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Figure 1:

Tri-Moored Subsurface Flcat with Neutrally

Buoyant Legs
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ABSTRACT

‘JThis report is concerned with the analysis and computer simulation

’2}‘ f “e* * c - of a tri-moored bceenic buoy structure having ‘a near-horizontal cable ° !
% connected between two of the three main’(see Figure 17 legs. The ;

_ Method of Imaginary Reactionsis used in conjunction with the

] 2 Method of Successi%e Approximationsto determine the equilibrium

{ | configuration of the cable array. A special technique is developed

' to extend the above methods to include cable arrays with one internsally
%’ redundant loop. Computer search routines are developed to ensure

i 4 convergence to the solution for equilibrium positions of the cable

array.
The analysis permits the inclusion of discrete elements and
floating devices distributed along all cables. Expressions are
_?' derived in detail for the hydrodynamic forces. Both tangential and
normal drags are included in the calculation of these forces; however,
the forces induced by wave action are not considered.
A computer program for implementing the analysis is included,
and a sample output appears in Appendix I.

The work reported herein was conducted during the period of i

.September 1968 through December 1970.
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The symbols and notations used in this report are defined as they

appear in the context. The most important ones are }istgd.pggg fap .y

-
.

Feference:

A. Symbols as used for Tri-Moored Structure

SYMBOLS AND NOTATIONS

ce “c o

(an’ bn’ cn)

Ag» m,n

XTEN(m,n)

C3X csy c3z
cm,n’ Cm,n’ cm,n
o83 X ey
k,m,n' k,m,n

D

Ck,m,n

Ca.m

¥ pA
m,n’ Fm,n' Fh,n)

the coordinates of the nth
cable anchor

the effective cross-sectional
area of the (k,m,n)th elemental
device

the extensional rigidity of the
(myn,)th cable segment

the drag constants of the (m,n)th
cable segment

the drag constants of the
(k,m,n)th elementsl device

the coefficient of drag of the ~
(k,m,n)th elemental device

the coefficient of drag of the
(m,n)th cable segment when this
segment is normal to the stream

the coefficient of drag of the
(M,N)th cable segment when this
segment is parellel to the stream

the diameter of the (m,n)th cable
segment

the component of drag force per
unit length in the (m,n) direction

the components of the external
force acting at the (m,n)th
cable station
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ek ey
(hm,n’ hm,n’

( eX

e3x
(mEF,

(He;x
m,n

-

(k, m,

k(m,n)

(m,n)

M(n)

. Z
(n),2°™M(n) ,0*"M(n) 0’

_,m,n’

the components of the imaginary
reactions applied to the M(n)th
stations of cables 2 and 3

the components of the hydrody-
namic force per unit length
acting on the (m,n)th cable segment

the components of the hydrody-
pagic, force acting on the |
(k,m,n)th elemental device

the components of the lumped
drag force at the (m,n)th cable
station due to the distributed
hydrodynamic forces along the
cables

the components of the lumped

drag force at the (m,n)th cable
station due to the hydrodynamic
forces on the elemental devices

unit vectors in the (x,y,z)
directions, respectively

the index of the Kth elemental
device on the mth segment of the
nth cable

the total number of elemental
devices attached to the (m,n)th
cable half-segment adjoining
the (m-1,n)th cable station

the total number of elemental
devices attached to the (m,n)th
cable segment

the stressed length of the
(m,n)th cable segment

the unstressed leng‘h of the
(m,n)th cable segm~ .t

the index of the mth station
or segment on the nth cable

the total number of stations or
segments on the nth cable
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m,n’

(1

1’

»2
m,n’ m,n

z(m,n:&)

Y

m,n

the ratio of drag coefficients

for the (m,n)th cable segment =
N

& 0

,n° m,n -

the components of the resultant
force in the (m,n)th cable segment

the stressed distance of the
(k,m,n)th elemental device from
the (m-1,n)th cable station

the unstressed distance of the
(k,m,n)th elemental device from
the (m-1,n)th station

the tension in the (m,n)th
cable segment

the integral of V2(z) along the
(m,n)th cable segment from E)
to £, equal to
5 g2 2
fEl V- [z(m,n:¢) JAE

the weight (or buoyancy) per
unit length in water of the
(myn)th cable segment

the weight (or buoyancy) in
water of the (k,m,n)th elemen-
tal device

the lumped weight (or buoyancy
force at the (m,n)th cable station

fixed Cartesian coordinates

the coordinates of the (m,n)th
cable station

the parametric representation
of z along the (m,n)th cable
segment =
+
m-1,n Ym,nE

the direction cosines of the
(myn)th cable segment

the sine of the angle between
the (m,n)th cable segment and
the stream
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B. Symbols As Used for Tie Leg
A om

XXTEN (m)

Cc:x’ Cc:y’ oC:2
m m m
e:x _e:y _e:z

Cm 2 Cm 2 cm
C
J.m

n

CD
m

d
m

5

P 5

the components of the additive
forces applied to the M(n)th
stations of cables 2 and 3

the hydrodynamic constant of
the (m,n)th cable segment =N a
PCm,n m,n/2

the hydrodynamic constant of

the (k,m,n)th elemental

device = _ D
PCk,m,nAk,m,n/2

the effective cross-gectional
area of the (k,m)th elemental
device

the extensional rigidity of the
m th cable segment

the drag constants of the m th cable

the drag constants of the
(k,m)th elemental device

the coefficient of drag of the
(k,m)th elemental device

the coefficient of drag of the
m th cable segment when this
segment is normal to the stream

the coefficient of drag of the
m th cable segment when this
segment is parallel to the
stream

the diameter of the :: th cable
segment

the component of drag force per
unit length in the m direction

the components of the external
force acting at the m th cable
station

the components of the hydrodynamic
force per unit length acting on the mth
cable segment
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e:x _e: e:
(hm L hm y’ hm z)

(Hc:x’ gC:Y

c:z
m m °? Hm )

e:x ely e:z
(Hy ™, Hy b Hy')

e
Cuy
E R 2

(J »m)

3(m)

J(m)
B(m)

L(M)

(1]

k,m

Xiv

the components of the hydrodynamic
force acting on the (k,m)th elemental
device

the components of the lumped drag force
at the m th cable station due to the
distributed hydrodynamic forces along the
cables

the components of the lumped drag force
at the mth cable station due tc the
hydrodynamic forces on the eiementa.
devices

unit vectors in the (x,y,z) directions,
respectively

the index of the jth elemental device
on the mth segment

the total number of elemental devices
attached to the mth cable half-segment
adjoining the (m-1)th cable station

the total number of elemental devices
attached to the mth cable segment

the stressed length of the mth cable
segment

the unstressed length of the m ©tn
cable segment

the index of the mth station

the ratio of drag coe?ficﬁents for tne
mth cable segment = cm/ cm

the components of the resultant
force in the mth cable segment

the stressed distance of the (k,m)th
elemental device from the (m-1) cable
station .=

the unstressed distance of the (k,m)th
elemental device from the (m-1)th
station .
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m

V(m:El, 52)

(x’Y9z)

(2., ¥. 279
m- m- m

Z(m,£)

(um ’Bm’Ym)

e ,m

the tension in the mth cable segment

the integral of V2(z) along the mth

cable segment from El to 8
2

rE Pz g () ag

the weight (or buoyancy) per unit
length in water of the mth cable segment

the weight (or buoyancy) in water of the
(k,m)th elemental device

the lumped weight (or buoyancy: force at
the mth cable station

fixed Cartesian coordinates

the coordinates of the m th cable station

the parametric representation of z along i
the mth cable segment = Zmpl + ymE

the direction cosines of the mth cable
segment

the sine of the angle between the mtuh
cable segment and the stream

the hydrodynamic Cﬁnstant of the mth
cable segment = PCm dm/2

the hydrodynamic constant of the
(k,m)th elemental device = P.D
k,m k,m/Z

a parameter defining distance along the
mth cable segment




E | M SR o " ) respectively, unit vectors along the

’ | mth cable segment, normal to both the
mth cable segment and the stream, and
normal to the mth cable segment but in
the plane that includes this segment and

the stream
. -
C. Symbols that are Commen to Both the Main and the Tie Leg Arrays
COMPD a cut off value that defines the
acceptable completion of the successive
approximation iteration
4
a cut off value that defines the |
3 acceptable completion of the Imaginary .
; COMPE Reaction iteration
: E a positive definite error function !
¢
; v the current vector
v(z) the current magnitude at a height z ii
above the bottom {4
§ a positive convergence factor having !
the dimensions of force
o) ) the density of surrounding fluid -

@ the angular dir® of the current with
respect to x axis




4 INTRODUCTION

ke s

b The problem of determining undersea cable configurations due t - applied
loadings at known positions along the cable has received considerable attention

in the past (2,5,8,9)%. However, the solutions have pertained generally

to particular loading conditions. A general closedform analytical methed solv: -«
large variety of complex cable systems has not been available, primariliy

because of the nonlinear characteristic of the differential equations describing

these systems.

(1)

Alekseev dealt with the problem of a free-ended cable from a continuum

3 point of view. He obtained athree-dimensional solution to the equilibrium i

equations, which included gravity effects, along with arbitrarily applied
(6)

forces along the cable. Pode also used the continuum approach to deal

with the above problem. However, in treating a towed body, he only considered

a special case of the general problem. Both Alekseev and Pode assumed an
inextensible cable so that the exact integration of the equilibrium equations
could be obtained. Therefore, these solutions are independent of the materials
used for the towing cables.

Walton and Polachek(lo)

approached the prcoulem of a free-ended cable
- from a lumped parameter point of view. They developed a two-dimensicnal i

numerical solution for an inelastic line in water when the end conditions
(5)

are assumed. Paquette and Henderson followed a procedure similar to that

of Walton and Polachek using analog computer techniques. The cable was

*Numbers within parentheses refer to references given on page (.




; f considered to be elastic but constraints were placed on the equilibrium

position of the cable stations. Both steel and nylon cables ware considered.

: O'Brien(z) considered the case of fixed end elastic cables, such as

transmission lines. An exact continuum solution to the problem was

obtained; however, the forces applied to the cable were assumed to be
constant over sections of prescribed length so that the shape of the cable
segments could be expressed as an elastic catenary.

Skop and O'Hara(a) developed a technique called the Method of
Imaginary Reactions, which is an extension of classical consistent
deformation-theory to a nonlinear problem. As reported in Reference-8

& 9 the method applies to elastic non-redundant cable systems and uses

lumped parameter representations of the external forces. The technique

employs a numerical analysis method that uses a set of straight segments
to represent the cable. This enables the non-linear system to be
represented by a set of linear equations. By prescribing a simple method
of varying the redundant reactions, an iteration technique is used which

converges to the correct reactions (and consequently the correct static

equilibrium configuration). The method is globally convergent and
converges to actual reactions from any set of initially estimated reactions.
The only restriction reported by the authors (Rsference 8 & 9) is that the |
method is not applicable if internal loops (a redundant structure) exist |
in the cable system.

(7) :

Savage and Sniffin have analyzed a tri-moored subsurface float

with neutrally buoyant mooring legs (#ee Fig. 1), utilizing a three-

dimensional solution that assuﬁes that the neutrally buoyant legs have a

catenary shape under the effect of current. They also assume that if the

T ———— T s T— M-—“J
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variation of current velocity with depth is moderate, the use of

root mean square velocity as a uniform velocity profile results in

E good approximation of the cable shapes.
:ﬁ . Skop and Kaplan(g) applied theirmethod to determining the static
configuration of a buoy cable array like the one analyzed by Savage
and Sniffin. The cable array is loaded by weights and buoyancy
forces and by current-induced hydrodynamic forces which are functions
of both the orientation and depth of the cables in water. The

Method of Successive Approximations is combined with the Method

of Imaginary Reactions to analyze the position dependent forces.

Provision is made to allow for varying current profile and a three-

E ‘ Ei dimensional solution is developed.

: This analysis uses the Method of Imaginary Reactions tosimulate
and analyze a structure which is similar to the one dealt with by
Skop and Kaplan except for the addition of a near-horizontal cable
attached to any two points on the array of the structure. This
structure is diagrammatically shown in Figure 2,

Skop and O'Hara(a)

reported the inapplicability of the Method

of Imaginary Reactions to structures that have internal loops,

although they have recently published a report which removes this {
restrictiongla) The structure analyzed in this report has one

internal loop. Therefore, the purpose of this engineering research

is to develop a technique which overcomes the Skop/O'Hara restriction

12 and show that the Method of Imaginary Reactionscan be used to

analyze a structure with at least one internal loop
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Figure 2:

LN 4

The Tri-Moored Array Structure with a Horizental

Element Between Two Cables
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Since the work of Pe.huja(ll) s> Skop and O'Hara have generalized the
Method of Imaginary Reactions to handle the redundant structural cable
a.rrsy.(lz) This report, summarizing the research work of Pshuja published
in 1970, describes the use of the Method of Imaginary Reactions in the
analysis of a single loop cable array. The appendix contains the computer

program developed which has been campiled on an IBM 360/40 facility.




CHAPTER I

METHOD OF IMAGINARY REACTIONS

A. Background

A classical method for the analysis of indeterminate structures

is the method of consistent deformation, the method of consistent distortion or

displacement as developed by James Clark Maxwello(h)

This method of
indeterminate reaction analysis utilizes equations of compatibility

of the structure to supplement the equations of equilibrium to obtain
a solution to the unknown redundants. The following assumptions are

made in this type of method:

1. The structure is assumed to be linear, i.e., the loads applied

are proportional to the displacements and the displacements
are relatively small.

2. That there are no gross structural distortions or instabilities 3
upon the release of redundant reactions, i.e., upon the release
of the "redundant reaction" the basic geometry of the structure }
should not change. ;

The above two conditions are generally not met in the analysis of cable

arrays.

(8
The Method of Imaginary Reactions (8) overcomes these restrictions

for the analysis of cable systems., It is, however, a natural extension

K
of classical consistent deformation theory. ; %

The method uses the following assumptions:

1. The bending stiffness of the cable is neglected.
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2. The external forces acting on the cable arrays are "lumped"

at stations or nodes along the cable.
3. The cable array is always statically stable, i.e., under the
action of applied forces, no cable segment has zero tension.
The first two assumptions are made to help simplify the problem.
If the cable length is divided into segments, then each cable segment
between stations can be assumed straight. The analysis technique
provides the equilibrium configuration of the system (including the
effect of cable stretching) which is determined uniquely from formulas
that are fuuctions of only the applied forces and the reactions. This
offers an advantage, in that the solution is now dependent upon the
number of external redundant reactions and not on the number of stations,
vhich are arbitrary. The third assumption is necessary, because even
though convergence is still obtained, when this condition is not met

the configuration is no longer uniquely described by the method.

B. Description of the Method of Imaginary Regctions

1. Basic Concepts

This method, as adapted to cables by Skop and O'Hara(a)

is explained

vbriefly in this section. Consider a single cable array of two-dimensional

applied forces (the method is not restricted to two dimensions)as shown

in Figure 3.
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Figure 3:

Basic Concepts of the Single Cable

3




In Figure 3, Rsx and Rsy acting at point S, Frx and Fry acting at

point R, Fgx and Fqy acting at point Q, are externally applied and are
known. If P be designated as the anchor point, then the reaction components
Rpx and Rpy can be determined simply by summation of forces in the x and y
directions.

Since these reactions are known, the tension in segment PQ, the length
of segment PQ under the tension and the coordinates of point Q become known
in that order by the use of elementary statics. Using the same typé of
analysis the coordinates of point R and S can also be found. Once the
position of these points is known, we have obtained the equilibrium
configuration of the free-ended cable. If point S happens to be the second
anchor point, then the fixed-ended cable system is in equilibrium in the
desired configuration. In general, however, we are not at the desired fixed

end anchor point, pt. T,but rather at point S. Therefore anchor point

place the cable end at the desired anchor point (T). The Method of Imaginary
Reactions provides the methodology for finding the actual reactions at point
T which will force point S to move over to the anchor point (T), producing
the true equilibrium configuration of the system.

This is done by first applying a small force AR at point S vectorially
directed in a direction from S towards T. If the coordinates of pqint T
are (Tx, Ty) and those of point S are (Sx, Sy), then the ratio of the
component of this additional force [(AR) x & (AR)y] is given by:

(AR)x _ Tx - Sx
(ABR)y Ty - Sy (k,1)*

#*The numbering of all important equations is based upon the format
(a,b) where a is the number of an equation in a given chapter b.
(Equations (1,1) - (3,1) have been deleted from the text.)

reactions Rsx and Rsy at point S are not the actual anchor point reactions whick




The magnitude of these components is defined by:

(am), = & (2x - 50) (5,1a)

(8R), = 5 (Ty - sy) (5,10)

vhere E = (Tx - Sx)2 + (Ty - Sy)2 is the measure of error between the

equilibrium position calculated using an estimated or guessed reaction and

T Y Y TR S AT Y

the correct equilibrium position. E is always positive and vanishes
uniquely only when the correct equilibrium has been obtained. In other

words, F*0 only when Tx = Sx and Ty = Sy simultaneously. However, to

arrive at the correct equilibrium configuration, it is necegsary to assure 1
that E will become vanishingly small. To assure convergence, a positive
number, § , having the dimensions of the force, is introduced. ¢ is a

convergence parameter used to select the magnitude of the additive force

AR (as demonstrated in equations (5,1)) in a manner that the cable array

will converge to the correct equilibrium configuration. Referring back to
equations (5,1), the ratios (Tx - Sx)/¥E and (Ty - Sy)//E are of bounded
variation (lying between -1 and +1), and E will become vanishingly small ;
only when §+0. When this happens, the additive forces (AR)x and (AR)y are

zero, and we have the correct reactions and thus the correct equilibrium

configuration.
The algorithm for obtaining a solution is:

1. Make a reasonable engineering guess as to the components of the

reaction at the redundant anchor (References 8,9, & 11 discuss
methods for making these guesses).

2. Release the redundant anchor , i.e.,point S, while maintaining the guessed
component reaction forces. This results in the creation of a j

free-ended cable.




3. Calculate the equilibrium position using static force equilibrium

and compute the quantities (Tx - Sx), (Ty - Sy' and E.
- b, Choose an initial value for § so that the value of (AR)x= %E-(Tx-Sx),
and (AR)y = %E-(Ty—Sy) can be found. & can be chosen initially
& to be very large, since it will of necessity become smaller as the
solution proceeds step by step.
5. Step 4 results inan additive force equal to R' = R + AR acting at

the assumed free end. Apply this additive force and find the new

equilibrium position of the cable.

6. The next step involves comparing the value of E' (the nev measure of

error) with E (the previous measure of error.). Two possibie situaticas

o TSR i R s i e i S i R ;‘44‘; T AT

can exist:

a. If E'<E, then a successful step has been made because the aim is
to reduce the new value of E to zero. In this case the same value
of § is retained and a new value of the additive force (AR) is
calculated and added to the previous R to calculate again a
new equilibrium position. Repeat the process until a stage wnere
E' > E,

b. If E<E', then § is too large.. The new values that resultsd in thre
new measure of error E' are rejected. Go back to the last iteration
which gave the previous measure of error E. Then, reduce 3 by

halving its value. Then proceed in a repetitive manner with

steps 4 through 6, until the value of E is arbitrarily small,
at which point the released end is arbitrarily close to the
*‘{ real anchor position, and hence, a solution to the problem

has been obtained. Figure 4 is a flow diagram describing

the procedure.




Choose arbitrary

values for

redundant reactions (Rx, Ry, Rz)
] ]

| 1
i

Also choose an
: initial value for &

¢

Release the
Redundant Reactions

Use Static laws
to calculate

values for E ]

The final Equilib- 3

rium configuration
has been obtained z

IF IT IS NOT TRUE i

Use 8 to find wdditive
forces (ARx, & Ry) and

add to get new forces .
: Rx' = Rx+ARx
Ry' = Ry+ARy

Figure 4: A Flow Diagram Describing the Method of
Imaginary Reactions
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This application of Imaginary Reactions is globally convergent (8);

i.e., no matter what the initial guessed reactions are, the calculation
converges to the correct coordinates*.

2. LUMPED PARAMETER REPRESENTATION

One of the assumptions made during the development of the Method
of Imaginary Reactions is that the distributed forces that act on the

cable array can be represented by lumped forces at specified points

on the cable. This assumption is required if the paths to the free ends

of the system are to be determined by elementary statics and formulas that
express the elongation of the cables under tension. The only condition that
these elongation formulas have to;meet is that the cable length increases
with the increase in tension and be a single valued function; therefore, the
elongation formulas can be either linear or non-linear. ;

Scme of the guidelines for a successful lumped parameter representation

are presented below:

1. Each cable in the array is represented by at least two sfations,
one at each end.

2. Each point of discontinuity in a physical property of a cable
is represented by a station. Consequently, each cable segment
in the array is homogeneous with constant characteristics. The
cable can be described by as many stations (segments) as are
necessary to represent the cable. Segments into which the cable
is divided do not have to be of equal length along the cable
array.

3. The method of analysis has no direct bearing on the number of

stations on the cable array. As many additional stations as

*The analytical proof can be found in Reference 8.




are necessacy to obtain a satisfactory approximation to the
continuous equilibrium shape of the array are used. The error i
function E, the positive §, and the various values of A R do not

E depend upon the number of stations.

E k., The method by which the external forces acting on the array are =

to be lumped at the cable station is completely arbitrary. In

| this report a half segment technique suggested by Paquette and
5
Henderson is used.

C. APPLICATION OF THE METHOD OF IMAGINARY REACTIONS TO DETERMINE EQUILIBRIUM

CONFIGURATION OF A MULTI-MOORED CABLE SYSTEM

In this section, the Method of Imaginary Reactions is discussed in

summary fashion to determine the static equilibrium configuration of a

multi-moored cable system. (See Figure 1) A detailed discussion of the

andlysis of this structure is contained in Reference 9 & 11 . A summary

discussion of the application of the Skop & O'Hara method follows as background
to the extension to the single internal loop analysis.

l. Definitions

A few definitions, which are helpful in understanding the further text,
are listed below.
1. Simple cable array
A simple cable array is defined as a cable system which contains
no closed loops, i.e., it is not internally redundant.
2. A branch point

A branch point of a simple cable array is defined as a i

point at which a single cable "splits" into two or more cables.

3. Primary and Secondary Anchors

Each cable, in any cable system, is denoted hy a number

(n). The cable is said to terminate at a branch point. The
14
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index n=l1l is reserved for the cable that is attached to an anchor

point in the system. In case more than one anchor point exists
in a system, then the point to which cable number 1 is attached
is calied the Primary Anchor and the other anchors are called
Secondary Anchors. It is the Secondary Anchors that are
released and subjected to imaginary reactionms.

2, Coordinate System and Notation

For the tri-moored system analysis, a right-handed (x,y,z) cartesian
coordinate system is used. The z axis is defined to be parallel to the
direction of gravity.

The location of the nth cable anchor is given by a(n), b(n), c(n).
Each cable in the system is represented by M(n) stations. The location
of the mth station on the nth cable is denoted by

(xm’ns Ym|n9 Zm’n’) (21,1)

where m = 1,2 M(n).
The stations are counted from the primary anchor to the branch point
of the array along cable 1, and from branch point of the array to the

secondary anchors along cables 2 and 3 respectively as shown in Figure 5.
(M(1),1),(1,2),(,3)

(M(3)-1,3)

(M(3),3)
(M(2)-1,2)

(M(2),2)

(,n

Coordinate Systems and
Notations for Tri-Moored
Array

15
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Thus, for a branch point

X(1,2)"%(1,3)" ¥ (m(2),1) (22,1a)
¥(1,2)%%(2,3)" (M(1),1) (22,1b)
2(1,2)7%(2,3)"%(M(1) ,1) (22,1c)

and coordinates of the three anchor points, both primary and secondary

are denoted by

E 18, Y, o gyt = riade) (23,1a)
(Xm(2),2), Ym(2),2), Zm(2),2)) = (82> Po> c,) (23,1b)
(X(m(3),3), Yu(3),3), 2(u(3),3)) = (83 P3s ©3) (23,1c)

The external forces acting at the (m,n) th station are defined by the

components along the x,y and z axis:

"

z \
m,n)’ FJ('lll,n)' la‘(m,n)) (24,1)

where m = 1,2 -~=M(n)
and n = 1,2,3

Thus, forces acting at an anchor point are represented by !

z
(F)(‘M(n).n)’ 1=%M(n) ,n)’ F(M(n) ,n)) (25,1)

and forces at a branch point, which is indexed by (M(1),1) conventionally,

are denoted by

VA
F:(ru(l),l)' Fm),1) (26,1)

X
Fim1),1)°




e

24

4
l4
d

3.

Static _Equilibrium Conf:lgx:ation

It was stated earlier that for a two-dimensional cable system if external

forces in segments are known, then the tensions in and orientation of the

cable segments can be uniquely determined by ordinary static method. This

can be generalized to three dimensions and multi-moored cables. The

essence of this statement can be summarized as follows:

1. If the external forces applied to the arrays are constant,

Ym,n, Rzm,n,)

then the components of the resultant force (Rxm,n, R
acting in the (m,n) th cable segments can be given in terms
of the applied external force through the following expressions.

for m = M(n) and n = 2,3

X X
R M(n),n = F M(n),n (27,1a)
y
K un) ,n = FyM(n),n (27,1b)
and

Z Z
Rua)n =¥ #(n) (27,1c)

for m = M(1) and n = 1, the branch point.

x * x x
Rm(1),1 = 1";4(1(1),1 b - Taa (28,1a)
Y Y Y Y
Re(1)1 ® Tm(1) 2 *Pa2 * Ba3 (28,1v)
A L9 A A
2 ™ ) P ™ T (28,1c)
17
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and for m = 2,3 -—-M(n)-1 and n = 1,2,3

e & A T

m,n m,n m+l,n (29,1a)
.o F:,n * Rgﬂ-l,n (29,1b)
S z
Rm,n Fm,nv+ Rh&l,n. (29,1c)

Thus starting from the secondary anchor points the forces are very
readily summed up to give the reactions at every station.

Once the resultant force has been found, the tension Tm = is given by:
: ]

P =y % (D Yy 2 zRE
mon (R )7+ (R ) Ry ) (30,1)
The tension in each segment results in the elongation of segments

and the stressed length is obtained by

T
BL =BL m,n (31,1)
n.i%o (10 ]

where BL° =0 is unstressed length.
The next step is to find coordinates of each station. To start the
solution, one starts from the primary anchor because its coordinates

are known and are fixed. The coordinates, then, are found from the

following equations:

18
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D P samensad S L SR, A €
m,n Tn,n' m,n. ‘m-l,n (32,1a)
By v
o
To,n™T Bon® a1 n (32,1b)
m,n
Bon 2
—t—
20 .. TEa i Zm—l,n (32,1c)

vwhere m = 2,3 ...M(n)
In general, for a guessed set of imaginary reactions, the M(n) ends
of cable 2 and 3 will not be at the true anchor points. As a measure

of the distance of these ends from the correct anchor points, the

- positive error function E is defined as

B =n22{[an-xm(n)’n]2 + [bn-Y i© [cn-z ]2} £33,1)

M(n),n M(n) ,n

E will uniquely vanish when the true anchor point has been reached.
Let the imaginary reactions applied to the ends of cables 2 and 3

be recalculated as

(F;(n),n)' % 1?;;(n),n b AF;(n),n (34,1a)
(F{{(n) ,n)' b= l";,4(!1),:; X AF{@(n),n g (34,1p)
(Flzl(n),n)' 5 Flzd(n),n ¥ Ali'!zd(n),n (3k4,1c)

19

e ————— T ———————— .




where primes denote the new imaginary reactions and the additive

forces are defined by

8
AF;:(n),m & [ & %(n) ,n] (35,1a)
AFY 8

M(n) ,n /—E [bn"u(n),n] (35,1b)
Z 8 |

FM(n)sn B [cn-zM(n),n] (35,1c)

The quantity § as defined earlier, is the positive convergence factor.
Thus the correct equilibrium configuration is obtained once E -+ O. :

Thus, in the above section the use of the Method of Imaginary Keactions
to find equilibrium configuration of a tri-moored structure has been
demonstrated. From here the method can be extended for n number of cables

ea.s:lly.(a)

D. APPLICATION OF METHOD OF IMAGINARY REACTIONS FOR POSITION-DEPENDENT

EXTERNAL FORCES

In the preceding section the ability of the Method of Imaginary
Reactioms to determine the equilibrium configuration of a cable array, both
single and multi-moored has been demonstrated. However, the use of this
method to determine equilibrium configuration by simple statics was
dependent totally upon the lumped external forces being constant.

However, underwater cable arrays are subjected to external forces due to
weight and buoyancy, and hydrodynamic forces, position-dependent, like drag
forces. They depend upon both the orientation and depths of the cable
segments and on depths of elemental devices, with the result that the Method
of Imaginary Reactions is not entirely applicable to the cable structure

we wish to deal with in this re;;ort.

20
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This problem can be solved by combining the Method of Imaginary

Reactions with the Method of Successive Approximations.(3) Using this

combined technique, the equilibrium configuration for arbitrary current
profiles can be generated to any desired degree of accuracy. Essentially,

this combined technique consists of making an initial guess as to the values

of the hydrodynamic forces and uses these values to find the equilibrium
position of the structure by the Method of Imaginary Reactions. Once

this position is found, the hydrodynamic forces are recalculated, and the
position of the array under the new forces is again found by the imaginary

reactions. This iterative procedure is continued until the equilibrium

S e

configuration has been obtained to within a specified accuracy.
One of the ways to find a measure of accuracy for the successive

approximation routine is to compare the equilibrium coordinates of any

i e s

cable station for two successive iterations. If the coordinates differ by
less than a fixed amount, the iteration will be considered satisfied and
if any coordinate change is greater than this fixed amount, the iteration
is continued. Analytically, if COMPD denotes this fixed accuracy value,
then the successive approximation routine is considered satisfied when

| :’n - 9:1:3;'5— COMPD (36,1)

for the main array where ei = X, y or z represents the equilibrium
coordinates of any cable station obtained from the (i)th successive
approximation routine. Thus, the combined technique offers the advantage

that it can be used for the position dependent forces. In the following

sections, this technique has been used to analyze the problem of a redundant

structure.

¥A brief discussion of elemental devices is made in Chapter III,

21
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CHAPTER II

A NEAR-HORIZONTAL CABLE ELEMENT IN A MULTI-MOORED ARRAY

The major thrust of this investigation has been to study and analyze
the tri-moored structure that has two of the cables connected by a
horizontal cable. (This cable is called a tie leg in this report).
A technique is developed in this report that enables the Method of Imaginary
Reactions to be used for such a structure. More recently, Skop and
O'Hara have extended the work reported herein to the general redundant
(12)

structure.

A. THE BASIC APPROACH

Let one first consider the two legs of a tri-moored buoy system,
to which a tie leg has been attached. This structure, then, looks like
an "A". The "A" structure can further be divided into two coupled parts:
1) the lambda (A) structure and, 2) the tie leg structure . Neglecting
the bending stiffness of the cables, there are only two conditions of
coupling between the lambda structure and tie leg.

1. The geometrical compatibility condition

2. The force balance condition

All that is required is a simple lambda structure subjected to the
above constraints between (A) structure and tie leg, and then the structure
will behave like an "A" structure.

B. THE GEOMETRICAL COMPATIBILITY CONDITION

Let one start with a lambda (A) structure having A as an apex and
B and C as anchor points. (See Figure 6) Points D and E represent

approximétély the position at which one wishes a tie leg inserted in the




B The "A" Structure ¢
A
(1) €
FFY FF
B The Lombda (A) (]
Structure

P —= RY 1*

0 E
The Tieleg Structure

Figure 6 : Representation of the Basic Tie Leg concept
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structure. (FFY)&t p &nd (FFY*)at g &re the total resultant forces that the
lambda structure exerts on the tie leg. Then using the Method of Imaginary

Reactions the equilibrium configuration of the structure is obtained which,

in result, gives the position of points D and E under loads.

If points D and E are known, then in order to meet the geometrical
compatibility constraint, the tie leg chordal length must fit these points.
It is, therefore, required that the tie leg shall heve these points as end
constraints. The Method of Imaginary Reactions is then applied to the tie
leg by releasing the E end and the equilibrium configuration of the tie

leg is obtained. This gives one certain end reactions (EY1) d

at D ¢
(RYl*)ax g Vhich the tie leg exerts on the basic lambda structure at points
D and E.

C. THE FORCE BALANCE CONDITION

In order to meet the second constraint of force balance, it is
important that the following conditions be met:

-(RY1) 41 p = (FFY) ¢ (1,2a)

(RY1*) , g = -(FFy®) (1,2v)

at E
When this condition has been met, the complete solution to the problem has
been obtained, i.e., the lambda structure is behaving as an "A" structure.
However, in case the above mentioned condition is not met, then the
whole process must be repeated. That is (FFY) at D and (FFY*) at E iév
replaced by a new assumed reaction (FFY)' at D and (FFY*)' at E and new
positiors of pointsD and E are found under the action of these forces. Then,
these positions are taken as reference points for finding the equilibrium

position of the tie leg, which gives one the end reaction. This process

is repeated until the force balance condition has been met. Once this

IS K BV
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happens the two ceonstraints have been taken into consideration and the
problem is solved.

To reduce the number of iterations so as to satisfy the above constraint
rather quickly, a convergence algorithm is developed in Chapter IV. This
algbrithm utilizes the values of FFY and RYl, and if force balance constréint
is not satisfied, the routine employs a technique by which a new value Of
FFY' (FFY < FFY'  RY1) and FFY*' (FFY* % FFY*' < RY1*) are obtained. This
and subsequent values of FFY' and FFY*' assure convergence to the correct
values of forces, which satisfy the force balance condition, in minimum

number of iterations.
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CHAPTER III

MODELING AND ANALYSIS OF THE INTERNALLY REDUNDANT ARRAY SYSTEM

In this chapter, a brief description of the techniques used to model
and analyze the array system is presented. The chapter has been divided
into various sections, each of which deals with one phase of the modeling
process. Further, each section deals separately with the main structure
and the tie leg structure.

A. A FEW GUIDELINES

In this section a few guidelines for modeling the array are presented:

1. The tri-moored structure consists of a subsurface buoy, anchored
to the bottom by three cables. These cables are referred to by
number n where n = 1, 2 and 3. These cables are broken up into

M(n) stations.

2. The primary anchor, the anchor for cable n = 1, is represented
by (1,1). All other stations are referred to by subscript pair
(myn) where m = 2, 3, --M(n) and n = 1, 2, or 3 except for the
secondary anchors which are referred to by (M(2),2) and (m(3),3).
The branch point at the subsurface buoy, in this case,is represented
by (M(1),1). This is the same point as (1,2) or (1,3) but by
convention is represented by (M(1),1).

3. The tie leg is attached to cables 2 and 3, at stations (L,2) and (L,s
respectively where L is any station between 1 and M(n). The tie

leg is further broken up into MN stations. Both arrays are

represented diagrammatically as follows:




-:.-gz;rgam_ma{wr-”!l% 1

(M(1),1)

(M(2),2) :
(M(3).3) (1,1 |

Figure T: Nomenclature for the Tii-moored Array Structure with a Tie Leg
L. Since the external forces acting on the cables have to be lumped at
these stations, each cable segment between the stations behaves like
a straight line. The following guidelines are used for lumping these forces|

i. Each point of discontinuity in a physical property of a cable

is represented by a different station. Thus, each cable in the i
i
array has constant physical properties. @
g

ii. As many additional stations are used as necessary to obtain i

a successful approximation to the continuous equilibrium shape

of the array. However, the method of analysis does not !

depend upon the number stations and any ultrafine representa-
tion of the cable does not help.

B. DISCRETE ELEMENT NOMENCLATURE

The method of wialysis has the ability to take into account discrete

T b W R——

elements in the cable. These diécrete elements exert a force on the system.
The external forces, because of these elements, are lumped also at the

stations neighboring them. Half segment lumping technique(S) is used here.

RN N

The objects which are attached to the (m,n)th cable segment on the main

structure are indexed by (k,m,n) where k = 1,2 -—- k(m,n), counting

ir the direction as shown in Figure 8. For the tie leg-~-the objects ar.

indexed by (j,m) where J = 1, 2 ~—= J(m).
27
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By convention, the device on the station itself becomes the last

object on the segment. Thus, the subsurface buoy becomes the last device

on the first cable and is indexed by (k(M(1),1)), M(1),1).

The unstressed distance of the (k,m,n)ty device from the (m,n)th
station is given by Sk,m,n
Similarly in the case of a tie leg, the element (Jm)th would be

5, p fty avay from the mth station,
>

It is necessary to distinguish between forces that are lumped at
the lower segment from the forces that are lumped at the upper segment.
(5)

Half segment technique is used to lump these forces on the respective
stations.

The objects that are attached to the half segment adjoining the
(m,n)th station would then be differentiated from the objects adjoining
(m+1,n)th segment as follows:

Let k(m,n) represent the value of k such that

sk »mn ,nfm"om on

/2

for k = 1,2 —--k(m,n)

— o

Sk o ,n> BLom o

/2
for k = k(m,n)+1, -—-k(m,n)

Similarly for a tie leg let j (m) represent the value of j such that

8 <L /2
SJ.m - m/
and

for J = 1,2 ===3(m)

28
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(m+i,n) (m+1)

(k(m,n)+1 ’m’n) (j(m)+1 9m)
S (E(m,n),m,n) (3(m) ,m)
l " -
<» ELEMENTAL
i Qg% ‘ (1,m) - DEVICES

(m,n) Elqnents on the main array(m) Elements on the tie leg

Figure 8: Representation of the Discrete Elemental Devices

These equations are diagrammatically represented by the figures shown above.

C. FORCES ACTING ON THE ARRAY SYSTEM

The total forces acting on the array system are made up of two factors:
1. The weight and buoyancy forces--here weight and buoyancy of discrete

elements as well as of the cable gre taken into account.

;
i
]
i

2. The hydrodynamic drag forces which are acting because of the
interface between the cable and the current acting in water.

1. Weight and Buoyancy Forces

In this section only the effect of weight and buoyancy is considered.
The weight and buoyancy actually can be differentiated omly by the direction
in which they act. The weights act downwards and buoyancy acts upwards. The

Z direction is considered positive upwards.

To compute the weight and buoyancy forces let the weight (or buoyancy)
per unit length in water of the mth cable segment be given by

W
m




k
| {
‘ f and let the weight buoyancy in water of the (Jj,m)th elemental device be ]

given as
- . 4
W
Jom

: Then to lump these forces as a weight (or buoyancy) force W acting
at the mth station, the half segment technique is employed. That is, the

distributed and discrete forces acting on the half segments adjoining the

e

mth stations are integrated and summed respectively to give the lumped

+
forces at that station. (m,+1)

m= 2,3 ——-MN-1

(m-1)
Figure 9: Representation of Lumped Force on a Station Using Half Seguent

Technique

Then because of the discrete element the weights that are lumped at station
" m, scting in the half segment of the (m-1) segment as shown in Figure 9 are
expressed by
J(m-1)
» E

WS
J=J(m-1)+L J

,m=-1 .
(1,3) g
Similarly the forces that are lumped at station m because of weights

acting at the lower half segment of the mth segment are expressed by




] 3=3(m) x
I W
J=l J » (2.3)

Also, the lumped force at station mth because of the weight (buoyancy)

e

of the cable would similarly be

c C L

%m-l 'm-1 o BN (3,3)

nj=

Such that total force lumped at mth station due to weights is given by

J(m-1) e 3(m)
g N Riamed S B2
=3 (m-q_)+1 =1 J»
' c
’ i -;— [m-le—.l & mem] (,3)
. Exactly the same discussion holds good for lumping the weights as forces

in case of the tri-moored buoy structure. In this case, however, another
5 factor n, the number of cables, has also to be taken into account.

Then for the tri-moored structure

3 _k(m-1,n) e e k(m,n)

j m,n . — I k,m-1,n z W

: *" k=k(m-1l,n)+1 > ° k=1 k,m,n

- & c

4 +1 [W BL + W_ _ BL ]

4 ) m-1,n om-1,n m,n o m,n

Q Where

F m= 2,3,4-==M(n)-1.

;. n = 1,2,3. (5,3)

S

3
2
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and for m = M(1) n = 1, the subsurface buoy

k(M(1), 1) o Ee2)

(1)1 = P wk,M(1),1t @ wk,2,2

k=k(M(1),1)+1 k=1

k(2,3)

+ I W§’2’3

k=1

+ %(wfd( l)’lBLoM(l) 3 +W‘i,2BLol,2+W;’3BL°1’ (6.3)

which are various expressions for representing the weights as lumped forces
on the stations. In deriving this expression, however, the density of the water
has been assumed to be constant.

2. Modeling of a Current Profile

Weight and buoyancy forces are one type of external forces. There are
additional external forces which act on the cable because of the hydrodynamic
interaction between the cable and an ocean current. This interaction produces
drag forces which are dependent upon the velocity and direction of the lccal
ocean current i.,e., the angle at which local ocean current attacks the cable.

The method of analysis developed herein makes no restrictions on the

shape of the current profile. For the sake of convenience, however, the folliowing

assumptions are made:

1. The ocean current, though depth dependent in magnitude, isuni-directicus!

and normal to the direction of gravity.

2. The drag force component which acts in the direction normal to béth
the stream and the cable is zero.

The first assumption is made because most design currents are given as

depth dependent and uni-directional. The second assumption is made because




of the limited experimental data available to support a general analytic
expression for the side component 6f'"hrég"A6ﬁ L U R i g e S

The first assumption dictates that the current possess no Z component. If
the angular direction with respect to the x axis is denoted by ¢, the

expression for current in general can be written as

> -> >
V=v(z) [ iCos ¢ + J Sin ¢] (7,3)
Where
V(Z) = Megnitude of current profile at a height Z above the deepest anchor (Z=o).
I = Unit vector in x directiﬁn
: = Unit vector in y direction

3. Hydrodynamic Coordinates

In order to calculate the various drag forces acting on the system, it is
convenient to transform into a new set of natural hydrodynemic coordinates,

defined with respect to direction of the cable and the current.

The Tollowing analysis is presented for the tri-moored structure. Howeve:-,
the same approach is used for the tie leg array.
1. In order to find anstural hydrodynamic coordinate system, we proceed
in the following manner:
i, Let Tm » be the unit tangent to the (m,n)th cable segment,

’ .

considered positive in the dir® of increasing m

ii. Then >
VX tm,n

"m,n = T—_[ (8,3)
w
m,n

where ™m,n is a unit vector normal to both the (m,n)}th cable
segment and the current and
iii. nmn = Tm,n x Tm,n is a unit vector normal to the cable and lying

in the plane that includes the (m,n)th cable segment and the stream.




r

In order to express the hydrodynamic base reference in terms of

‘pasic x, y, z reference frame, we obtain the following relation:

- S The unit vsctor m,n :_l's expreised in terms of
: = + +
T m,n-am,ni 8m,n J Ym,nk (9,3)

where a m,n 8 m,n and ym,n are the air® cosines of the (m,n)th

cable segment defined by

Xntl o Y :
e R
m,n (10,3a)
Tl ,n-Ym,n
Bnyﬂ - :
BLm,n (10,3b)
Zm-l-l ,n-zm,n
Yo, n= e
B]:'m ,n (10,3¢)

3. To express ™m,n in terms of basic: x,y,z coordinates we proceed as

follows:
-);
Vx t™mnsn
Tm,n= l s '
Tm,n
and

>
vxtm,n = V(z)[1 Cos ¢ + J sin ¢] x
>

d

{am ,nIﬁ fm,n'+ym,n" ]

=viz) | 1T J %
Cos ¢ Sin ¢ O
am,n fm,n ym,n

#y(z)[1 (ym,n Sin ¢) -3 (ym,n Cos ¢)

-
+ k (Bm,n Cos ¢ -om,n Sin ¢)]

A ———




Also A
m,n

T
m,n

Txog, || ¥

Where

A , is the sine of the angle between the (m,n)th cable segment and the
- - £

stream and is given by

A = g
m,n v 2 ‘ 2 R hn
Ym,n * (Bm,n Con ¢-am,n Sin ¢)
Also
[ | = vz
And
I'rm,nl D /u2 " B2 AR .1
n,m m,n Yman
Thus
. O T

m,n o G(ym’n Sin ¢) - § (Ym,n Cos ¢)

A
m,

- .
+k(8m,n Cos ¢-a  Sin $)} (11,3)

4. Similarly to express nm,n =“m,n x Tm,n we proceed in the above
manner to get

" ,n= <L {[(Y2 + Bi n) Cos ¢-a

Am’n m,n s

by Sing] 1

: >
2 2
+[(Ym,n + “m,n) Sin¢ '“m,an,nC““'J
-5
-[Ym,n Bm,n D +Ym,n ®m,n Cos¢] k}

4. Hydrodynamic Coordinates for the Tie Leg

The tie leg is a single cable and as such, does not involve an index

n, with the results the expressions (10,3), (11,3) and (12,3) are valid if
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the index (n) is removed. Sy

Thus the transformation expressions for hydrodynamic coordinates in case

of a tie leg would be expressed as:

o = % 1+ Bm-j i 4 (13,3)
“- %m['{(vainﬂ 3 (v, Cos¢)

+

4 (8, Codd —a_ Sin ¢)] (1k,3)

%; [{(Yﬁ + B:) Cos ¢ -a B8 Sin ) 1

O

i (72 + a:) Sing -a_ B CosQ}j

>
-{ym sm Sin oy, o Cos ¢}k] (15,3)

5. The Hydrodynamic Distributed Forces

Once a set of hydrodynamic coordinates has been obtained, it becomes
e simple matter to represent the hydrodynamic forces for unit length which
are then resolved into t, ™ and n directions.

a) Side Force in the m Direction

Pode has demonstrated some inherent difficulties that exist in

(6)

defining hydrodynamic force. Limited data is available to determine the

functional forms of a side force in the m direction. However, it is known
that magnitude of this force compared with the other two components is small
- (9)

and as such is neglected.
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Mo |ixe, |-l 3

"m ,n' Am,n

Where

Am n 1s the sine of the angle between the (m,n)th cable segment and the

stream and is given by

A = - —
m,n Vv 2 2
Ym,n + (Bm,n Cos ¢'am,n Sin ¢)°-
Also
|$ | = viz)
And
‘r =
I m,n' /a2 & 82 & Y2 a3
n,m m,n m,n
Thus
m = -i -{ ->
m,n Am,n { (Ym,n Sin ¢) - J (Ym,n Cos ¢)
¥E(Bm,n Cos ¢-a, . Sin ¢)} (11,3)

n

4, Similarly to express m,n ="m,n x Tm,n we proceed in the above

manner to get

| P 2 2
m,n= K. {[(Ym.n + Bm,n) Cos ¢_am,n Bm,n sing] 1
]

2 2 : 3
+[(Ym,n + am,n) Sin¢ -am’an’nCosﬂ.J

>

-ly B Sin¢ +ym’n a . Cosd] k}

m,n m,n m,

4. Hydrodynamic Coordinates for the Tie Leg

The tie leg is a single cable and as such, does not involve an index

n, with the results the expressions (10,3), (11,3) and (12,3) are valid if
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b) Normal Drag Force in.n Directions

It is known that the normal drag force for unit length which acts in
the n direction has a magnitude given by

2
£ & a (v.nm’n) i

=L
m,n. 2 Mmy,n m,n

where

p = the density of the fluid

¢Y = the coefficient of drag of (m,n)th cable segment

m,n
d = the diameter of (m,n)th cable segment
Expression for normal drag force in n direction for the tie leg array
is essentially the same as (16,3a) except that no index n exists and as such

is given by

Ml a B
- %"’ m " 'm (16,3b)

where Cﬂ is the coefficient of drag of m th cable segment,the segment being

normal to stream and dm is the diameter of. the 'mth cable segment.

c) Tangential Drag Force in T Direction

In most of the work done, this component is neglected being made equal
(9)

to zero. However, as suggested by Skop and Kaplan, this analysis assumes

that this force can be given by the expression

T

fm,n~ 2 “m,n dm,n v(z) [v‘rm & (17,3a)
]

where

CP a = the coefficient of drag of (m,n)th cable segment when the segment

is parallel to the stream.

Similarly the tangential drag force for the tie leg is given by:

P o
t_fc a v(z) [v. ]
'Em m m

e (17,3b)
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where CP m is coefficient of drag of mth cable segment when the segment is
parallel to the stream.

6. The Total Hydrodynamic Force

From the above expressions, then, it becomes clear that the hydrodynamic
force per unit length which is acting on the (m,n)th cable segment can be

written as:

T = n + T
fm,n  fm,n mm,n  fm,n Tm,n (18,3)
where
n g CN 2
fm,n ’ -2- m,n dm,n (V(Z)Am,n)
A 2
L Al%,n v(2) (19.3)
and
C A
Ymon T 2 C:,n dm,n (20,3)
also
. TR o >
rm'n > cm’m dm’n v(z) [V.™m,n]
c D 5
A VZ(Z)["m,n Cos ¢+6 |  Sing] (21,3)
where
D = CPm.n
b o n (22,3)

Thus having known the expressions for £" m.n and fT m,n - these can be
substituted into the equation (18,3) to get the total hydrodynamic force.

Similarly, the expression for total hydrodynamic force in the case of a tie ‘=g

Bl i &




i is given by

fTo‘l'.a.l 21

n T
m flll nm+ fm Tm

(23,3)
where f; and f: are similar to Egs. (21,3) and (19,3) with no (n).

To derive expressions for the projection of these hydrodynamic force
: o~ in the 1, J and k dir" , we proceed as follows:

The hydrodynamic force for the tri-moored structure acting in the o dir®

is given by

cx e:x .2

hm’n = cm’n ve(z) (23,3a)
Similarly

cly 2 cly

hm,n = cm’n vz(z) (23,3b)

c:z _ .C:2z

hm’n = cm’n v2(Z) (23,3c)
and for the tie leg by

c:x _ c:x

n'* = c° v2(2) (2k,3a)

h::y = ¢SV v3(z) (24,3b)

Ciy _ ~C¥

S (24,3¢)

where C m,n's are known as the drag constants and they are defined by:

cc:x & 2t (A ('72

2
m,n  "m,n ““m,n Ym,n 8m,n) Seny -

Am,n am,n Bm,n Sin ¢ +

rg’n (am,n Cos¢ + Bm,n Sin¢) a m,n] (25,3a)
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c:
€V =S (A (¥2

2 H
+ a_ ) Sin¢-
m,n m,n “m,;n''m,n m,n

a Cos¢ +
m,n m,n Bm,n ¢

D o
r (a P Cos¢ + Bm,n Sim)ﬁm

é m,n ' m ,n] (25,3b)
: ) e:% @
: cm,n g I"m,n[-Am,n (am,n i Bm,n Sing) ym,n
‘, D .
r f + rm,n(“m,n Cos¢ + 6,  Sin¢)ym,n] (25,3¢)

similarly for the tie leg

c:x c 2 2
T um[Am(Ym + Bm) Cos ¢ -A @ B Sin ¢+

{ D 3
ry (o Cos¢ +8 Sing)am] (26,3a)
f 7w pfa (S Bt w8 Cen

m m m m m m m m

rﬁ (mln Cos¢ +8 Sin¢)8m] (26,3p)

and :‘

c:z c ; D i
g, = "m[ -4 (am Cos¢+8m Sin¢)1m Lot t

3 (um Cos¢ + B Sin ¢)ym] (26,3¢c)

Once the hydrodynamic force on the cable array is found,the next stage
is to lump these forces on the stations. To lump the distributed forces as
a single force which acts at the (m,n)th cable station, the half segment
lumping technique (5) is employed. Then using this technique, the lumped

hydrodynamic forces are given by the equations:

Lo




for m = 2,3 =—=-M(n)-1 n = 1,2,3

c:0 c:0 =
3 2 BL +
™ Cm’n'V (m,n BLm,n/2’ m,n)
3 cc:O

m+l,n V (m+l,n: O, BL , ) (27,3)

1,n/2

and for m = M(1) and n = 1

e

1,3/2 (28,3)

where 6 = x,y or z

- 2
The function V (m,n,i 5) represents the integral of (V(Z))along the ;
]

(m,n)th half segment and is represented by

— ~22
. V (m,n,5_ ,Z ) = ‘v (Z(m,n:E)]ag (29,3}
LR

where the argument z of V2(Z) is expressed in terms of the integration

parameter £ along the (m,n)th cable segment through the relation

= . = < j |
Z =12 (m,n:£) Zm,n + L (30,2 |

where Ym+l,n

equation (10,3c).

is the direction cosine of the mth segment as defined oy

In the case of a tie leg the half segment technique yields the lumped ‘

hydrodynamic forces given by the following expression:
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for m = 2,3 ---MN-1

el _ el =, - <

il Nl & 5 B B0
% ¥ (w1: 0, B ..) (31,3)
m+l U el ¥

where 6 = x, y or z

and expression V (m,Z1,52) represents the integral of Vz(z) along the mth

half segment and is represented by
V(mz 8)= }2v2 [Z(m,E)] ag (32,3)
1, 2

1
D. DISCRETE ELEMENT HYDRODYNAMIC FORCES

The direction of drag on the discrete elements becomes parallel to V if
it is assumed that there is no 1lift associated with them. The magnitude of

the drag force in that case is given by:

P
3
2 c2,1:1,n A mn v(2) (33,3) i
where
Ci’m o = coefficient of drag of the (k,m,n)th elemental device >
9 H

Ak,m " effective cross-sectional area of (k,m,n)th elemental device
’
Then if this force be resolved in x, y and z coordinate system, the

hydrodynamic force due to the (k,m,n)th elemental device is found as:

i:n.izﬂ#m) (3k,3a)

he'Y = Oy | VE(z) (34,3b) |
a,

(1 S

Byan™0 (34,3¢) ,

where the drag constants of the (k,m,n)th elemental device are given by

gix e
ck,m,n uk’m’nCos¢ (35,3a)




e:y
ck,m,n uk,m,n

and u; = being the hydrodynamic coordinate is defined by
k
[}

Sin¢

e
Yem,n - 2 k,m,nAk,m,n (36,3)

Similarly, for the tie leg the hydrodynamic force due to the (j,m)th elemental

device is given as

e:x e:X
BYTE = cf v2(2) (37,3a)

cey D

o7 v2(2) (37,3b)
(37,3¢)

constants of the (j,m)th elemental device are given by

j:: = uj’m Cosé (38,3a)

.
J,m ".1

is the hydrodynamic coordinate defined by

Sin¢ (38,3b)

and W

D

e
J,m Am,n

P
= =C
Yym = 2

(39,3)

The next step is to apply the half segment lumping technique to find the
hydrodynamic forces acting at the (m,n)tﬁ station and due to discrete
elemental devices. This is given through the following relations:

form =2,3 ...Mn) - 1 and n = 1,2,3

e:0 _ k(m,n) :0
Hm,n k=§(m,n)+l ci.m,n V2 [Z(m.n:Sk.m’n)] +

k(m+1,n) _—

k}:lckmln V2[Z(m+l,nS 1 )]

k,m+l,n

where 6 = x, y or z

and for m = M(1) and n = 1




:0 k(M(1),1)
H§(1).1 i

Ce.e
k=k(M(1),1)+1 EM(1)1

+ I ¢ 2 (2(2.2:8 )]
i k,1,2 K,1,2
k(1,3)
5 e 0
* k:l o v2 [2(1,3: 8y 3 )]

vlz(M(1),1: 8

,m(1),1

)]

(41,3)

Again, 6 = x, y or z and argument z of (V2(Z)) is expressed in terms of

the position of the (k,m,n), the device along the (m,n)th segment through the

relation

) =12

Z(m,n: 8 m-1,n » Ym,n Sk.m,n

k,m,n

(42,3)

Using half segment technique to find hydrodynamic forces acting at the

mth station of the tie leg due to discrete elements, the following expression

is derived:
(m)
2 -T(m)-l-l J,m[ "1m
s Jm+l)
Jil J,m+1 v [2(m+1, 8y )]

form + 2,3 ---MN-1
where © = x, y or 2

E. FINAL EXTERNAL FORCES

Thus, to summarize the external force

(Fy )

,n’ m ,n’ F m,n

that is acting at the (m,n)th cable station for the tri-mooredarray can be given

Ly

(43,3}
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[ 4 e;Xx
= Hm.n + nm (L4 ,3a)

m,n ,n
o O o a0
Fi,n Hm:n i Hm,n (k4 ,30)
e FZ =W __ + gS® (bk4,3c)
m,n m,n m,n -

Where the lumped weight forces Wm,n are defined by Egs. (5,3), the lumped

hydrodynamic forces H;:: due to drag forces on the cable segments are defined by

Eqs. (27,3), and the lumped hydrodynamic forces H::g due to the drag forces on

the elemental devices are defined by Eqs. (40,3). The above equations, however,

do not apply to stations (M(2),2) and (M(3),3) as imaginary resctions act on these.
Similarly, the external force

75, B

acting at the m th cable station for the tie legarray can be given by the following

equations:
rﬁ = n:"‘ + n:"‘ (45,3a)
L Ly e;x
A g R (45,3b)
and :
F: b " H:'z (45,3¢)

Where W_ is defined by Eqs. (4,3), HS*® 1s defined by Eqs. (31,3) and
H:;e is defined by Eqé. (43,3).

In the sbove equations, only the weight forces are constant. The hydro-
dynamic forces depend on the position of the structure through both the orienta-
tion and the depth. As discussed in Chapter I, this problem is solved by using
the Method of Imaginary Reactions in conjunction with the Method of Successive

Approximations.
L5
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CHAPTER IV

THE CONVERGENCE ALGORITHM USING A BINARY SEARCH ROUTINE

In Chapter II it was suggested that a convergence algorithm is
required to satisfy the force balance condition using a near-minimum
number of subroutine iterations. The force balance constraints suggest
that in order to obtain the tie leg effect in a lambda structure (refer
to Fig. 6) the following equations must be satisfied.

;; IRNEE B < (1,k4a)

= * = *
FFY® . RY1* . (1,%p)

E E

where FFY and FFY* are the resultant forces exerted by the main cable
arrays on the tie leg and RY1l and RY1¥* are the end reactions that the
tie leg exerts on the main cable array.

If the above set of forces do not satisfy the force balance constraints,
then a different value for FFY and FFY* is used which produces a different chordal
distance D'E' such that the tie leg fits into this new distance. Now,
the force balance test is applied and if it is not satisfied, the above
process is repeated.

This chapter discusses a technique which determines a new value
for forces FFY and FFY* so that the number of iterations, before forces
converge to satisfy equations (1,4), is hopefully made minimal. The
following discussion is restricted to force FFY and reaction RYl; however,
the same discussion holds for force FFY* and reaction RY1¥.

Various algorithms to find a new value of FFY (refer to Figure

6) were evaluated; however, a Binary Search Routine was found to be

the most direct method to achieve fact convergence.
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A. BINARY SEARCH ROUTINE

A Binary Search Routine is an algorithm used to find a new value
of FFY such that it always lies in between the previous two values of
FFY and RYl. If the force FFY produces a reaction RYl in the tie

leg, then the new value of FFY is given by:

FFY'=AB4—AB_S[§Y—l£-ﬁlF—F-!l' + Minimm (aBs|Fry|,ass|ry1]) (2,4)

This new value of FFY as given by FFY' and used with the proper sign
on the tri-moored array, then, produces another value of RYl. The
force balance criterion is applied and the process repeated until the
condition is satisfied. A typical plot of the result of using this
algorithm in a practical problem is as shown in Figure 10, where the

convergence can be seen.

600
FORCE FFY

400

200

v v

| 2 3 4 5
—e  no, of iterations

<

Figure 10: The Behavior of the Force FFY When Binary Search Routine
Is Used
The details of the Binary Search Routine as used in the problem are

listed below.
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If FFY is the first assumed force that is applied on the main ceble,
then after equilibrium has been attained, a chordal length into which the
tie leg is to fit is obtained. If this equilibrium configuration of the
main structure is not compatible for the tie leg, then another assumed
value FFY' (FFY' > FFY) is used on the main cable which reduces the
chordal distance by an amount X (See Figure 11).

Thus by several iterations a tie leg is made to fit into an
appropriately adjusted chordal distance, as shown in Figure 12. This
produces a reaction RYl in the tie leg. Now the force balance test
is applied and if it is not satisfied, & new value of FFY"(FF!'z FFY"< RY1)
is obtained from the Binary Search Routine using equation (2,4). This
process is repeated until the force balance condition is met. When
this happens equations (1,4) have been satisfied.

The force FFY, drawn as a function of x is:

FFY

FFY

———.x

Figure 11: The Relationship Between the Force FFY and a Displacemenf X.
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Similarly if a curve of reaction RYl is drawn with respect to X, it will

L

behave as shown below: | RYI < \ | /
RYI
? L = 1-x

L+

o

Figure 12: The Relationship Between the Reaction RYlignd a Displacement X.

If both these curves are superimposed, a graph as shown in Figure 13 is

ik s

oﬁtained.

s Then to summarize, FFY' produces the reaction RY1l and this is represented
by AB (notation follows Figure 13). Using binary search a new value of FFY ]
is found and is represented by CD. Force FFY at D produces a reaction RY1l
E given by E so that this case is represented by DE. Binary Search Routine is

used again to find the new value of FFY represented by FL.

S el S

Force represented by FL is used to find the chordal distance in which

the tie leg has to fit. A reaction represented by point Pis required to do

so. 'The Binary Search Routine is again used to find a new value for force
FFY, which is now represented by MN. Thus, this process is repeated until
the forces represénted by point K are obtained. At this stage equations (1,4)
are satisfied. The convergence to the required forces that satisfy the force
balance condition, in all computer runs and tests made, appears to be very

quick.

! - A block diagram representing the stepwise use of the Binary Search

Routine is shown in Figure 1k,




FORCES

Figure 13:

—= X

Representation of the Binary Search Routine.
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Figure 14:

Apply the forces
(FFX,FFY & FFZ)

on the main array
to the tie leg

1

Subroutine tie leg
will yield forces
(RX1, RY1 & RZ1)
used to fit the
tie leg into the
chordal distance

Apply Force Balance
criteria to FFY,
& RY1

IF IT IS SATISFIED

IF IT IS NOT SATISFIED

|

Use Binary Search
Routine to find
another value for
FFX, FFY, FFZ

— e - " BRI _ N Le PO

Plock Diagram of the Binary Search Routine
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B. PRECISION FOCUS

As described in Chapter I, the equilibrium configuration of the array
system is obtained if the value of E, the measure of error, is nearly zero.
Theoretically, the iteration could continue until E is exactly zero. However,
this is unnecessary for useful accuracy and a cut off value COMPE is defined
that determines the acceptable completion of the iterative process.* In the
course of developing the computer analysis it was found that the tie leg array
would not converge to its equilibrium configuration within specified limits
of COMPE. This was attributed to the higher levels of required forces in
the y-coordinate direction as compared to the other two directions, with the
result that 6 becomes too small for rapid convergence in all three directions.
To overcome this problem, another convergence technique, called Precision
Focus, was used in conjunction with the method of convergence that has been
described in Chapter I. Precision Focus has been used by Savage(lB) and is

briefly described in Appendix II.

* A brief discussion of COMPE appears in Appendix II.
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CHAPTER V

TESTING THE COMPUTER MODEL

The computer program written to simulate the given array system is
listed in Appendix I. This chapter presents a discussion of some testing

- of this computer model, and some aspects of the general behavior of the array

system.

The computer model tested has the following specifications:
The tri-moored structure consisted of three identical legs,

each 25,000 ft. long, in the unstressed state. These legs have a

diameter of 0.675 inches and a weight in water of 0.606 1b/ft.
The extensional rigidity of each cable segment is given as 2.2xlO6
1b. The co-efficient of normal drag is assumed as 1.40 for the entire
range of cu;rent velocities.
The tie leg cable has a diameter of 0.675 inches and an extensional
rigidity of 2.2x106 1bs The length and weight of the cable was
determined internally by the program. ¢
As described in Chaepter II, the basic approach in the analysis of the
given system has been to divide the array system into the following coupled
parts:

1. The tri-moored array structure

2. The tie leg array structure

This approach was thought to be most practical because results obtained, namely

« the displacements of the subsurface bucy in the given system, could be compared

readily with the displacements obtained from the analysis of a tri-moored structure

without a tie leg for which a computer program has been published.(g)

Also,
it is possible to study the behavior of the main structure and the tie leg

separately. To check the program output the following extreme cases
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were analyzed on the computer.
1. When the tie leg is attached near the top of the tri-moored structure,
where the tie leg has negligible length
2. When the tie leg is attached near the bottom of the tri-moored structure,
where the tie leg is essentially connected between two of three anchor
points
Since both of these are limiting conditions where the tensions will be
taken up by the anchors in one case and where the tie leg is of negligible
length in the other, the system should behave similarly to a simple tri-moored
structure as shown in Figure 1. To look at these extreme conditions and at
the general case of the tie leg attached anywhere on the main structure, the
computer model was used and the results are discussed in the next three
sections.

A. TESTING THE COMPUTER MODEL WHEN THE TIE LEG IS NEAR THE TOP OF THE TRI-MOORED

STRUCTURE

The computer program is written in such a manner that it is not possible to
place the tie leg precisely at the apex. To cope with this problem, it was decided
to break the main cable into unequal segments such that the first and last segments
were only of 5 feet length. Each of the cables was broken up into 20 segments.

This resulted in a simulation which allowed the tie leg to be put at a distance
of five feet from the top. The displacements obtained from this configuration
were used for.comparison purposes. Many different conditions of tie leg parameters
were tried and in each case, the tie leg structural analysis gave similar results
to the already tested program for a simple tri-moored atructure(g). For example,
with a tie leg of 6.12 feet in length and the weight per foot of cable at 0.505

1b./ft., the displacement of the buoy due to a standard test current, for the

case of & tri-moored array without this tie leg is:
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Horizontal deflection of the buoy = 36.95 ft.

Vertical deflection of the buoy -11.50 ft.
The displacement of the buoy due to the same test current with the tie leg
cable attached between two cables near the apex of the tri-moored system is:

Horizontal deflection of the buoy = 35.12 ft.

11.50 ft.

Vertical deflection of the buoy
The results obtained from this test condition compare favorably with the results
obtained from the analysis of a simple tri-moored structure.

B. TESTING THE COMPUTER MODEL WHEN THE TIE LEG IS LOCATED NEAR THE BOTTOM OF

THE TRI-MOORED STRUCTURE

For this condition, the tie leg was attached near the bottom (five feet up
each leg), between two of three anchor points.

The length of the tie leg was 30612.8 feet and weight of the cable per
foot was 0.367 1b. This weight of the cable was determined internally by the
program so as to make the tie leg array slightly positively buoyant.

The displacements of the buoy when placed in the test current with the

tie leg are as follows:

1. Horizontal Deflection of the buoy = 39.61 ft.

2. Vertical Deflection of the buoy =12.45 ft.
These results should be compared with the displacements of the standard
tri-moored buoy, as listed above.

C. PRELIMINARY STUDY USING THE COMPUTER MODEL

Besides the above two test cases, the installed position of a tie leg was
varied along the length of the main cables. This was done in order to
study the behavior of the model for different positions of a tie leg.

While the purpose of this report is not to conduct a complete study of
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system behavior, enough data was gathered to predict the general behavior
of a tie leg in a tri-moored structure. This behavior is presented in
Figure 15 and 16 wherein the vertical horizontal deflections of the buoy
are plotted against the position of the tie leg. The curves should be
considered only as approximate since the data points were obtained from
calculations using slightly different tie leg cable weights for each
location. This was done as a matter of convenience. The error introduced
does not alter the general behavior or the conclusion that horizontal
deflections of the apex are increased by approximately a factor of two
and the vertical deflections of the apex are increased by approximately
a factor of four. If a prototype system is contemplated, a more detailed
analysis should be conducted.

From the graphs it can be inferred that worse deflections, both
horizontal and vertical, are encountered, as one would expect, when the
tie leg is at a position near the middle. The current used is perpendicular

to the tie leg.
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F APPENDIX I

THE COMPUTER PROGRAM

A. DESCRIPTION

The computer program, reguired to simulate a tri-moored buoy with a tie

leg is reproduced in this appendix. This program is written in FORTRAN IV

! ‘ % and can be compiled and executed on most of IBM-360 facilities. The facility

at the University of New Hampshire is IBM 360-40 and the computer program

o

has been specifically adapted to it.
The program consists of 14 subroutines besides the main section. Comment
cards at the beginning of each of these sections describe the nomenclature

and in some cases the purpose of each subroutine.

i The program, as written, is restricted to 20 segments and to 10 elemental
; devices per segment in each of the main arrays and to 21 segments and 5 elemental
devices in each ; tie leg array. This is only for convenience and these
numbers can easily be changed by changing the dimensions of the common arrays i
in the main program and in the subroutine and functions. {
Since the length of the tie leg is dependent upon the pretensioning, the length
i of each segment is determined internally. The tie leg is made positively 1
§ buoyant by about 2% and as such, the weight per unit feet is also computed é
internally. 3
The total length of the computer program is (FB58)16. If at any facility 2
the computer memory is inadequate, then K and M dimensions for all the arrays %
are reduced to the largest values of KMAS (m,n) and JMAX(m) in the case of the tie §
;' W = leg--depending upon any particular analysis. |
' B. INPUT DATA CARDS é
X The complete input data is controlled by subroutine INPUT. Thus, data cards %
% in the program correspond to this subroutine. j
i
E: |
7 j
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This subroutine has been broken up into four parts:

First part consists of reading in of data that is valid for the main
arrays and the tie leg arrays.

Second part deals with data releiant only to the main arrays.

Third part consists of reading in of data for Lic tie leg array.

Finally, the last part deals with the -profiles of .he hydrodynwuiic current as
attacks the main array and the tie leg respectively.

1. The first input card contains: COMPE, COMPD, STAPSI, DELPSI, ENDPSI, and

TIECOM. F10.3 FORMAT
COMPE COMPD STAPSI DELPSI ENDPST TIE COM
Comparison Comparison | First cur- |Change of } Final Comparison
value for E- |value for rent angle |current current value to
Error Function|displace- to be angle in angle in meet force
ment | analyzed idegrees [ degrees balance
in leg criteria

2. The next three cards contain the Anchor Positions, AAl = (=X), BBl (=Y),

cCl (=2) -F 10.3 FORMAT

3.

ho

L

AAL(=X) BB1(=Y) CCL(2)

X of Anchor 1 Y of Anchor 1 Z of Anchor 1 card 2
X of Anchor 2 Y of Anchor 2 Z of Anchor 2 card 3
X of Anchor 3 Z of Anchor 3 Z of Anchor 3 card 4

The fifth card contains the number of stations per cable, MMAX(N) - I 5 FCEMAT

MMAX(1) MMAX(2) MMAX(3)
No. of stations No. of stations No. of stations
on cable 1 on cable 2 on cable 3

The next group of cards contain the physical properties of the cable segments

and the discrete elements.

point to subsurface buoy--followed by cebles 2 and 3.

This starts with cable 1, which goes from anchor

% 0




FORMAT OF CARDS DESCRIBING THE PROPERTIES OF THE CABLE SEGMENTS

following each one of these is KMAX(m,n) cards giving the physical properties

of the discrete -elements

BLBAR WC(M,N) XTEN (M,N) TDRAG(M,N)
(M,N) F 10.2 F 10.2 F 10.2
F 10.2
Unstressed Weight/ Extensional Normal drag
length ft. regidity coefficient
(£t) (1b./£t.) (1v-)

CABDIA PDRAG(M,N) “KMAX(M,N)

(M,N) F 10.2 I-5

F 10.2

Cable Parallel No. of

Dia. Drag Discrete

(Inches) Coeff. Elements

SBAR(k ,m,n) - DRAG CF(k,m,n) XREA(k ,m,n)
(k,m,n)

Length weight Drag. coeff. X-sectional

segment 1b. . area

(m-1,n)

element

5. The next group of data cards contain input data for the tie leg array.

1. First card in this group contains the number of station on the main

array to which tie leg is attached, - I 3 FORMAT

i

L-1I3

No. of stations on the
main array to which tie

leg is attached




2. The next consists of number of stations into which tie leg is broken -

I 2 FORMAT

MMAXN
I-2

No. of stations on
tie leg

; 3. The next group consists of data for the physical properties of the

tie leg array segments.

XXTEN (M) TTDRAG(M) CABDA (M) PFDRAG (M) JMAX(M)

Extensional Normal Cable Parallel No. of

rigidity drag diameter drag discrete
: (1.) coeff. (inches) coeff. elements

following cach one of these is JMAX(M) cards giving the physical properties 5

of the discrete elements

WEE(J ,M) DRAGCF (J ,M) XXREA(J ,M)
Weight (1b.) Drag coeff. X—sectiogal
area ft.

Finally the last group of data cards deal with the input values for the

current profile.

H(k) F 10.3 v(k) F 10.3 |

Z coordinate where the The magnitude of
velocity profile changes | current at Z=H(k)
slope (ft.) (ft/sec.)

e i




R
e Y it 0 P At S At A S— . = 21w g

COMON/C 1/7 l ECOH:
—GOMMON/GC20 AHTESTvJI TESToL T& SToMIESTHLTIELMGUN- - — S

3 c

e CALE-INPUT - — .
, G -~ — GOMPUTE-MIDSEGEMENT DISCRETE ELEMENT KTILOALMN) — ——— . =

3 3 M
: MX = MMAX(N) .
AR R - R i e S bl S

KX = KMAX(M¢N)

| IF(SBAR(K,MyN) .GT .BLBAR(MoN)/2.1)60 TO 2
1 CONT-INUE—

00 1K= KX— - BN SSE S P AU BRI Vo 0 R R, SRR,

x
§ K = KX+1

c

: c
o o X =AML —

Lt EERCORIE N = ) o R el S T o B e
G-~  SUBSCRIPTS FOR- PRIMARY. ANCHOR - — N - RIS SRR

: Yi{l,1) = BBl(1)
e e e =G — - = —————— —
; C

LEAP = 1

L NV NS e e ~ " i

[ — 1 T T S S———"
' PSI = STAPSI

LOOPE = 0 .
SRR TR RS M S T T TR 1 Y R R G R S S T Ul AR 0 S S
ITEST = O
o i SRR G ke
| MTEST = 0. :

: c ; : = A o S WS 1 JaA e T
g c INITALIZE FORCES 'FOR TIE LEG POSITION
; g R NG S o

00 230 N = 1.3
[ e - R AN S
D0 230 M = 2,MX
FEXAMeND) = Qq o - oo A TeaallN g Bz A T NN
FFY(MyN) = 0.
230-BELReNS 2.0y - - - ol e S b
FFX(Ly2) = 0. :
FFZ(Ls2) = 0.
e R PP P e Pt o e e S B S S S S e Sl e i s B e i
FFY(Ly3) = -100.
S T R e s S TR U T R SRR e W USSR S S L SRS

CALL GFORC

4 7 S oy e ) PR S S IR ) SN SN S S SIS

3 DO 7 NN = 143
PR | S 1T T E— i
MX = MMAX(N)
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i
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PooOLOOOD

nnnnnnnnnnnnbnnahnhnnnnnhnhnnn

i

- APRROXIMAT IONS ————e-

N .= _CABLE INDEX— - .o —

- DISCRETE ELEMENT(K MeN). - . e e = '
- MELKyMeN) = WEIGHT. .OF THE ELEMENT. - . _ . O8N A R RS 3

- E-=-ERROR FUNCTION-.. — — .- - —— — ————

STRUCTURE- HAVING AN AUXILIARY CABLE-BETMEEN -TWO-CABLE LEGS—— - -

TA{MsN) =  TENSION-IN. SEGMENT{MoN) _ . - e e e

. STATION— ¢MoN)— — o —. SO A
MMAXAN} = NO. OF -STATIONS_ON CABLEAN} ——— . o . . 4
HORIZLAMeN) = HORIZL DI SPLACEMENT .FROM_THE GRAVITY. .POSITIUN i

C. The Computer Program

THIS - PROGRAM BY. SUBHASH C PAHUJA - e =t
THIS PROGRAM PERFORMS THE MOTION ANALYS[S OF A TRI-MdORED BUOY

SOLUTION IS BY THE METHOD OF IMAGINARY REACTIONS AND SUCCESSIVE

THIS PROGRAM UTLIZES THE CONCEPYS DF IHE PRUGRAM DATUdA wRITTtN BY"
SKOP. AND -KARPLAN OF THE NAVAL RESEARCH LABQRATORY. e
NOMENCLATURE FOR THE MAIN STRUCTURE

M = STATION INDEX

K = DISCRETE ELEMENT INDEX - . .. .. e
CABLE SEGMENT(MyN)

BLBAR{MsN) = UNSTRESSED LENGTH S e
BL(MyN) = STRESSED LENGTH

HC{MeN) = WEIGHT/EFQOT : Bt
XTEN(MgeN) = EXTENS IONAL RIGIDITY

MU(MyN) = DRAG CHARACRESTIC. R e e e e
RD{MyN) = DRAG COEFFICENT RATIO :
KMAX ({MsN) = NO. OF DISCRETE ELEMENTS IN SEGMENT(M,N). __ _ .. 4
KTILDA(My,N) = NO. OF DISCRETE ELEMENTS I[N FIRST HALF SEGMENTIM Nl

3

(ALPHA(M¢N) yBETA(M, N).GAMHA(M.N)) = DlRtCTION COS[NES
SBAR(KyMyN) = UNSTRESSED LENGTH FROM STATION (M N) TC ELFMENT(K.M N

MUE(KyM¢N) = DRAG CHARATERISTIC

(XCMoN) oY (MoN)Z(MsN)) = COORDINATES ' ;
(AAL(N)»BB1(N)oCCL(N)) = ANCHOR COORDINATES ;

HE IGHT(M,N) = VERTICAL OISPLACEMENT FROM THE GRAVITY POSITION 3

COMPE = CONPAR[SION VALUE FOR E :
TIECOM = COMPARISION VMALUE FOR..-THE EORCE-BALANCE- CONOLITION s -
PSI = ANGLE OF ATTACK OF CURRENT

STAPSI = STARTING VALUE OF THE ANGLE OF ATTACK (F-CURRENT
DELPSI = INCREMENT IN THE VALUE OF THE STAPSI

REAL BL,BLBAR,BLT,MU,MUE sMUUMUUE
COMMON/CL/XFoX{2193)oYFeYl2193)9ZF 421214+3) - - e
COMMON/C2/FX(2193)4FY(2143),FZ(21,3)

-~ENOPSJ—=~LA$I~VALUEWOEHIHE~ANGLENOE_AIIACK-OE_CU£R£uL,“."_H-..u.___%
3

o

I

1

COMMON/C3/W(21y3)9WC{21+3)9WE(10421+3) e

COMMON/C4/MMAX( 3)9KMAX(2193)+KTILDA(Z2]1,3) |
COMMON/CS/BLBAR( 214 3)48L 421930, SBARLLIO21 430 9T 421430 48LT {21430 .
COMMON/C6/AAL1(3)+8B1(3),CC1(3),EyDELTA, JUMP.LOOPE.LUOPA
COMMON/CT/HORIZL(2143)sHEIGHTL 214 3) e i
COMMON/C8/CX{2193),CY(2143),C2(21,3)
COMMON/GCI/AVIS5)4BVLSIeVF4VIS)oHF oH(5) - s , |
COMMON/C10/COMPE, CUNPD.PSI.STAPSI,DELPS!.ENDPSI ﬁ

CCOMMON/AGLLAXTEN(21+3) ¢ MUL2L+ 3o MUELLO92143),R002L43—— - . - -

COMMON/C12/ALPHA(21493)4BETA(2143)4GAMMA(21,3) ,
COMMON/CL3/RX(21¢3)9RY(2193)eRZ(2]1,3) : {
COMMON/C14/X0(21+3),Y0(2193)4520(21,43) :
COMMON/C15/XBl21e3),YB(2193)e2B(21,3) )
COHMON/ClbIFXP(3),FYP|3),FZP(3)-XP|3)'YP(3lle(3) ;
COMMON/CL7/DELTAL,PDELTA . . .. T SRR S R W SO
COMMON/CLB/FFX{ 21y 3),FFY(21,43), FFl(Zlv&l i
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- s
1 GO TOUS,404)eN :
b i ey RAAMA SN = FXAMX PN — - — e — B S S REPERRELES
3 i RY{MXoN) = FY(MX,N) 4
i e R MR g N )= FT LMK N — : ‘
GO TO 6 :
Gl 5 REEMKeE) = FXLME, LIMRXLE24 2V RN 293 - —im o o O
§ RY(MXp1) = FY{MXs 1)#RY(2,2) +RY(2,3) j
i e e o ARl = FZLMKS L IRTL 24 2IRI( 23— - BEEGREL:
6 TUMXoN) = SQRT(RX(MX NI**2¢RY(MX,N)*%24RZ(MX,N)**2) -
Y e e B 4NN N = BLBARAMX o N)EL ] o TIMA G N/ XTENIMX NI
BLT(MXyN) = Bunx.m/nnx N)
: § o« | A e B N i S SEN El Sl e s - : AP
: DO 7 MM = 2,MX
£ e Mom. NX=MME2 LT A I LN P SR el B A [} STl RSO TS L
IF(N.EQ.1)GO TO 8 ‘
R JE(M.EQ.LIGO T0 220 2

8 RX(MgN) = FX(MyN)I+RX(M+1,N)
o REEMGB) = FEC N & RYCRAL N e el L L
RZ(MgN) = FZ(MyN) + Runu.m
G0 70 16- S SR M > SO
220 RX(MyN) = Fxm JN) + RX(M#1,N) + FFX(LyN)
e R M N = FY (M NI SR YA ML NI SFEY (LN —
RZ(M,N) FZUMyN)+RZ(M+14N)+FFZ (LyN) ~
— e - u#fm—z--soamxm.mumumnmmp__--_ ommccusinina b i
BLEM¢N) = BLBARIMyN)*(1.+T(M,N)/XTENI(M,N))
i e TN = B M NI TN

c
el - COMPUTE Xo¥yZ COORDINATES - OF -EACH STATION-
C
PSP EeOBUGNRNY | 1 TS e T T e R Ay I S At U O N IS R e

i MX = MMAX(N)

R e L L R T TSR L Rt e S SR R A R FORE S SO
X(M¢N) = BLT(M)NIERX(M/N)+X(M-1,N)

e e e MW

i . 9 Z(MyN) = sum.m*azm.mum-x.m
F | T . T —— i
/ 27 DO 110 NN = 2,3 .
| B B T N e
Y(LoNN) = Y(MX,1)
S 0 T NN = LMK L
: 10 CONT INUE
c s S M e & s i P SSCRRRRIN. B U o b G
; C COMPUTE ERROR FUNCT ION
¢ (T Gt A L, T I O RS G M o s TR
1 LOOPE = LOOPE+L '
3 e el
: DO 11 N = 2,3
, M= MMAXIND ~ P e :
) 4 11 E = E+CCAALIN)-X(M,N))*#2+(BBLIN)- vm.unnzuccum zm.m»nz» ,
1 IF(E.GT-COMPEIGO TO( 190500150, LEAP o .
A c
& - oG- - -URDATED DIRECTION COSINES
A ',3, v C 3
E) DRS00 M-8 BBl i aobiai L SEFUQREE 0.5 Sl ot AL S AT
E MX = MMAX(N) |
¢ 00 300 M = 24MX SRS . IR, AR
- ALPHA(MN) = (X(MyN)=X(M=1,N))/BLIM¢N)
& J e ~BETALMND = (YAMANI=YAM= Lo NI /BLIMON)
300 GAMMA(MoN) = (Z(MoNI=Z(M=1oNID/BLIMIN)
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| c ERROR FUNCT ION COMPARISION SATISFIED
| = ——— 6B FO(S Ly S2 Iy dUNP— —— -
| c PRINT AND STORE EQUILIBRIUM POSITION
e — 51 CALL TEELECA XA by 2 by Yy 2 by 2y 2 Ny By ey B T e A
MTEST = MTEST .+ 1
R e R T e - PRE TR e e e s A e
DELTA = DELTAL
ey AR = e S e e LSl R B

IF(JTEST.NE.1)GO TO 3
e A STARGS— o
JUMP = 2
R T T e i M N : PRS- o Bt & = —

00O 53 N = 1,3
e M = MMARANY e AR LA 3., Sy it L S A o -
DO 53 M = 2,MX !
e e K OAM N = X My N
YO(MsN) = Y(MyN)
ZOGMeN) - = Z(MgNI—— YA e LSRRG RN e PN A
E XB(MyN) = X(M,N)
L NBAMeN) = YAMeN)» e R e e D SR N e T
i ZBIMyN) = Z(MyN)
f el SR CONEINGE— 2%
GO TO 61

e el TP SR T ey
c

COHPARE ACCURACY DF CUORD[NATES

ﬂ

52 DO 55 N = 1.3
SR N I T 1 —— . -4
DO SS M = 2,MX
e FEEABSE XM NI =X O My N} 1o GT LCOMPDOR~— - Ceau i ehi Sl i
© . 2ABSAZAMINI-ZO(MyN) ) GT COMRDIGO—TO-5F — - — L
55 CONT INUE

- AT S Wi

c ACCURACY SAJISF[ED—PRINT EQQUILIBR[UM POSITION
sy s BTG e R ok

ITESTY = ITEST+1

- CALL-- T‘ELEG(X@Lv?)vV‘LvZ’vZ(Lf?ltler3§r¥+¥*3¥1l‘kr3¥¥——J
IF(LTEST .NE.200)GO TO 197

TR T S8 e R N N S G R L e <5 T RS T
MX = MMAX(N)

00 56 M.= 2,MX- S SR AUBOIALY L
HORIZL(M,N) = SQRTHX(H N) XB(M.NH‘"’Z + (Y(MgN)-YB(M,N) ) *x%2)

Sb CONT INUE
CALL DYNPOS - . - LaRER G iz Ml ety A S e

. LO0PE =0 - .. . LI B AR
LOOPA = O

SOV '« | . TS ©." Ve g

GO YO 60

ACCURACY NOT . ADEQUATE-RELTERATE - - . .- - . e i il

(2 X 2}

57 DO S9 N = 1,3 ; i o e e s
MX = MVALUEIN)
o smiesiman . Y DRI GPMR. - i ik i el doane
XO(MyN) = XI{MyN)
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T DTN T R

R R B

R AT

YO(MsN) = Y(MyN) QAT TR e
R e BN e LR L a8

59 CONT INUE
e Y R T R N SR R e e L
¢ ,
~ € - - ERROR FUNCTION COMPARISION NOT SATISFIED — . REEVMIES .
c 2
c

-850 IF(E-LT.EPIGO TO -20 5 ORI SN
INCREASE IN ERROR FUNCT ION
e - DELTA-=-DELTAL 2. j S

C .
G COMPUTE ERROR-FUNCTION - - o
C

--12 DE = -DELTA/SQRT4ER) - — . = St o -3
DO 13 N = 2,3

e e WA= MMAXAND -

FX(MX¢N) = FXP(N)+(AALIN)-XP(N))*DE

C EYAMXoN) = EYP(NI+(BBLINI-YP(NII®DE .
FZ(MXoN) = FZP(N)+(CCLIN)-ZP(N))*DE
13 CONTINUE . M Oy i SRR S R L e

c
- G -—— —CHECK- CHANGES— INIMAGINARY REACTIONS 7
c 3
Li L IR 8 PR TS B s S I A = el e S
MX = MMAX{N) '
o JECEXAMX o N) NE EXPANIL.OR . = C e e
LFY(MXyN) .NE.FYP(N) .OR.
e 2R MY N NEFZRINIIGO-TO- 3.
14 CONTINUE ~
R R R TP G RO R SRSV S NS S —
GO TO 3
& NO GHANGE TIME TO QUIT . M ARt i Lodih e el e
15 CALL EXITT : -
SRS, %, 7. BE 7 7. S
c DECREASE IN ERROR FUNC'UON :
19 LEAR-=-2- - TRREE S S GRES S NECRRRS N SIS e
20 EP = E
BO-ZL- M= el il
MX = MMAX(N)
e XN = XA MK N o e
YPIN) = Y(MX,N) '
- ZPAND- = Z4MX NI

FXP(N)
FYPIN)-
FZP(N)

FX{MXyN)
FY(MXNY - LN SO A
FZ(MXyN)

21 CONT-LNUE s _—
GO TO 12 *

c = ko P
c INCREASE 'CURRENT ANGLE
c ; T e e S e S e ) S R
60 PSI = PSI+DELPSI
e 4B4PS I GELENDRS I )GO--TO_ 100
61 COSPSI = COS(PSI*PI/180.)
B s SIIPSIMRS IR0 i i e Tl
GO TO 62
197 JUNP = 2
LOOPE = 0 _
i et SR -
60 10 61 |




62 DELTA = DELTAIL 3
I e G P T R DL S B e e b R TN S e T CO RO SIS - T e SR
LOOPA = LOOPA+1

—
C DRAG COEFF!CIENTS
il S R e s O
D030 N =1, 3
ORISRy W T 1Y N R e —

DO 30 M = 2, MX
e - GADELF = SQRFAL-BETAM M, NI ECO SRS I ALRHA LML NI SSINR ST ) 282
1 + GAMMA(M N)*%2 )
- BUFFER = ALPHA(M NI %COSPSE-+ BETA(M, NISSINRSE —
CXiM, N)=MU(MoN)*( CADELT#*
L - 4 CCAMMAIM,NI®®2 & BETALM N)I*®2)%COSPSE— ——
2 — ALPHA(M,N) * BETA(M,N) * SINPSI ) |
e e B e e RO M NS ALPRHAL My N & BURRER—) EECISR e,
CY(H.N)=MU(N.N)*(CADELT‘ r
1 e 4 CAMMA LM N IER2 & ALPHA (M N)SE2)ESINPST ——
2 - ALPHA(MyN) * BETA(M,N) * COSPSI )
3 .+ RDUMyN) % BETA{M,N) & BUFEER ) ——
30 CZ(MyN)=MU(M,N)*GAMMA(M,N)*BUFFER*(RD (M,N)~CADELT)

Bl i e e e B
C COMPUTE CABLE DRAG FORCES - HX/HY,HZ-AND ELEMENT DRAG FORCES HXE JHYE
i ice g PRl e LG TR e N L NGRS b e e O
oo 40 N =1, 3
e A% = MVALUEIN) TR L TR TSI O X P
DO 40 M = 2, MX
S —T T AT 2>
IFIMXMN=2) 23,244 24
28 M= AREMMNI LY~ o s L NS S <

A2 = AREA(M*1,N,2)
MX-= CREMI) -2 A) o CRAMOLNE O RD e e
HY = CY(M,N) * Al + CY(M*1,N) * A2

- e WA= G M N X AL -+ (2N N) K A2 ——
oY = AREA(M:N03)0AREMN011 v")
HXE = OT-% COSPSE - - i e e B ARG AT S i AN Sl
HYE = DT * SINPSI
. 60 79-26- - R et g &5
23 Al = AREA(MX,1,1)
- R AREAL 2y 2y 2 Y e -
;; A3 = AREA( 2y 342)
3 HX = GXEMeN) % Al ¢ CXL292) % A2 ¢ GX‘Z—&’--‘—#} ————
! HY = CY(MyN) * Al + CY(2,2) * A2 & CY(2,3) * A3
HZ = CZ{MyN) % Al ¢ CZ4292) % A2 -+ CI(243) % A3
3 T = AREA(NX:I'B’OAREA(ZQZv‘030AREA(2'304|
. - W%E =-DT-% COSRSL- —— - - — SV N— ,‘;
HYE = DT * SINPSI
c NENW-TOT AL FORCES e
26 FX(MyN) = HX + HXE
FYAMN) = HY + HYE . - T N ——
FZIMyN) = HZ + W(MyN)
40 -CONTAINUE — — e e o e =~
G0 T0 3 ‘§
END {
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G GG G K L o

- —-DHMENS ION X044 22)-¥04 22145104

— M= STATION INDEX—— — .

MU = DRAG-CHARACRESTIC — - :

~DISCRETE ELEMENTAI M) —_—

- COMMON/CLO/CUMPE,COMPU,PSI,STAPSILOELPSILENDRSL

-~ SUBROUT INE-TIELEGI X1 9Y1leZleX29¥2422} -
SUBROUT INE TIELEG IS USED TO SATISFY THE FOLLOH!NG CONSTRAINTS
-THE - GEOMATRICAL COMPATIBILITY.
THE FORCE BALANCE
COORDINATES X19¥19Z19X24Y2922 ARE- -TRANSFERRED FROM MAIN-TO MEET -
THE FIRST CONDITION

- THE SECOND CONDITION IS SATISFIED USING THE SEARCH ROQUIINE - —-  — -
NOMENCLATURE FOT THE TIELEG ARRAY

CABLE SEGMENT(M) :
BAR{M) = UNSTRESSED LENGTH - .. - — — . . _ __ RN
B(M) = STRESSED LENGTH

WHWC(M) = WEIGHT/FOOT - . _ el =t A RNV R I SRS SR W,
XXTEN(M) = EXTENSIONAL RIGIDITY

RRD(M) = DRAG COEFFICENT RATIO ,
JMAX{M) = NO. OF DISCRETE ELEMENTS IN SEGMENTAM)} &
JTILDA(M) = NO. OF DISCRETE ELEMENTS IN FIRST HALF SEGMENT (M)
ST(M) = TENSION IN SEGMENT(M) . o A TR
(ALPHA(M), BETA(M),GAMMA(M)) = DIRECTION COSINES

SAR(J9M) = UNSTRESSED LENGTH FROM STATION(M) TO ELEMENT(JeM)
MEE(JoM) = WEIGHT OF THE ELEMENT .. _ . _
MUUE(J,M) = DRAG CHARATERISTIC

STATION (M) . Sl s R Y e
(X(M)oY(M),Z(M)) = COORDINATES

NX(th(“oZ( lH = END COORDINATES FOR THE TIELEG ARRAY

CAXEMA ) o YAMX ), ZMX)) = END COORDINATES FOR -THE TJIELEG-ARRAY - ..
HORIZL(M) = HORIZL DISPLACEMENT FROM THE GRAVITY PQOSITICN ~
HEIGHT{M) = VERTICAL ODISPLACEMENT FROM _THE GRAVITY POSITION - -
REAL BL¢BLBAR,BLT oMUy MUE,MUU, MUUE

221, %8422),¥8422)0 4284220,
LXPCL)oYPUL},ZP(L),FXP(L),FYPUL)SFZPUL),AA(22),8B122),CCL22)
- 2WL 220+ PREME 2215 DESCRTL22) - = T S

COMMON/HL/ FXE22) o FY (2204 FZ(22)4RX( 22D JRY(22) 4RZ(22)

COMMON/H2/RX1422)R¥LI22),RZ1E22Y — — ——
COMMON/H3/BAR(22)4B(22),BT( 2204 STI22) o XXTEN(22)
COMMONZHALIMAXL 220+ JTILOAL22)+SARLS5422)
COMMON/HS/MUU( 22) s MUUE(5,22) JWEE( 5122) 4 WKC (22) 4RRD (22)
COMMON/H6/ ALPHAL 22) 4 BETA(22),GAMMAC22)—  — —
COMMON/HT/CX(22)4CY(22),C2( 22)

COMMON/HB/HORIZL(22) 4HEIGHT(22)  — —— — M3

COMMON/HO/X(22) 4 ¥(22)42(22)

- COMMON/H10/E+DELTA,LOOPE (LUGPA -
COMMON/H1 1 /MMAXN
COMMON/H12/JUMP,POIST,DIST. I RIS B s T I
COMMON/C18/ FFX(2193) 4 FEY(21,3),FFZ(2143)

COMMON/C19/T LECOM, L bt ke L SR SRR
COMMON/C9/ AV(5) 4 BV(5) s VF, V(5 ) oHF yHI5)

CONHONICZO/lTESTcJTEST-LTEST.MTESToLTlEoMCON
OATA P1/3.141592¢/ ———
X(1) = X1

Yil) -= vl : S e
Z(1) = 21

MX = MMAXN - . ... & BRAUEY PEE
AA(MX) = X2




e

BBINX) = V2 5
e CCAMN) =B e e e i e
DIST = SQRI((AA(MX)-X(II)**Z*(BB(NX) —YUL) %524 (CC(MX)—Z (1) ) ¥%2)
— = HATES T GE 60 FO 61—
IF(MTEST .GE. 1160 TO 195 1
- - BOMPE= GOMPE/2, - LTS AT PR R s o BRSO BRI R
PDIST = DIST ‘
TR~ L T R G ESTE S e TR L S TSR G R MO N ol L LA R i s N SR N OO e S
c ' COMPUTE LENGTH OF SEGEMENT
LosE o e
MX = MMAXN
~ - TMAXN = MX=1 - - L L N B R A D | L S L e ST
DO 200 M = 2,MX )
- - - BAREM) = DIST/TMAXN o I ERERE S e TR SR A A Bt e e M. el
200 CONT INUE

Loy H T DR R Ll B LR e B

c COMPUTE WEIGHT/FOOT FOR EACH SEGMENI
G = AL < et Bk S

00 116 M = 2.nx
T e R WA e R TS e T T SR IR SR N S0 o NS AN U ek
JX = JMAX(M)

o A RI%EQ-O1GO-TO- 11 T — T
00 115 J = 1,JX
PRENIN) = PRERCK) & NERL I M- = . e . .

115 CONT INUE : ﬁ

s MUCEND = PREMCMIIGAREN)- - —— —— o . A
WHC(M) = -0.99 * WWCIM)
e QO AR e - 4
117 WWCIM) = -0.500
T IR - o i o R e i s S s e R ol S i s i

c 4
C - COMPUTE DISTANCE OF A OISCRETE GLEMENT EROM THE STATION-.. — . .. _
c

e DO 2o M% . — s
JX = JMAX(M) '
ARG RIED T0 -
SUME = 0.0 : :
BESERTINL & BARIRIEEIRALY - ol e el
D0 71 K = 1¢JX
o - - —SUME-= -SUME-—+—DISCRTAM) — —— -
SAR(KsM) = SUME
71 CONT INUE g o U a3 e i A IR R LA MRS K Bl

c
& COMPUTE MIDSEGEMENT DISCRETE ELEMENT JTILDAMM). . .
¢

e S TR 5 it S, e i i
DO 10 M = 2,MX
KX = JMAXEM) P Al o e i ot i el E et
DO 11 K =1,KX
IF(SAR(K,M).GT .BAR(MIL2.)G0 ¥O 00 - ———

11 CONTINUE
Gt IR i, iiion i vin
10 JTILDA(M) = K-1

c COMPUTE STATION GRAVITY FORCES W(M) AND INITIAL FORCES FXIFYIF2

c : : P RS AN LR oA RER Iy Ul
MX = MMAXN

- DO BO6-M = Lo MX o e A B b . i
EX(M) = 0.
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106 FY(M) = 0.
o 2 F241) = Qe - - - AL, & M e R PPN LG e a e Lo
HT = 0.
R SIEON RS (T YT TN SO TG A SN I
00 6 M = 2,MX
SR WX = Qe - .- TN e 3 SN WIS SE S SN S RL T g ot oo N e e
KB = JTILDA(M)+1 f
KX = JMAXAM) I SR O e S e O - e LY D
IF(KB.GT .KX)GO 10 77
PN EECISTE [ L W S D L DO S e

ST ——

! 13 WX = WXSWEE(K.M)

L - TT X = JUILDA(M&LlY : e O ol i il

; IF(JX.EQ.0)GO TO 78 ,
S ¥ DO 2 K =ledX. - : 1 SIS SRS W £ el A PR e nn bR My e

| 2 WX = WX+WEE(K,M)
e 78 MM = WX+ SWWCIMIXBARIMIL2.) & (WWC(ML1)EBAR (ML) /2,)
FZ(M) = W(M)
6 WE.= NI .+ WiM) R T A i Ll e sk -
MX = MMAXN :
FLIMXD = (-1.1) & Wl : VI S AN S R O L, T A WY WS

- —INITTALIZATION - - o -

{
eno

$Q2 = SQRT(2.) - - e Tt PR RY e e
DELTAL = ABS(SQ2*WT)
LCON-= 0. Ceer : - T - o e S U et D
LTIE = 0
I ME ANV 7~ - N ) (g USSP R LN P S b ¥

195 DELTA = DELTAL

U o N s e il e I e ) Rl " s
LEAP = 1]
_LOOPA-= 0. - . ... e e TR R S SR A (5.2 0% »

~ LOGPE = 0 ;%
v ’"Eai;BfE‘b:BLE FORCES RX,RY,RZ = TENSION T(MsN) AND STRESSED LENGTH

hnip

3 MX = HH‘XN
RX(MX) = FX(MX) - - - S . A R N et
RY{MX) = FY(MX)
o RTAMR)- = FLAMRD o e o N ISR—.
STIMX) = SQRT(RK(NX.“20RYC”X)“Z’Rllﬂﬂ)“l’
BIMX) = BAREMAIE] Lo oSTEMX) / XXTENLMXY) —  —— - .
BT(MX) = BIMX)/STIMX)
: BX = -MUAXN=-] L - e st i e e s SRt b bl
! B e i — = W] - e ——— e SISO
; GO TO(9,5),M -
5 RX(M) = FX(M)SRX(M¢1) e £ & i
RY(M) = FY(M) ¢ RY(M+]1)
. RZIM) = FZIM)4RZ(Me1) . srni R A LA S SR
ST(M) = SQRT(RXIN)“Z#RY(H.“ZORZ‘Hl“Z|
BN = BARIMIE(] L 4ST(MILXXTENIMND) i
BY(M) = BIM)/ST(M)
9 RX(M) = FX(MI#RX{M+1) VN i 3
RY(M) = FY(M)I+RY(M+1)
RZ(M) = FLZ(M)+RZIM+1) M WA R L
T CONT INUE

c ; S e i, i o s e o

c COHPUTE X Yl COORDINATtS OF‘ EACH STATIDN
62- I : Tod B




e .

c
e T T T — e
DO 8 M = 2,MX
e K= BT M ERX M)A M1 —
Y(M) = BT(MI®RY(M)+Y(M-1)
P8 2N = BTN SR ZAM A2 M=) - - —-
- :
|G- —COMPUTE- ERROR--FUNGTION- - - — -
R
— e - OORE—=—LOORE- 4+ 1
E=0
e M AMAXN- e AT el g s i =
E = E+(CAA(M)=X(M))%%24(BB{M)-Y (M) )*824(CC(M)=Z(M))+52)
e M AN R N e T S Sl
I F(E.GT .COMPE ) GO TO(l9o50.15).LEAP
R0 SR 2
c UPDATED DIRECTION COSINES
g i =E ¢ S | S e Lot
MX = MMAXN
- DO 300 M-= 24MX- ——— —— - e T
ALPHA(M) = (X(M)=X(M=1))/B(M)
e BETAL MY =AY Y M=) )1 LB M)
GAMMA(M) = (Z(H)-Z(H—l))IB(N)
--300- CONT INUE - - - e e s ki T

S o

T e

. ~ERROR FUNCT-ION COMPARISION SATISEIED . . . . __ __

ﬂnn'

e GO-F OS5 Ly 52 )y JUNR S
51 MX = MMAXN
TR W TR T T SO N S D SR AR ok AL i
RX1{M) = RX(M)
. BELEN) 5 IR o i e - BT+ o
RZL(M) = RZ(M)
e - 235 CONT-ENUE— - — WSS — i
RX1(1) = =RX1(1) »
i AN - BN 5 ot i i s ot bt . i i St i
RZL(1) = -RZ1(1) :

T N 4
1 & CHECK FOR FORCE BALANCE UNDER GF&AVITY FORCES-USE Bl NARY SEARCH ROUTINE 1

|

R TR TR L T

CALL SEARCH i

& - FORGCE BALANCE-NOT-OBTAINED-STARF-AGAIN - — - — .. %
IF(LTEST.NE.100)GO TO 100

c FORCE BALANCE-QBTAINED-PRINT AND-STORE EQUILIBRIUM POSITION - . .

C

- —JTEST = JIEST -+ ) -
LTIE = LTIE ¢ 1
CALL STATS. - e e e e it s e b, bl
MX = MMAXN
BB BB PollBcc e i e e e e i e b e i e,
XO(M) = X(M) '
e - YO = YA -
Z0(M) = Z(M)
XBEM) =X(M) s i . s ot s i, s . A b i, it R
YBIM) = Y(M)
2BIM) = Z(M) P ot L, S b o AR et o e S S S G e -
53 CONT INVE
B i BRI el S s o i i ) b v i s 8 ik e i
LOOPE = 0
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GO TO 100
St B 2 S B RCTRh . ocF S, Demes R
c 'COMPARE ACCURACY OF COORDINATES
ARRL) e N
52 MX = MMAXN-1
DO 55 M- =_2,MX.- A et o st 2L o
IF(ABS(X(M)=XO(M)) .GT.COMPD .OR.
Y - 1ABSEYL{MI~YO(M)) .GT .COMPD.OR BT CRER T = WA I SPD TN NS

c
- € - ACCURACY SATISFLED- PRINT EQUILIBRIUM POSITION FOR HYDRODYNAMIC_ FORC
c

I XL G | L S S

2ABS(Z(M)-20(M)).GT.COMPDIGO TO 57
—-55 CONTINUE -

[ R T S S s B A T : L R

00 38 M = 1,MX

RYL(M) = RY(M)

RILIM) = RZ(M) . S L bl e e el

38 CONT INUE
BEE CTORTE et T R R S

RY1(1) = -RY1(1)

c ,
- L~ - -CHECK—FOR FORCE BALANCE UNDER.ACTING FORCES=USE BINARY SEARCH ROUTINE
C X
i . CALL- SEARCH.-- : el e D Rt i e St o SR
c FORCE BALANCE NOT OBTAINEO-START AGAIN
weererome — AL T EST oNE+-200160-T0--100- . =
c FORCE BALANCE OBTAIN-PRINT EQUILIBRIUM POSITION FOR
C - - HYDERQDYNAMIC FORCES - - - o . o e s
MX = MMAXN
i DO 56-M-= 2,MX - e PN — k|
HORIZL(M) = soar((x(m-xemnnz + (Y(M)=YB(M) )$%2) |
— e - HEFOHT (M= 24 M= B M) - |
56 CONT INUE
GALL DYNANS - e " 4
GO TO 100 |
C ACGCURACY NOT ADEQUATE - REITRATE-. - — - . 9
ST MX = MMAXN-1 ,‘
e B e L | S —— — |
XO(M) = X(M) |
YO(M) = YIM) e - ———— e ;
Z0(M) = Z(M)
37 CONT INUE : T S S S
GO TO 62
& ~- o piindcnn it i, S s s s e i i it s coeton.
C TEST IF PRECISION FOCUS SHOULD BE APPLIED
c e - e etk s s s
50 IF(ABS(AA(MX)-X(MX)) .GE. LDOMPE .OR +ABS(CC (MX)—Z (MX)) .GE.
LDOMPEIGO-T0O - 734 - - e el e 4
IF(YP(1).EQ.Y(MX))GO TO 734
e — DELEYR .= LFYAMX)=EYR L1} ) LAY (MX)=YR (L) )& (BBIMX) =Y (MX)) SR

FYPE1) = FY(MX)

YPELl) = Y(MX) ARl R P
FY(MX) = FY(MX)+DELFYP
60 70 3 o 5 e i AR

c

. & — —ERROR EUNCT-LON. COMPARISION. NOT. _SATISELED .
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} 734 IF(E.LT.EP)GO TO 20
- —G—— - ENCREASE -IN—ERROR FUNCTION -
| DELTA = DELTA/2.
— 6 - —CONPUTEMAGENARY. REAGTIONS - —
12 DE = DELTA/SQRT(EP)
MK = MMAXN- b
FX(MX) = FXP(1)+(AA(MX)-XP{ 1) )#DE
s RYAMAS = PR L BB MR YR ¢ 1 ) I SDE—
FZ(MX) = FZP(1)+(CC(MX)=ZP(1))*DE
- CHEGK—CHANGES - IN—IMAGINARY—REAC TIONS
IF(FX(MX).NE.FXP(1).0R. FY(MX) .NEFYP(1) .OR.
LFZEMX ) NEFZP(1))G0 TO 3
c NO CHANGE IN FORCE T IME 1o ou:r
LEAR = 3 .. . - - - 2o e T T BTl R
' G0 TO 3
Lo »&5«454“!581~G£~4460—¥9-4§0~—~

FFY(Le2) = 2.0 * FFY(L,2)
FFY(Ly3) = 2.0 % FFY{Ly3) S L W R IR £ L%
GO TO 100

300 RG-S 3 e
162 CALL SEARCH
: PRS- - Wis Gg_.to._.l.oo_____-...,.-__.., i
s c DECREASE IN ERROR FUNCTION
e - 39-LEAP = 2 S,
§ 20 EP = E
2 PeE MX =- MMAXN - — Sy o F v b et Lo L S h T S ey
XP(1) = X(MX)
= NP )= AN —.
ZP(1) = ZIMX)
A FXPLL) = FEXAMX)- - ..
3 FYP(1) = FY(MX)
: - FZREL) = FLAMX)— .
GO TO 12
- G-—— —ADD HYDRODYNAMIC FORCE 1O THE SYSTEM-
61 COSPSI = COS(PSI*P1/180.) .
- SINPSE = SIN(PSI®PI/1804) - —— —— RN
62 DELTA = DELTAlL
LEAP = | ik
LOOPA = LOCPA + 1
& - -DRAC—GCOOFICENTS— S
MX = MMAXN
D0 31 M = 2,MX - -
CAPDEL = SQRT{{BETA(M)*COSPSI- ALPHA(M)*S!NPSI)**2+GAMMA(H|**2!
BUFFER = ALPHA(M)XCOSPSI & BETA(MISSINPSL — .
CXU(M) = MUU(M)*(CAPDEL *(GAMMA(M)*#2+BETA (M) *%2)*CQSPSI—
L APHAL M) AR ETALMI RS INRS | SRROAM IS BETAL(MISGUEEER)— 2l
CYIM) = MUU(M) *(CAPDEL *( GAMMA(M)*% 2+ ALPHA (M) *%2) «SINPSI -
LALPHAIM ) SBETA(M)ISCOSP ST +RROIMISBETAAMISBUEEER)
CZ(M) = HUU(H!'GAMMA(H)*BUFFERt(aRD(H)—CAPDEL)
31 CONT INUE :
MX = MMAXN-1
e e - DO M= 2 MK -
Al = TAREA(M, 1)
A2 = TAREAIM+1,2) PENDS
HX = CX(M)*AL+CX{M+1)%A2
HY = CY(MISALECY(M+1)®A2 bl el e B i i i O B P
HZ = CZ(M)*AL+CZ(M+1)*A2
e DFom TAREASMe3) + TAREA(MEL ol St e
HXE = DT*COSPSI
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-~ -— - —SUBRGUT-INE INPUT - -
REAL BL,BLBARyBLT oMUy MUE oMUV, MUUE

e GOMMONAG3A W 21v-3 o WG £ 21y 3y WELL O 2193 - =

A COMMON/C4/MMAX(3),KMAX(21,3),KTILDA(21,3)
-COMMON/C5/BLBARE 21+ 3)4BL (219344 SBAR( 10421 v3 1+ TR21I43 4 BLTR243) - ——
COMMON/C6/AAL(3),8B1(3),CC1(3),E,DELTA,JUNMP, LDOPE.LOOPA

o COMMON/CO/AYL 5y BVE S ), VR VIS )P S - — o —
CONHONICIO/COHPE.COHPD;PSI.STAPS!.DELPSI.ENDPS[

COMMON/H3/BAR(221,B(22)¢BT(221,ST(22) 4 XXTEN(22)
as COMMON/HALJMAXA22) 3 JTILDAL 2209 SARES 422} ——— — o
COMMON/HS/MUU( 221 MUUE( 59 22) WEE (55 22) 4 WHC (22) 4RRD(22)

_, COMMON/C19/T 1 ECOM, L'

€- et RS A% s A )

Ry TR e,

C COMPARISON VALUES ANC CURRENT ANGLE REQU[REHENTJ
WRITE(6,101) “HR TR S e i I T ER Ye FAISR T8
101 FORMAT(®1%,15X,* INPUT DATA COMMON TO.BOTH,THE TIE LEG AN THE

. WRITE(6,35)
- . —35 -FORMAT{5X+*COMPARISION VALUES AND CURRENT ANGLE REQUIREMENTSe /)
: READ(S.l)COHPE.COHPD.STAPSl.DELPSIoENDPSloTIECDH

1 FORMAT(F10.2,5F10.0) - oy SEaAce N RO CL . S R

WRITE(630)COMPE,COMPD, STAPSI,DELPSI +ENDPSI , TIECOM _
30 FORMAT(15X,9COMPARISION VALUE FOR E = *,E15.6/15X, COMPAR]I SI1ON-VAL
LUE FOR DISPLACEMENT =°,E15.6/15X, *INITIAL CURRENT ANGLE =*,F8.3,

e 2A QEGREE S 15Ky LINGREMENT—OF - ANGLE =1 o F 8+ 3+ DEGREESLALS X+ 1 F INAL-GUR— — ———
BRENT ANGLE =1, F8.3,'DEGREES® /15X "COMPARI SION VALUE FOR THE TIE LEG
: SIOENE = - Co LGBy . SR e R e R A S e

aauniid i ok AL, SaL L S alla £ stk . o 4

WRITEL64-102) - -
102 FORMAT(///15X,"* INPUT DATA FOR THE TRI MOORED STRUCTURE'//)
C S s b s PR A = s i e s i = . i
c ANCHOR POSITIONS
WRITE(6,400 - —- LS B s
: 40 FORMAT (10X * ANCHOR POS‘TIONS'/’
] DO 31 N = 1'3 o o ol o 1S o i ol o . - i vk -
31 READ(SQZDAAI(N.QBBI(N'oCCl(N' ~
. 2. FORMAT3F10.0) - e o o, il
C NG. OF STATIONS PER CABLE
WRITELO4S M AALINYBBLINICCLINIyN=193 )~
45 FORHAT(ZX.'AAI"'FIO Oq'BBI":FI0.0.'CCI".FIO 0/)
WRITE( 69500 ~ - i i i it
50 FORMAT(10Xs*NO. OF SYATIONS PER CABLE'/'
- READES 3 MUANANDy Nty B —
3 FORMAT(31S5)
WRITE(6955) (Mg MMAXANDIpN=193) = — o ol
55 FORMAT(2X,*CABLE NO.* 9[1;[5’
READS54369L i 8 L R LN b AP 2
36 FORMAT(I12)

60 FORHAT(I.SX.'PROPERTIES OF SEGMENTS AND OISCRETE ELEAENTS'/)
DO 10 N=1,3 . OIS A TR .
WRITE(6,70IN
70 FORMAT(60Xs*CABLE NOJ'oIL/) -~ . . | MRS o %
WRITE(6,65)
- 65 FORMATA4Xs"MLe3Xe* STRESSED LENG®43Xe "WEIGHT/ET 43X, "EXTLRIGIDIT
1Y® 42X, *DRAG CHRACTER®,1X,*DRAG COE. RATIO®$2X,*K",

62-N

r o GOMMONAGLLAXT-ENA %ymm%%—_____

COMMONZHLL/ZMMAXN - o gl S

1TRI MOORED STRUGTUREY/) — . e S B o SO AR PO

BT L TP SPY.Y SE— e §

PPTLITT ey

e g bl g i b g o




HYE = DT*SINPSI S gt g e o
e 26 FXAM) = HX % HXE e G AR TR e R
FY(M) = HY ¢ HYE
e FRLAMY = WIS WM E
41 CONT INUVE
st e WSS 2T < e s g ) Wics:
100 RETURN
e R T TR Y - oty Sad s o PR _
- o <A SRS < S -+ = ——— e o SR
e U i b L .
e §
P VD E
3
: PN R -
- 62-M i . i '




2 ax.-saaa-.9x.-uexcnr-.11x.-nue-)
SENCARRBRERE - T S S R SR SIS AL -3
DO 10 M=2,MMN
e e —READIS15)BLBARI Mo N o WCIM,N), TDRAG,CABD]
LKMAX (M N) :
= . 15 FORMATESEI0. 3 FIds2,. 82 oo e o T
MU(MsN)=1.94%TDRAG*CABDIA/24. :
Bl R T T S S e A A SR S SIS,
I=M-1 :
e WRITE(69240 15 BLBARIMAND S HCLMND ,
1KMAX ( My N)
24 FORMAT (15, 5E15.6415) i AW Oae BRI COL B ILTERY 1S S r e SR
IF(KMAX(M,N) .EQ.0) GO TO 10
KKN=KMAXAMGND - - bRy © T s T e T T
D0 5 K=1,KKN
. READ(5920)SBARLK 9 My NDo WELK +MoN) oDRAGCE 4 XAREA
20 FORMAT(4F10.2)

MUE( KoMy N)=1.94%DRAGCFEXAREA/2. SR N et S PRI U A
5 WRITE(6925)SBARIK)MeN) s WE(KoMoN)oMUE (KyMoN) ,
: - 25 FORMAT(85X¢3E15.6) . .. T e W S AR
¥ 10 CONT INUE
- . ULy N A LM S L AR e
c INPUT DATA FOR TIELEG
C : Ve e U, B, T e e (T L o, S SR B

WRITE(6,103)

103 FORMAT(? 1%,15X,* INPUT- DATA FOR TIE LEG' LY =
WRITE(6,37)L

37 FORMAT(LOX,'TIE LEG-JUINS CABLE AT STATION NO.* o 12/) .
READ( Sy 74 )MMAXN 3

T4 FORMAT(I3) . 4 iy SR e e L ke E

WRITE(69T2)MMAXN :
72 FORMAT(S5Xs'NO. OF -STATIONS -ON- THE- TIELEG=2,]13) et e 4

WRITE(69104) :
- 104 FORMATEG4X 9 "My 3X ot EXT RIGIDTITY L 3 XyDRAG- CHRACTER 42X, '0RAG CCE .
lATlO'.3X.'J'.20X.'HEIGHT'9 lOX,'NUUE /7)

M= MMAXN : pRoe AR 5 TS il AR e SO LIS PEY A A
D0 17 M = 2,MX _ ‘
READ(Ss L4 )XXTEN(M), TTDRAGy CABDAPPDRAGoJMAX (M) -Q
14 FORMAT(4F10.3,12) :
} S MU =1 .94 ATTORAGECABDAL 24— — - i :
¢ RRD(M) = PPDRAG/TTDRAG
i I = M-1 SR SRR SRR Y, 3
: : HRITE(b,lb)l.XXTEN(M).MUU(H).RRD(M).JMAX(H)
16 FORMAT(1443E16.7,14) : e NS PRI SRS S TR SRR,
' IF(JMAX(M) .EQ.0)GO TO 17
. CRN- S JRAREND- .. . : eI :
DO 18 K = 1,LKN
READ(5+ 29 )WEEIK M)y GRAGCF  XXAREA = . el il ; —
29 FORMAT{3F10.2) :
MUUE(KsM) = 1.945GRAGCF*XXAREA/2. - TR LB S -3 _
, 18 unxre«o.zn»ues«x.n).nuustx M)
. -~ .21 FORMATLI5%X¢2E15.6) - o . . - s .
g . . 17 CONTINUE 4
) c PROVIDE VELOCITY PROFILE IN SUBROUTINE VPROFILE o .4
| CALL VPROFL
} WRITE(6,75) , RNy
t % 75 Foanatceox.-xxxxxxxxxxxxxxxxxxxxxxx'.11.'1 710
v i ; RKRETURN. : G e it S . o, St e 4 e e e St . i S
END
62-0
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55

- SUBROUTINE -SEARCH - e e
~THES -SUBROUT-INE INVOLVES- THE CONGCERTS OF —BENARY-SEARGH

OEMENSION- -ZXP42)42VR42) 922842}~ - —

- COMMONZG20/ITESToJTEST A TEST MIESTLTIEMCON—— ——

A NEW VALUE OF THE FORCES IS FOUND THAT ALWAYS LIES INBETWEEN
THE TWO PREVIOUS VALUES - -
THE CONCEPT IS SIMILIAR TO THE DAHPING FORCE AND AS SUCH BRINGS ABOUT
FAST CONVERGENCE = = =

COMMON/C4/MMAX(3),KMAX(2143)4,KTILDA(21,43)
COMMON/CL8/FFX42103 ) FFY4 2193 )9FFZL2193) - ——
COMMON/C19/T IECOM,L

COMMON/HLL/MMAXN . e e
COMMON/H2/RX1(22) oRY 14221 RZ1(22)

GO TO(555156),MCON

IZXPL 1)

ZYe(1)
2ZP(1)
ZXP( 2)
ZP( 2)

MX =

FFEXELo2)
FFY(L,2)
FFZiL,2)
FFX(Ly3)

LYPE2)-= FEYAL, B) -

FFZ(L,3)

c TEST FOR FORGE BALANCE
MMAXN

1 (FFY(Ly2)#RY1(1)).GT.TIECOM.OR.
A

TFOLFFX(L 2)4RX1E1)) GT .TFIECOMOR- - -
4FF 4Ly 234RZ 111 6T HHEGOM ) GO —TO-

y & A
s

76 IF(UFFX(Ly3)#RX1(MX)) GT.TIECOM.OR.

1 CFFY(Ly3)4RY1(MX)}) +OT . TIECOMOR+ - -
2 (FFZ(Ly3)#RZL(MX)).GT.TIECOM)IGO TO 77

IF(LTLIE.GE.1)GO-TO SO -
FORCE BALANCE UNDER GRAV[TY

FDRCES OBTAINED°RETURN AND PRlNT RESULTS

90
156

77

-LTFEST =

HINO = -AMINL(X1INO,Y1INO) - vl : oo N SRR R )
ZINO = ABS(XLINO-YINO)
FFY(Ly3) = ~(Z1INO/2. ¢ HINO) ‘ PRI I vard
FFZ{Ly3) = =RZ1I{MX)
- 100 RETURN st B i A S oW O ST R 2 A ST B LI R
END

7 -

GO TO 100

FORCE BALANCE UNDER ACTING- FORGES OBTAINED-RETURN AND PRINT RESULTS
LTEST = 200

60 70 100

MX = MMAXN

RYLL 1) -= -FFY{Le2) - - —-
RYL(MX) = FFY(L,y3)

FORCE BALANCE NOT OBTAINED-USE BINARY- SEARCH TO-OBTAIN NEW VALUES -
AND START ALL OVER AGAIN

FFX{Ly2) = ~RX1{1) e e - e o

XNO = ABS(RYL(1))

YNO = -ABS(ZYPLL1)d—- - - -
HNO = AMINL1(XNO,YNO)
INQ = ABS(XNO-YNO) . - e e o
FFY(Les2) = (ZNO/2. ¢+ HNO)

FFZEL,2) -RZ1(1) S T
FFX(L,y3) =RX1(MX)

XING =-ABSLRY1(MX))}— - —
YINO = ABS(ZYP(2))

62-P
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TR

]

= —- - -~ SUBROUTINE GFORC e
REAL BLyBLBAR, BLToMUyMUE sMUU s MUUE

e -~ COMMONAGRAR XA 2 by 3 by F ¥ 21y 3y R L2y 3 —-
COMMON/C3/W(2143),WC( 21,3 )y WE(10,21,3)

e e - COMMONAGA/MMAXL 3) o KMAXE 21y 3o KTELOAL 22430 — —— — o
COMMON/C5/BLBAR( 21¢3) ¢BL( 21y 30y SBAR( 10921 93) yT(21 431 +BLT(2143)
GOMMON/ACOAAALL 304881631 ,CC1{3),E+DELTA,JUMP,LOORE,LOORPA
COMMON/C17/DELTAL,PDELTA

— e = - - -DB-3 - N ',1-'__3 L AR R S - Pl e - G | i [ b et S . s e - ——
MX = MMAX(N) - 1
) St 90‘3 M= 2'_.”x F2 8y % e ko I ok i e A e o ¥, saihe 0

E e XA M N =0 .
,. FY(M,N) = O. |
e KB = KTILDA(M N} & 1 e e S R e Se B SR
: KX = KMAX(Mg¢N)

T AR A S R St TR U A

el WA = WK WEL Ko Mo N)- — e - el
10 KX = KTILDA(M+1,N)
SRl T R T e i R N S e ML AP I S P
00 2 K = 1, KX
2 WA = WX b WELKoMEleN) Bl e e 2 L Al
- S 30 W(MeN) = WX+WC(MyN)I*BLBAR(M, NDIZ.+HC(M01oN)*BLBAR(N#I'N)IZ.
-‘ e BRI = WM N — . - ol
3 WT = WT + H(HQN)
. = e R = O - : - ool R e e 0 AT R S K N TR BRI 55 5 T S SO e SO L0 i S S Bor
; . FX(MMAX(1),1) = 0.
S m o CCNNRRELE R O - - i i Risaly NI E  x  La
KB = KTILDA(MMAX(1l)s1) + 1
o = A MAXAMMAXAL A1) - ; e S A e A
IF(KB.GT .KX) GO TO 20
DO 4 -K-= KBy KX - Sl T A ST SO SR PN < T Tl NN o et i 2
4 WX = WX + WE(K,MMAX(1), l)
20 CONTINUE S e L
DO 6 N =2, 3
B8 I LR T AR B e S =S SRS
FX(MMAX{N),N) = O.
FY(MMAX{N),N)} = 0. ~ SRS S T
IF(KX.EQ.0) GO TO 6
DO 5 K = 1le¢ KX Ly 2 e S kL - i
5 WNX = WX + WE(Ky29N)
6 WX = WXSWCA24NIKBLBARI29NIL 2.
WIMMAX(1)e1) = HX*HC!HMAX(l)'l)*BLBAR(HHAX(l)01)12.
FLIMMAXEL)ol) = WIMMAXE))e L) - -
DO 35 N = 2,3
FXCLoN)- = FXIMMAX(L)y 1)
FY(LeN) = FY(MMAX(1)e1)
35 -FZ4)oN)-= FLEMMAXE Ml o e s o e
Wl = WT + WIMMAX(1),1)
DO 7 N =2, 3
7 FZ(MMAXIN)oN) = =WT / 3.

c COMPUTE INITIAL DELTA
A $Q2- = SQRT (- 2. ) . A 1 R e s
DELTAL = ABS(SQ2*WT/2.)

WX = 0. . i

DO1 K = KBy KX | 4

oo




DELTA = DELTA1 b At R
RETURN Tl e
END

i | Sh i L LS P S T
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MAY 72 S C PAHUJA» R W CORELL
TR=110

UNCLASSIFIED
||IIII||IIIII||II||I|||IIIII|IIIIII END




m" 10 82 g2

e
L -
. L S
—_—
—
=

22 s pee

MICROCOPY RESOLUTION TEST CHART




e e - FUNCT EON - AREA LM Ny 16O — DTy

REAL BL,BLBAR,BLT, MUy MUE MUU s MUUE
COMMON/C4/MMAX( 3 ) oKMAX( 2153 ) yKTILDA(21 93) ¢
e o GOMMONZCS/BLBAR21 +3)98L121+3 )y SBARL 1092193 ) 21421430 ,BLT (21030 -
- COMMON/CO/7AVI5) s BV(5),VFo V(5 )yHF JH( 5) ‘
; e COMMON/CLI/XTENG2193),MUL2193)sMUE( 1092130 ,RO421,3) . _
COMMON/C 12/ ALPHA(21,3),BETA( 21, 3) ;GAMMA (21 ,3)
— e GO-T04-100+200,300,400) , 1G0
- c LINE INTEGRAL BELOW STATION
1 - 100 CONTINUE . .__.
g_

KL = LIHINZ(M-I.NHGAHHMH.N)*BL(H N) /2.0
OISR e B T e S e S S U O S B
TOP = BLIM,N)

e BOT—= BLAMNIL2
2 KMIN = MINO ( KUy KL )
KTOR = KMIN — 1.+ IABS ( KU—KL ) _ __ L s
SUM = 0.
e IEAKMINGGT.KTOP) GO TO 10 gl st W
DO 1 K = KMIN, KTOP

1 SUM = SUM + AREAS(M¢NyKoXI) — AREAS(MyN,K+1,XI)
10 AREA = SYGNAKU~KLISSUMSAREASIMoNo KUy TORP) ~AREAS (MoNoKL,BOT) |
RETURN
- 6 ——LINE INTEGRAL ABOVE STATION ... . _ e
200 CONTINUE
e el L EMETAZ A M=o N )

KU = LIMIT(Z(M=14N)+GAMMA(M, NI‘BLIH'NDIZ )

e e FOP = BLAM NI 22— — e S SRR ST O A W
8aT = 0.,
MERSRE T N S WA, e
, C . DRAG OF ELEHENTS BELOH STATION )
300 - CONTINUE—— - it e o
i KB = KTILDA(MyN) + 1 ;
CX-m KMAKLEMNY e - RS R,
5 SUM = 0.
T N LR S G S .

DO 4 K = KB, KX
G e T UM LN GAMMALMND & SBARIK oMo NI (1o TOMeNILXTENIMGNIYL
J = LIMIT( ZT )

4 -SUM-= SUM & MUE(KsMoN) & (AVAJ) ¢ BVIJ) ® 2T)n82 0 gatie)
40 AREA = SUM
-. - RETURN .. - ESOSNS Te  SES " PRGN SO L

C DRAG OF ELEHENTS ABOVE STAT[ON
- — 400 - CONT INUE

KB = 1 :
S T T R S e e . R SR St SO S L RPN
GO TO 5
% : SR e S S Lo w AR AN S ER T L P S T e | SRS TR R e T
. ,ﬁ

GG e e e




. FUNCTION—AREAS LMy NpKyXEd — - - oo oo oo s
COMMON/CL/XFeX(21¢3)YFeY(2193)92ZF+2(2143)
COMMONZCSLAVL 5)+8¥L5) Lo HE ML S)-

PVEL VLS
COMMON/C 12/ ALPHA( 214 3) sBETAL21¢3)sGAMMA(21,43)
AREAS—= L AVAKISBVAK IEZEM-1 o N) IBR2 & Kb e e e = e =
1 ¢LAVIKD +BVIK)SZ(M=1,N) )*BV(K)*GAMMA (MN) * (XI**2)
-2 : SLBVIKISCANMAL MoN) )82 & (XIRE3L3 ) — ——— — o e
RETURN

- - — —— — — e i s 4 e 0
- o . e o i s 5 o e e i e e . T .
— - - ——— e —— —— . ——r " — . ] 22 —

=

e e —— i f— - — - ———— {—— p— ~.—..¢:

o - - ca— ._..__ e 33 e

4 e s e— ..,i.u.._. - A_._..___..« e b eman & .-. ~ ik o S R ;..-
PSS ———————epe S TR P S L 2R —m : s 5 - : : -




' e o - SUBROUT-INE- VPROFL - Bl
: COHHONIC9IAV(Sl.BV(S),VFovts)'HFcH(SD

e SR R LR G AT i bl Rl 7
1 RE.D‘S’Z,H(K"V‘K’
~- - - -2- FORMAT(2F10.0) - e e
IF { H(K) .GE. ‘00000. ) GO TO 3
(IR oy St SO S NEE G e Ot SRS O e
GO 70 1
Gl e e e 2
DO 4 K=2,KX
BVIK) = (VIK)=VIK=1)) / (H{K)-HIK=1)) - . . v .
AVIK) = VIK=1)-BVIK)*H(K-1)
% .. 4 WRITE(6+9)AVIK ) BVEKY: - ¢ o @ e e
9 FOR"AT‘IOXp6HAV(K,30ElboS/lOXtﬂ"SV(K’30516-5,
R R g e
END -

i
: e AR i 2 |
!
|
& 4 e i b A | 3
e sy
R S B e e : |
et e e - e——— - P S P S ———— — — -._.1
. X ¥ o P T e T e i e T R AR TR T TR v *.




? -~ . FUNCTION TAREA(M,HGO) - BN e ) Sal
; REAL 8Ly BL BAR » BL Ty MUy MUE ¢ MU MUUE
e GOMMON/AH3/LBARE 22}y B4 22} rB T4-22 )y ST 221y XAFENAZ 2} — v commm e

‘ COMMON/ H4/ JMAX({ 22) ¢ JTILDA( 22) 4 SAR(5,22)
'-~~~- - COMMON/HS/MUYE22) s MUUE LS5y 22 )y WEE(5922)yWHG(22) 4RRDI22) -
% ; COHHONIHbIALPHA(22)9BETA(22)|GAMHA(ZZ)

]

; COHNONIC9IAV(5).8V(SioVF.V(5)'HFoHl5)

- COMMON/HOAXE 22)9¥ 422492422} e e A S S et S

he— - 60 ¥041000+2000+3000,4030},M60-- — =

: & LINE INTEGRAL ABOVE STATION

b - 1000  CONTINUE-- -~ e

KL = Llnlr(zcn-;L¢cAnnA(nlasjn:tz ) A

* T R = LIMETEZAMN) - 2 SR SRR o IREA S ot
TOP = B(M)

T RS 7, ) S 7 1 3 S i S ST -

2 KMIN = MINO(KU,KL)

SUM = 0.

00 1 K = KMIN,KTOP
Xb o= (HOK)=Z4M=1))/GAMMALMY .. - —.

E - KTOP = KMIN-1+I1ABS{KU-KL) e R e

-IFCKMIN .GT .KTOPIGO -TQ 10 o 2 ke T i DR R U, R .

1 SUM = SUM+TAREAS(M,K,XI)-TAREAS(M K+ 1,XI)
10 TAREA = SYGN(KU~KL)&SUM & TAREAS(MsKU, TGP)-TAREAS (MoKL,BOT)-
RETURN
c LINE INTEGRAL BELOW STATION LR R S S S,
2000 CONT INUE

D0 4 K = KByKX
IV = Z4M= L) 4GANMALMISSARIK MR (L £ STLM)ZXXTENLL

Kb-= L EMET(Z4M~1 M) — - - e WERNEPEUS—.
KU = Lmn(zm-lMcmnunnamnz ) :
. TOP = B(M)/2, - e R PRI R 2

-g 80T = 0.

; 60 Y0 2 S L R et

¢ DRAG OF ELEMENTS ABOVE STATIONS

[ S3000 CONTINUE. — o ol ; i

* KB = JTILOA(M)+1

; KX =.JMAX(M) » ; e LA NE RN TR

S SUM = 0.

| IF(KB.GT KX )60 TO 20 8 e Sl Lk 2 71 i

i

J = LIMIT{(2ZT)

4 SUM = SUMMMUUE(K s M)IZ(AVIJ)SBV(JISZTI®X? . _ . . . . .
20 TAREA = SUM
RETURN L e s e e e e
C DRAG OF ELEMENTS BELOW STATION
. 4000 CONTINUE- ey . e - i SR —
KB = 1 :
KX = JTILDA(M) . R R R R A I T
GO TO 5
END RN ey SO




e FUNCTION TAREAS(MyKyX1)

a5 COHHON/H&/ALPHA(ZZ)'BEVAIZZ'cGAHNACZZ’

e R COMMON/HI/ Xt 2204V 822024220 2 i e e e i

' 2 COMMON/ZC9O/7AVLES) +BV(5)4VF, V(SD.HF.H(ﬁD

06 TAREAS = (AVIK)+BV(K)I*Z(M-1))%%2 % X] » Pih g
1 +LAVEK)#BVIK)*Z (M-1) )*BV(K )*GAMMA (M) * (Xl*‘Z’ 1
3 +(BVIK)*GAMMA(M) )*%2 = (X][*%3/3,) —

RETURN
END s ! x5 L I TR S P Tr L SRR e SR PGl 4

Lk @ e @ g - b ok e g et s e e sy LN




COMMON/C9/AV( 5.08" S)eVFeVIS5)eHFH(5)

r-.‘-
E IF(ZT-H(J))I2,2,1
e - CONFINYE - - e o

2 LINIT =
e — —REFMRAN - — —— e e i

END
= <r e L s e MRS M S S s w9
p——- — - - o Y AP S et vt - e+ s & i iiess i i S S i S b e — — oo >
S -
b - s =4 Sl A b
3
| T N R O S —_




e~ FUNCTION-MVALUELN)
COMMON/C4/MMAX( 31, KMAX(21,3),KTILDA(21,3)
1 MVALUE = MMAX(N)
——— e RETURN— : 5
2 MYALUE = MMAX(N) - 1
—— e RETURN—-- b, e
END
L g R 88 SR N e S e R .
I RO Py e Ve |




r- B ———————————————————————— e et

o FUNGTION-SY¥CNA—— —
IFCJ ) 1, 2 3
b YN
dh i e e e
RETURN
L — — -3 -S¥GN = dv————— -
RETURN -
END
2 SR e B
3 g g 4
E s s A o i S I——
e o) 1
r e R O AR A i nes)
5 o o T
! FH Psein. e &
o e st s .

T

ke i e St




et

s T e

R ———
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L

e COMMON/CLO/COMRE +COMRU + RS, STARSI +DELR SI,ENORST

——————  SUBROUTINE QUTRUT
REAL BLBLBAR,BL Ty MU, MUE MUU,MUUE
——— COMMON/CLAXE s X 2193 ) o YEs Y 2193 ) ZF
COMMON/C2/FX( 219 3)9FY(2193)¢FZ(21,3)
——e e - —COMMON/CAH/MMAXL 3 ) o KMAX L 219 3 0o KTILDARRL 93— ———-
COMMON/CS5/BLBAR( 2193)9BLI2193)9 SBAR(1092193)¢T(21+3),4BLT(21,3)
e COMMON/ZCOLAALI3 148811 3)+CCLLE3)oE+DELTA»JUMPLOURE +iO0RA-
COMMON/CT/HOR IZL (21¢3)HEIGHT(21,3)

[ )

(2143}

COMMON/C11/XTEN(2193)oMU{21,43)yMUE(10921¢3)sRD(21,3)

CONMMON/C17/DELTAL,PDELTA

- - -~ e @ & .0 ~ - e @ e * - - - - - ® ¢ & L. . e .

WRITE(6,13)
16 MRITEL6+5)E+RPDELTALLOORE
5 FORMAT( 1X,41HEQUILIBRIUM POSITION UNDER GRAVITY FORCES,//10X,
e b e 2HEZ g FL16+94 10Xy GHDELTA=oE16.9410X,19HNO, OF ERRCR LOOPS=
2 0 15)
ESI U SR e SIS A e R
WRITE(6,TIN
e - 7 FORMAT(LL 4 3% L3HCABLE NUMBER=,12)
MX=MMAX (N}
s RN o 5. 2 o i s s g
I=M-1
e MRITECG 2B FX (M NG EY LGN (EZEM N o XM N s YAM N (ZEMGNL (T (Mo N,
1BL(M,N)

1 10Xy BHFX(M;N)=EL6.9¢ 10K o BHFY(HN) =416, 9 110X BHFZ (N, N)=4E16.9/
2 10Xy THXLM NI 2y E1 699 LOX o THYAM NI = 161649+ L OX+THZ (Mo N) =, EL6.9/
3 10X¢8H T(MeN)=,E16.9¢ 10X 8HBL (MyN)=4E16.9) :
e WRETEA 69639 IRXAM NI R VLM N o RT (Mo N) s —
639 FORMAT (10X, BHRX(MoN) =, E16.9+ 10X+ BHRY (MyN)=4E16.910X,
e LOHRZ AN NI =, ELS L9} —
GO TO(1049)yJUMP :
9 WRITE(6, L1IHORIZL UM NI o HEIGHTIMNY ik MR
11 FORMAT(15X, 1ZHHORIZL (M,N)=, E16.9,10X, LZHHE IGHT(M,N) = £ 16.9)
10 CONFINUE- - o — 3
RETURN
- e - ——ENTRY—DYNROS —
WRITE(6y13) - ;
~ WRITE(69116) - - il Gl s i i 4
116 FORMAT(13X,®EQUILIBRIUM POSITION UNDER ACTING FORCES®//) ]
17 WRITE46+12)E+DELTA,LOORELLOOPALRST — — —— - s
: 12 FORMAT( 10X 2HE=, EL6 .9y 10Xy 6HDEL TA=4E16.9/13X,19HNC. OF ERRCR LOGPS
e Ry Sy 10Ky 22HNO——OFACCURACY LOORS= o 1 SLL5X 41 GHCURRENT ANGLE=,
2F8.3/)
6B SRR D SUONTE g R Rt Bk A ks el e i
ENTRY EXITT
WRITE(6413) bt BTl EE e o
WRITE(6,14)
o 14 FORMATLLIXL/ L%+ S0HRROBLEN N
1TO CHANGE THE IMAGINARY REACTIONS
2/1%9100HELTHER ACCURACY REQUIREMENTS ARE TOO SMALL(COMPE) OR A CAB .
3LE HAS GONE SLACK (CHECK TENSIONS).
4/1Xy55HPRINTOUT. 1S GIVEN FOR- TROUBLE SHOOTING PURPOSES ONLY.. -~ )
GO TO(16417)¢JUMP’
13 FORMAT .( 1Ml )
END




—_—

- C OMMONAHG A AR 22 )3 S FHLDAL22 )y SARL 5 v22)- —
e - COMMONAHOANA 22} ¥4 22) v 24220~ —-

= MRITEL 6+ 1000 MRXLML RYLUIRZLN)

—— —————SUBROUTINEFHEWT- -
' REAL BL,BLBAR,BL7,MU,MUE,MUUsMUUE

L

COMMON/H3/BAR(22)4B(22)48T(122)9ST(22) ¢ XXTEN(22)

COMMON/H8/HORIZL(22),HE IGHT( 22)

COMMON/H10/ E, DELTA, LOOPE ,LOOPA
e _GOMMONAHIMMAXN

COMMON/H12/JUMP ,PDIST,DIST
i e — - GOMMONACEOLCOMPE, COMPD RS 1+ STARS I DELRSIENDRSE
. ;
€ - - QUTAUT FOR -EQU-HL 18R IUM—POS I TION UNDER GRAVITY FORCES i

¢ :
e ENTRY—STATS—
WRITE(6,13) ‘
WRITE(6, 100)PDIST

100 FORMATA1O0Xy ' LENGTH OF THE TIELEG=1,E16.9/)
26 WRITE(6,25)EyDELTA,LOUPE f
- 25 FORMATLIX4IHEQUILIBRIUM- ROSITION UNDER—GRAVETY FORCES»LA1O0X——
12HE=¢F16 .94 10X 6HDELTA=9E16.9910Xo 19HNO. OF ERROR LOOPS=,15) :
— 27 WRITEL6,101)DEST - -
101 FORMAT(10X,*CHORDAL DISTANCE BETWEEN END POINTS=',E16.9// -
T I R T £ HERTSN NN MNP
DO 20 M = 2,MX |
s o ot P
WRITE(6928) 1o FXUM)oFY(M)oFZ (M) o XUM),YIM) oZ(M) oST(M) 4B(M)
28 FORMATA /£y 5%y LSEGHENT -NUMBER =24 24 /10Ky — —— - e
1 O6HFX({M)=gEL6.99 10Xy 6HFY(M)=9EL16.9410Xs6HFZ(M)=4EL6.9 /10X, k
2 SHX(M)=yE16¢Oy1 0Ky SHYAM)=yEL6v Oy 10Xy SHEMI =1 EL6+F 4 10Xy~ — - - —
3 6HST(M)=yE16.9,10XySHB(M) =,E16.9)

1000 FORMAT(10Xs6HRX(M)=, E16.9, 10K 6HRY (M) =1E16.9,10X+6HRZ(M) = El6. 9) .
60 -FO 420429 s JUNR - - — s BSOS IS

29 WRITE(6yL1)HORIZL(M),HEIGHT (M)
11 FORMAT { 15X ¢ LOWHOR IZL (M )=1E 16,9+ 10Xy LOHHEIGHTAMI = 96169} — ——
20 CONT INVE .
e RETYURN—— e —3

QUTPUT FOR EQUILIBRIUM POSITION UNDER ACTING FORCES -~ — — -~ e -

OaOOO .

ENERY: DYNERNS- - o e Ll e - e
WRITE(6,13)
MR e 16
16 FORMAT( 10X, *EQUILIBRIUM POSITION UNDER ACTING FORCES®'//)
17 WRITE(6912)E+DELTAL,LOOPELOORPARPSY IS e G
12 FORMAT(10Xy2HE=y EL6 .9y LOXy 6HDELTA=yEL16.9/13X,19HNO. OF ERRCR LUOPS
1=9159 10X922HNO. OF ACCURACY LOOPS=915/15Xs14HCURRENT ANGLE=y — —
2F8.3/)
- 60-30--27- il

END




D. SAMPLE OUTPUT

A computer QUTPUT as obtained from the subroutine OUTPUT and TIEQOUT is

reproduced in this section. This is done to present the format in which the

output should be expected.
-cee @ - e - v e e ] - @ e v . ] - * .- - o0 @ ¢ - «q iy
‘ First part consists of the equilibrium configuration of the array system
when only gravity forces are acting. Next follows the configuration under
the action of hydrodynamic forces produced because of the current (in this
case only zero degree angle of attack is considered). The printout for main
cable array is shown only for cable number 1. There is a similar format for

the other two cables.

P P A
e
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APPENDIX II

SPECIAL FEATURES FOR USING THE COMPUTER PROGRAM

The Computer Program that has been described in Appendix I can be used

by using appropriate data cards. Because of the truncation errors made by

) the computer it is necessary to choose the appropriate cutoff values that
will suggest that the method has been used satisfactorily to simulate the
cable system. A brief description of these cutoff values is made in the
following paragraphs:

A. Cutoff Value to Define the Acceptable CQEpletion of Imaginary Reaction

Routine

As described earlier in Chapter I, the equilibrium configuration of the
array system is obtained if E, the measure of error between the end coordinates,
as obtained by system of forces at hand and the correct ones as specified, is
zero. Theoretically, the iteration would continue until E is identically zero
i.e., until the equilibrium configuration (under the constant applied forces)
is obtained exactly. However, because of computer roundoff errors, it is not
possible to achieve this and as such a cutoff value, that would define the
acceptable completion of the imaginary reaction routine, has to be defined.

If this cutoff value is denoted by COMPE, then the imaginary reaction

routine is considered to have given the satisfactory equilibrium configuration

of the cable system when

E < COMPE (1,II)

That is, when

xM(n),n: YM(n),n: ZM(n),n for n = 2 and 3 for the

main arrays and Y 2., for the tie leg array, are all within COMPE
: "MN: MN

from their true anchor values.
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B. Cutoff Value to Define the Acceptable Completion of the Successive

Approximation Iterations
As described in Chapter I COMPD denotes the fixed accuracy value and is

used to suggest the acceptable completion of the successive approximation routine.
That is, the equilibrium coordinates of any cable station for two successive
iterations are compared. If the coordinates differ by less than COMPD, the
iteration is considered satisfied.

However, introduction of COMPE as a cutoff value also introduces an error,
again within YCOMPE from the actual equilibrium coordinates, into the coordinates
calculated for every cable station. With the result, it is important that the
cutoff value COMPD for the successive approximation iteration be chosen outside
the value of this inherent error.

A safe minimum value for COMPD(9) is

COMPD = 10 vCOMPE

C. Cutoff Value to Define the Acceptable Completion of the Force Balance

Condition
The force balance condition, as described in Chapter IV, is said to have
been satisfied if

FFX + RX1 = 0

FFY + RY1 = 0

FFZ + RZ1 = O
where FFY and RYl are defined by equations (1,4). FFX, FFZ and RXl, RZ1 are
similar forces in the X and Z direction respectively.

However, because of computer roundoff error some cutoff value is defined

which would suggest that the force balance condition has been satisfied to an

acceptable degree. This value is defined by TIECOM.

2
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TIECOM can be made very small, since binary search routine will make the values
of FFY and RY1l converge to an acceptable positive number. An acceptable value
for TIECOM could be 1 1b.

D. PRECISION FOCUS

This convergence concept was suggested by G. H. Savagél3)and is used

in conjunction with the § method of convergence discussed in Chapter I. It
utilizes the past performance of the force and displacement to bring the cable

1 array to the required coordinates. Referring to Figure 17, the end of the

cable is released from point K' and imaginary reactions are applied at the
free end. For each iteration, depending upon the position of the K end, additive
forces given by equation (20,1) are added to the imaginary reactions. After
a certain number of iterations, it is possible to bring the K end to its X
and Z coordinates within limits of COMPE. Normally the above process would
be applied until y coordinate is also within the limits of COMPE. However, it
has been found that this situation: is not always possible to achieve. The
positive number § often becomes too small to make any significant difference
in the additive force given by equation (20,1), the E never becomes less

than COMPE and, therefore, equilibrium configuration is not obtained. To

cope with this problem, after x and z coordinates have been obtained within
the limits of COMPE, the Precision Focus convergence approach is applied. To
demonstrate this method, Figure 17 represents the plot between force FY,
which is the end reaction, and the Y coordinate. Pt. H represents a point

v of intersection, the point which represents the exact y coordinate to which the

k end of the cable should strive to reach.
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O4Nd'-1-"|R H

Figure 17: The Precision Focus Concept

If, at the present iteration, the y coordinate (Yp) to which K end of
the cable has reached is represented by point P on the curve, then at this
point, the force Fy pulling at the end is given by 0Q. Also at this point,
a record is kept of previous iteration, wherein the y coordinate of the K
end of the cable was represented by point M and a force Fy represented by ON
was pulling on it.

Then between these two iterations, MP represents the slope of the curve.

If B is the angle as shown then

_ g

tan B = MG

where GP = 0Q - ON

and MG = MN - PQ

Also at this point, the aim is to increase the y coordinate by (yP + PQ)
and to do this, a force increase represented by HQ will be required to do so. }
Thus, the new additive force is given by

AFy = S % PQ ‘ 4

This force is added to force (Fy) which coupled with forces FX and FZ

would bring the cable to point R and the process is repeated until y coordinate 3

is obtained within the limits of COMPE.
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Since the above approach utilizes the past performance and takes into
account the slope of the curve, this method seems to avoid the problem posed
by the positive number 6§ getting too small.

Close to point H, the curve gets flat with the result that it is

possible to get into a position wherein points P and M are same i.e., PQ ~ MN = O.i
When this happens the control is reverted back to th: irevious convergence concept.
This concept is utilized until x and z coordinates are within the limits of
COMPE, at which point control is passed over to Precision Focus again. This
provess is then repeated until E‘§_COMPE at which point equilibrium configuration
is obtained.

E. ASSUMPTIONS USED IN THE COMPUTER MODEL*

In this section a discussion is made of the assumptions made in the
computer model. These assumptions are made only for the purpose of convenience
and are not necessary from a theoretical point of view.

l. Subroutine VPROFL deals with the current profile. In the program,

a profile assuming a series of straight line segments of arbitrary

length and scope has been used. However, the analysis developed has

been unrestricted. The analysis requires evaluation of the integral

as defined by equations (29,3). Thus, any velocity profile could be
used as long as the above integral could be evaluated.
However, if current profile consists of series of straight line
segments, as in our case, this integral can be evaluated exactly¥*¥.
As such, this profile was chosen to write the computer program.

2. On all runs made with the computer program as given in Appendix I, a
uniform current profile was used. Current velocity of 0.6739 per sec.

was assumed all the way from the bottom (z = o) to the surface. This

*The reader who desires to use the computer program using a different data
set than listed in Appendix I is referred to Sub-Sections 6 and T of this Sectil
#*#*The evaluation is performed in Appendix II, Skop and Kaplan, "Stati¢ Configurat

of a Tri-Moored, Subsurface Buoy.g»
8




velocity profile, as suggested earlier, was broken up into series of straight
line segments. The program is written to take into consideration any velocity
profile, but a constant profile was used in this study to provide easy
comparison of hydrodynamic forces at all points on the array system.

Only one angle of attack of current was used to study the hydrodynamic
behavior of the structure. The facility tohaveadifferent angle of attack
exists in the program.

It was observed from various computer runs made with the computer program

as listed in Reference 9, and modified to suit the facility at the
University of New Hampshire,that the worst displacements of the Subsurface

Buoy were encountered with the angle of attack of the current as zero degrees
(B=0). As such, for the analysis of the present array system, current with
only this angle of attack was used.

As described in Chapter IV, a Binary Search Routine was suggested to be used
to satisfy the force balance condition in aminimum number of subroutine
iterations. Forces in the y - coordinate directions posed the majority of
problems. As such, this routine was used only in the y - direction. Should
continued use of this program indicate difficulties in the X or Z coordinate
directions, then the Binary Search Routine may need to be applied there too.
The results that are discussed in Chapter V were obtained by using some of
the data listed in a report by R. G. Paquette entitled "Seaspider Hydrodynamics,"
dated 24 April 1969. This uses a surface buoy along with the subsurface buoy
in accordance with the lumped parameter representation. This, however, is
not necessary and any other data set can be used.

The length of the tie leg array and length of each segment of the tie leg

array were determined by the program internally. This also was done only for




simple convenience. If the length of the tie leg is to be given,
then a change in the program would have to be made accordingly.

T. The tie leg array is used as a neutrally buoyant array. However,
since it is not possible to have this in practice, it was decided
to make the array 1% positively buoyant. This was done by using
floating objects, with their weights in water as a reference.

From this the weight of cable/ft. in water was determined internally
by the program. This situation can very easily be reversed. Also,
since the length of each segment was determined internally, it was

also decided to space the floating objects equally in the segments

by the program internally. This is completely for the purpose

of convenience.

F. OTHER CONSIDERATIONS

Besides the above cutoff values there are special cases in which the
program may never obtain the equilibrium configuration i.e., E may never
obtain the value of COMPE. There can be one of the two possible reasons
for this to happen.

1. The convergence factor §, as discussed in Chapter 1, approaches

zero as E approaches zero., Consequently, for a very small value of §
no change will occur in the applied imaginary reactions as a result
of the significant figure limitations of the computer. When this
happens COMPE is too small. This problem can normally be alleviated
by either using Precision Focus or increasing the value of COMPE.

2. One of the cable segments has developed zero tension or has gone

slack. In this case the array is statically unstable. This
condition also results from no change in imaginary reaction. The

computer program for the tri-moored array has been equipped to

. " sl il el s il




give out the error printout: for the benefit of the user.

In Figure 18, a logical diagram,showing briefly step-by-step description of

how the computer program proceeds to determine the equilibrium configuration

of the cable system,is presented.

n

LI




L)

Evaluate the weight
forces for the main
array and assume values
for FFX, FFY, FFZ

—— calculate new values.of

Calculate No-current
configuration under
the influence of forces
FFX, FFY, and FFZ and
gravity forces

Use Subroutine tie Teg and,
calculate its Equilibrium
configuration under gravity
forces. Record the values
of RX1, RYl and RZ1l.

Test for force balance
criteria

pr—— Tf it is Satisfied

S
If it is not Satisfied -
Use Binary Search to

FFX, FFY, FFZ
Srcmossmase et

Evaluate hydrodynamic
forces under assumed
current profile and
calculate the equili- ‘1
brium configuration
under these set of forces
and FFX, FFY, FFZ

¥

Use Subroutine tie leg
to calculate the equili-
brium configuration of
tieleg under the action
of hydrodynamic forces

Test for force balance *I

criteria

If it is not satisfied,
use Binary Search to

recalculate new values
of FFX, FFY, FFZ

If it is Satisfied

Store the No -current
(gravity) equilibrium
configuration

Figure 18:

Compare the No -current
configuration with the
configuration under assumed
current profile

T2

Logic Diagram Showing Step-by-Step Description of Computer Program.




Gt

10.

11.

12.

13.

REFERENCES

Alekseev, N. I. "On the Equilibrium Shape and Tension of a Flexible String
Acted upon by External Forces that are Functions of the Orientation
of the String in Space," PMM J. Appl. Math. Mech. 28:1147 (196k4).

O'Brien, T. "General Solution of Suspended Cable Problems," J. Structural
Division, Am. Soc. Civil Engineers, 93 (no. ST1): 1(1967).

Ostrowski, A. M. "Solution of Equations and Systems of Equatiens," Second
Edition, New York: Academic Press 1966.

Maxwell, James.Clark, "On the Calculations of the Equilibrium and Stiffness
of Frames," Philbsophical Magazine 27 (1864), p. 29k.

Paquette, R. L., and Hendersen, B. E. "The Dynamics of Simple Deep Sea
Buoy Mooring," G. M. Defense Research Laboratories, Nov. 1965.

Pode, L. "Tables for Computing the Equilibrium Configuration of a Flexible
Cable in a Uniform Stream," David Taylor Model Basin Report 687, March 1951.

Sniffin, G. N., and Savage, G. H. "Analysis of the Motien of a Tri-Moored
Buoy with Neutrally Buoyant Legs," University of New Hampshire Engineering
Design and Analysis Laboratory Technical Report No. 104, Feb. 1968.

Skop, R. A., and O'Hara, G. J. "The Static Equilibrium Configuration of Cable
Arrays by Use of the Method of Imaginary Reactions," NRL Report 6819,
February 28, 1969. ‘

Skop, R. A., and Kaplan, R. E. "The Static Configuration of a Tri-Moored,
Subsurface, Buoy-Cable Array Acted on by Current-Induced Forces,"
NRL Report 6894, May 1L, 1969.

Walton, T. S., and Polachek, H. "Calculation of Nonlinear Transient Motion
of Cables," David Taylor Model Basin Report 1279, July 1959.

Pahuja, S. C., "Modeling and Analysis of a Tri-Moored Buoy Structure with

one Tie-Leg", M. S. Dissertation, University of New Hampshire, Jume 1970.

Skop, R. A. and O'Hara, G. J., "The Analysis of Internally Redundan
Structural Cable Arraysd' NRL Report 7296, Sept. 1971. ;

Savage, G. H. "The Design and Analysis of a Submerged, Buoyant, Anchored
Pipeline for Transporting Natural Gas Through the Deep Ocean" Ph.D.
Thesis, Stanford University, August, 1970.

‘e

73




