J)=-SIwx(L=-1)) 3,4,4 S5H26700
4 S5v({L) = S{J) SSHZa8N0
HFl & S(¢J=1)=5(J) S3H26900
HE = S¢Jel)=S(d) SSH2700§
DEN = HiwHZ2&x{HZ2-H1) SSH27100
APD = «{H2%w2eHl#%x2)/UEN S8H27200
AP1 = H2#x2/TEN S§R273¢00
APZ = «(Hi*%xZ)/DEN SSHZ27400
APPO = 2,/(H1*H2) SSH27500
APFL = (»2,wH2)/DEN SSHZ27600D
APEZ = (2,+H1)/DEN SSHZ77040
RX(L) = XOR(J}+*RLGTH SSH27800
7 (LY = (Y0~ZOR(J)}~RLGTH S5H279G0
RPS =(AP2«XOR{J+1)+ AP0 XOR{J)+APL*XOR( J=1) )*FLGTH SSHZ2g000D
RPSS =(APP2w»XO0R(J+1)+APPO*XUR(JI+APP{*XOR(J=1))*RLGTH SSH28100

ZPS =(AP2# (Y0+20R(J+1) 1 +APO¥(YQrZOR(J)1+APL*(Y0-ZOR(J~1)1)+RLGTH S5H28200
2RSS =(APP2w (YO=ZOR(J+1))+APPO+(YO=ZOR{ ) I+AFPL+(Y0-20R{J=1)))+ - SSHZ28300

314

319

605

i RLGTH

CRAPZ = 2ZPS/{XOR{JY*RLGTH)
CKAP1 = RPS«ZPSS=7ZPS«RPSS
G(L) = CKAP2#x2+CKAP1*=*2
R3{L) = RPS

G0 70 2

CONTINUE

CONT INYE

SSVINM) = S(NS)

GENMY = G{NN1)

RS(NM) = RS({NN1)

RX{NM) = XQR(K)=RLGTH
ZOAM) = (YO=ZOR(K))}*RLGTH
PRINT 314

FORMAT (LH1, 19X, »Ga, 20X, *RSw, 16X, #Sw, 1 9%, #XRw, 19X, xXY¥/)
WRITE (NTAPEC,319) (I1,G{1),RE(TII,SSVETILRXCLY,Z(1Y 121 RN)

FORMAT ( 15,5E20,8 )
CONTINUE
CONT INUE
YBX(ISAVE-1) = YBXSY
YBZ(ISAVE-1) = Y828V

GO 605 J=1,NF

XRB(J) = YBX(J)*RLGTH
XYE(J) =(Y0~YBZ(J)})wRLGTH
CONT INUE

XKF(1) = XOR(K=2)

XKF(2) = XOR(K~1)

*KF{3) = XGR(K)

ZKF{1) =«ZOR(Ks2)+ZOR(1)

SSH28400
SEH28500
§§H28403
SSH28760
SSHZ8800
S5H28900
$8H290090
§8H29100
SSH29200
SSH29300
SSHZ29400
S8H29500
SSH29600
SSHE9700
S5H29800
$5HZ9909
SSH30000
I ELEN R
SSH3IB200
S8H3I 300
SSH30400
SSHIPS50D
S5H3D600
SSH30700
SSH3INBN0
SSH3p980
SSH31000D
S8H31100
S8H31200



ZKF(2) s~ZODR{K=1)}+Z0R{1)}

ZKF(3) =s-Z0R(K)+ZOR(1)

CALL SFIT (YR,XK3,XK,YRZ,XKt , ZKF)
K2F = ABS(XK )

FHRZ2 = K2F«(1,+YRZ2#w2)%x(1,5)
XKB(1) = YBX(I-1)

XKB(2) = XOR{K)

XKB(3) = yBX(I)

ZK8{1) =«YBZ(I-1)+Z0R(1)

ZKE(2) =mZOR(K)+ZOR(1)}

ZKE(3) =-YBZ(I)+ZOR(1)

CALL SFIT (YR, XK3,XK,YRZ2,XKE,ZKB)

K2B = ABS(XK )}
ZRR2 = K28+ (1,+YRZ#%2)xx(1,5;
CGAM = (1,/SINCANGLE*CONL))*( K2B~COS(ANGLE*CONI)* K2F)

WRITE (NTAPEOD,Bn5) K2F,FRRZ2,X2R,ZRR2,CGAM
8n5 FORMAT (9KO K2F = ,EL15,8,9H FRRZ = ,g15.,6//7H K2B = ,E12.8,
i $F ZRR2 = ,E15,8//8H (Gam = ,Eib,8)
Do 606 J=i,K
XR{ J)= XDR(J)*RLGTH
XY( J)=(¥Y0=20R{J}I*RLGTH
606 CONTINUE
YN = YO*RLGTH
WRITE (NTAPEO,318) YO
318 FORMAT (7H0 YD = ,E15.,8)
WRITE (NTAPED,335)
335 FORMAT (1H1,9X,3HXRB,17X,3HXYE/)
WRITE (NTAPED,317) (XREB(J)Y,XYB(J},J=1,NP)
347 FORMAT ( 2£E20,8 )
Suvl = 0,
Do 610 J=2,%
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SSH31300
SSH314n0D
§SH31500
S§H3160D0
SSH31760
SSH31800
SSH3IL90D
SSH32000
SSH32100
SSH32200
SSH32300
SSH32400
§SHIZ5400
S8SH32600
S8H32700
SSH32800
SSH32900
SSH3I3000
SSH3Z1D0
GSH33200
SSH33300
SSH33400
SSH3I3ISng
SSH33I600
SSH3IZ7 00
SSH3IZBNO0
S8H3I3000
SSH34000
SSH341D0
SSH34200
ssH343n0

SUML = SUML* Sa(XR{J)en2«XY(JI+XR(J=1)#x2aXY(J=1))*(XY({J)=XY(J=1))SSHI4400

610 CONTINUE
sumv2 = 0,
IJ = ISAVE
XREBSV = XRB(IJ
XYESY = XyYB(I1lJ)
XRB(IJ)Y = XOR(K)*RLGTH
XYE(L1JY = (YO-ZOR{K)}*=RLGTH
DO 615 J=1J,NP1

SUNM2 = SUM2+,5%(XRB(J)*w2xXYE(J)+XRB(J+1) % w22 XYB(J+1) ) {XYB(J+1)~

1 XYB{J))
615 CONTINUE
BZGCGU = (PI=(SUML+SUK2))I/VT
XYB(IJ)Y = XYBSV
XRE{IJ} = XRBSV
Suvi = 0,
DO 620 J=1,NP1

SUML = SUML+ S=(XRB{J)#*2aXYE(J)+XRB(J+L)x*2xXYB(J+LDI ¥ (XYB{J+1) =

I XYB(JY)I~PI
620 CONTINUE
ZIGGT = SuMi/vT
ZCG = (ZCBT-BZCGU)/(1,=HETA)
WRITE (NTAPEO,8n0) ZCGT,BZCGL,ZCG

8ng FORMAT ($HD ZCGY = ,E15,8,1pK BZCeU = ,E15,&,8H ZC6 = ,E15,8)

G0 TO 2000
60 CONTINUE
IF ( ANGLE-ALPHA ) 74,65,71
71 IF ( JJdma ) 72,735,72
72 TBDX(1) = Kn
TBANG(Y) = ANGLE
JJ = JJel

SSH34500
$SH34600
SSH34700
SSH34800
SSH34900
SSH35000
SSH35100
SSH35200
SSH35300
SSH35400
SSHAE5500
SSH35600
SSH3IS700
SSH35800
SSH35900
SS8H36000
SSH36100
SSH36200
SSH36300
S§H36400
SSH36500
SSH36600
§8H36700
SSH36800
SSH36900
SSH37p00
SSH37100
SSHI7200
SSH37300
SSH374040



73

77

76

65

70

74

35

GO TO 70

TBLX(2) = Kn
TBANG(2Z) = ANGLE
IF ( JK ) 76,76,77

Kn = ,S*(KQP+TRDX(2))

GO TO 1008

Kt = (TBDX(13*{(TBANG(2)~ALPHA)-TBDX(2)*(TBANG(L)~ALPHA)}/

1 (TBANG(2)-THANG(1))
Jd = 1

TBCX(1) = TBOX(2)
TBANG(1) = TBANG{Z)
GO TO 1600

DKO = DKB/4,
KN = kg - DKO
G0 70 1000
DKD = DKO/4,
Kt = Kg + DKp
G0 TO 1000
KhF = K@

Kn = ,5«{K0+TBDX(2}))
JK = 1

GO TO 1000
CONTINUE

END
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SSH37509
SSH376D70
SSH37700
SSH37800
SSH37900
SSH3B8000
SSH38100
SSH382g0
$su38300
SSH38400
SSH38500
SSH3B6QQ
SSH38700
SSH38800
$SH3B8900
SSH3%000
SSH39100
$SH39200
SSH39300
S5H39400
SSH39500
SSH39600
S$H3I®700
SSH3IF800



D2 UCSL RKLUEG RUNGE=CUTTA=GILL LINEAR DIFFERENTIAL FQUATION SOLVER

FUNCTION RALDEQIN,Y,F.XsHaKT)

B2 UCSnD RKLPEQ

FODIFIED ®MAY 1983 (Q REMDVED FROUM CALLING SEGLUERCE)

TEST UF ALGOL ALGORITHM
DIVENSTON YCIM) ,F(l0d,G(10)

REAL X,H==INTEGER N,NT=-COMMENT=«BEGIN INTEGEK [,J,L~REAL A

NTsNT+1

G0 TO (1,2,3,4),NT

GO TO S({NT)

0O 11 J=1,4

Ges)=0,

A=,5

XeX+H/2,

GO TO %

A=,29289321881

GO TO B

A=1,7071067812

X=X+H/2,

GO TO 5

Do 41 1=1,n
Y{TI=Y(IY+H*F(I1)/6,-Q(1)/3,
NT=0

RKLDEQ=2Z,

GO TO &

Lo b1 Lsl,N
YOL)=Y(L)+Aw{H+F(L)=Q(L))
GCL)S2, *axHeF (L) + (1, =3, %A}*Q(L)
RKLDER=Y,

CONTINUE

RETURN

ENG

RKLDO
Fr6d

RKLDB

RKLDG
RLLDEG

RELDD
RKLDO
RKLDEG
RKLDQ
RKLDQ
RKLDQ
RKLDO
RKLD®@
RKLDG
RKLDD
RKLDEO
RKLDE
RKLDQ
RKLDG
REL L@
RKLDQ
RKLDO
RKLDQ
RKL.DQ
RKLD@G
RKLDQ
RKLDG



SUBROUTINE SFIT(YR,XKS,XK,YRZ,R,YT)

FIT QUADRATIC THROUGH THREE FGINTS

DIVENSION R{3),YT(3)
IFCABSLIYTI3I=YT(2))/¢R{3I-R(2) 1) ,6T.1.0) GJ TOQ 3¢
IFCARS(LYT(2Y=YT{1))/(R{(2)=-R{1}y)),aT,%,0) GD TO 30
XTEMPE(R{1)«*2-R{3)**2)x (R(2)aR(Z))I=(R{2)x+2-R(3) =23 x{R(L)=R(3})
YTEMP=(YT(L) YT (31w (R{Z)-RIBII=(YT(2)=YT(3)I«{R(1I=R{3)]
AD=YTEMP/XTEMP

ABs (YT(2)=YT{3)=AL*{R(2)**Znk (J)wx?))/tR(2)~R(3))
YR=2,0%AD*R(3)+A8

YR2=2,0%*AD*R{2)+AB

YRR=2,0*AD

XK=YRR/{(1,0+YR2*#2}#%x1,5

H2zR{2)=R(3)

RizR(1y«R(3)

F2=YTt(2)

Fl=YT(1)

FRsYT(3})

YRRAZ2 y# (H2* (F1=FO)=HI¥{F2=F0))/(HL#H2w (H1=H2)}
XKI=YRR/ (1, N+YR*x+2)»x1,5

RETURN

30 YTEMPE(YT( 1) ww2=YT(3)wk2)a({YT(2)aYT(3I))m{YT(Z)wn2-YT(3)**2) s

1 (YT(1)eYT(3))
XTEMP=(RO1I=R(III*HAYTI2)=YT(3))=(R(2)Y=R(3II*{YT(3)=¥T(3}]
AD=XTEMP/YTEMP

ABS(R(2)=RII)N-AD* (YTL{2)**2=YT(3)%*2))/{YT(2)=Y¥T(3))
YR=1,0/(2,0%AD*YT{3)+AR)

YRZ=1,0/(2,n*AD*YT(2)+AB)

YRA==2,0+AD*YR2*%3

XK=YRR/(1,0+YR2¥*2)x%1,5

H2=YT(2)=YT(3)

KisYT(1)=YT¢(3)

F2=R{2)

Fl=R{1}y

Fn=R{3}y

RYYZ2,# (H2#(F1~FO)~H1*{F2=-F0)})/(H1*xH2% (H1=~H22))
YRR3==RYY*YR*x+3

XK3=YRR3/(1'0+YR**2)**135

RETURMN

ENE



I N PUT D ATA
SPFERDIOAL TANK
Bh.0720 g.1509
n,bo4 0,710
U, 994 1.ung
n,77n 0,718
Ge2262 pel1509
L7340 1.722
1,529 1,464
n,o53 5,366
{\'0321 [51204
":1-029 I.I.Ulll
N n,5n
B.0v 1.0
1
3¢

0.2c62
9.77¢
0,994
G.024
g.075¢
1.730
1,411
1.77%
0.212

G002
5

D.9p10
i R3Z
0,981
ﬂ'588
n!
1,693
1,347
P.693
n,16¢6
H
n,&2%

Cy37%p
[ .8b]
u,v%4
014218

1,668 ]
1'277|
f).‘f’ll}
L1225

{‘[.2

0447
0,523
b,923
03447

1,040
1,ey2
0,580

G092

b, 005



