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LONG CABLES UNDER STEADY OCEAN

LOADS WITH COUPLED TENSION/TORSION

CHAPTER 1. INTRODUCTION

The purpose of this study is to develop an analysis method for

curved cables which accounts for the coupled effects of tension and

torsion in helically wound wire rope. The method should be capable

of solving for the tension, torque, location and orientation of each

point along a hydrodynamically loaded cable which is curved in three

dimensions. In this introduction, several aspects of cable behavior

are discussed, the properties of helically wound wire rope are

described, and the solution strategy which forms the basis of this

work is outlined.

1.1 Cable Characteristics

An ideal cable is a structural element which sustains uniaxial

tension only. Transverse shears and moments and resistance to torque

are considered negligible. It is a load-adaptive element in that it

responds to loads by adapting its equilibrium geometry to carry all

applied loads by tension alone. An ideal elastic cable is homogene-

ous in construction, and axial strain in the cable is assumed to be

proportional to the product of the modulus of elasticity of the cable

material and the area of the cross section. These definitions of an

ideal cable are restrictive but adequate for many engineering pur-

poses. This study addresses some problems of cable behavior in which

the above definitions are not adequate.

Real cables in use today are not filaments that are shear and

moment free, but rather are constructed of materials which do experi-
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ence shear and bending stresses, especially at the endpoints. Addi-

tionally, except for cables comprised of a single continuous fila-

ment, no real cable is homogeneous in construction. In wire ropes,

discontinuities exist between the wires, and axial strain is not

simply proportional to the cross-sectional area of the rope. In

addition, the wires in a wire rope are actually helices which develop

significant bending and contact stresses under the application of

tension to the rope, and induce torque in the rope due to the winding

about the centerline of individual wires and strands. Figure 1

illustrates typical wire rope construction.

Wire rope is comprised of steel wires wound about a steel, hemp

or polypropylene core, forming a strand. In a multi-strand wire

rope, these strands are themselves wound about a hemp, polypropylene

or wire rope core. The direction of winding may be either to the

right (right lay) or to the left (left lay), and the strands in dif-

ferent layers may be wound in different directions. If the wires

Figure 1. Multi-strand wire rope
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in a strand are wound in the opposite direction to the winding of the

strand about the rope core, the rope is said to be regular lay. If

the wires in a strand are wound in the same direction as the winding

of the strand about the core, the rope is said to be lang lay. The

outer strands of the rope in Fig. 1 are regular lay, the core strand

is lang lay.

The direction and type of lay is of primary importance in deter-

mining the rotational characteristics of a wire rope. The direction

of lay determines which way the rope will tend to rotate under ten-

sion. A right lay rope will rotate to the left as the wires and/or

strands straighten and unwind; a left lay rope will rotate to the

right. In a multi-strand wire rope, two conditions may act to limit

this rotation: (1) If the rope is regular lay, the rotation of the

individual wires in each strand will tend to counter the rotation of

the strands themselves, and (2) if different layers of strands are

wound in opposite directions, each layer will tend to rotate the rope

in opposite directions. Applying these criteria to the rope of Fig.

1, it can be seen that the only factor tending to limit this rope's

rotation is the regular lay of the outer strands.

The rotation of a regular lay rope tends to tighten the outer

wires of each strand, whereas the rotation of a lang lay rope tends

to loosen the outer wires. In both cases, stress redistribution

occurs which causes some wires to be more highly stressed than others

(Costello, 1979, 1983). Additionally, the loosening of the outer

wires in a lang lay rope may lead to "secondary bending" of the outer
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wires if the rope is passed over a sheave; this secondary bending can

cause failure of a rope due to fatigue (Gibson, 1982).

With rotation of either type of rope, lengthening occurs as the

wires and/or strands straighten with unwinding. Thus, rotation is an

important contributor to axial strain. For a given tension, axial

strain will always be greater in a rope which rotates than in one

which does not. One study (Costello and Phillips, 1976) found a 56%

variation in the effective modulus of elasticity between the rota-

tion-prevented and rotation-permitted conditions.

Stress redistribution, loosening of outer wires and rotation-

induced strain are factors which make the elimination of rotation

desirable. This is not always feasible; in most applications there

are competing considerations which may govern the way a rope is

used. Conversely, there may be applications in which the rotational

characteristics of wire rope may be used to advantage; in these

cases, the understanding of those characteristics is essential.

One method used to limit rope rotation is to use a regular lay

and to wind alternate layers of strands in opposite directions. A

theory has been developed by which an inside left lay rope may be

combined with an outside right lay rope to produce a non-rotating

rope (Costello and Miller, 1980), but it is acknowledged that the

theory's validity is limited to relatively small rope loads for which

the load-rotation relationship is linear. Reduced rotation wire

rope, for which rotation under load is minimized but not eliminated,

has been used in the ocean environment for many years. The specifi-

cation for three-strand "torque balanced" rope requires that the
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rotation be less than one degree per foot when the cable is fixed at

one end and free to rotate at the other (Lucht, 1982).

Another method used to limit rope rotation is to prevent the

rotation of each end. Tension in the rope then produces a torque

which is countered by the end reactions. The magnitude of the torque

is a function of the rope diameter, radius and pitch of the wire

and/or strand helices, angle of lay, wire diameters, etc. In

general, the tension-torque relationship is not linear, but may be

approximated by linear expressions which are valid for a range of

loads (Knapp, 1979; Velinsky et al., 1984).

The prevention of rotation at each end of a cable is not suffi-

cient to guarantee that rotation will not occur elsewhere in the

cable scope. Indeed, this is the case in almost all applications of

practical interest. As an example, consider a wire rope suspended

vertically and fixed against rotation at the top and the bottom. If

the only load on the cable is its self-weight, the tension at the top

is equal to the weight of the cable and the tension at the bottom is

zero. The torque in the cable, however, is constant, as required by

the laws of statics. Since the rate of twist is a nearly linear

function of tension and torque, it varies with the tension, producing

rotation at points between the cable ends. In this example, the

cable rotation is a maximum at the quarter points and zero at the

midpoint and the ends. Rotation of a long curved segment of wire

rope is more complex, but the same principles apply.
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1.2 Wire Rope in the Ocean Environment

In the ocean environment, wire ropes are widely used for sea-

keeping of buoys, platforms and vessels. They are used for the

lifting and placing of objects on the ocean floor, and for the hoist-

ing of loads on board ships. They are used by the fishing industry

for trawling, and by military and oceanographic research vessels for

towing equipment arrays. Lengths of several miles are not unusual,

and curvature is nearly always three dimensional.

As is the case with land-based applications, there are four

basic types of loads on a cable in the ocean environment: (1)

applied loads, (2) loads due to self-weight, (3) hydrodynamic loads

and (4) inertia loads. Due to the higher density of the fluid

medium, hydrodynamic loads are of greater importance in the ocean

environment than in air, and due to the more significant buoyant

force, loads due to self-weight are of less importance.

The load-displacement relationship of an oceanic cable is often

highly non-linear. Neglecting non-linearities in the tension-

torsion-strain relationship, two sources of non-linearity remain:

(1) geometric non-linearity due to potentially large displacements

and (2) load non-linearity due to geometric dependency and velocity-

squared variation of hydrodynamic drag.

1.3 Previous Research

The non-linear aspects of oceanic cable behavior make analytic

expressions infeasible for all but the simplest problems.

Historically, numerical methods of solving cable problems which suc-

cessfully deal with these non-linearities fall into four categories:
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lumped parameter methods (Liu, 1977; Leonard and Nath, 1981), finite

element methods (Leonard, 1972; Webster, 1975), the method of

imaginary reactions (Skop and O'Hara, 1970; Rosenthal and Skop, 1980)

and direct numerical integration (Choo and Casarella, 1972; Leonard,

1980; Chiou, 1985). The first two methods solve matrix equations

written in terms of unknown displacements at discrete node points

along the cable scope. Accuracy is proportional to the number of

node points and iteration is employed to account for variations in

stiffness due to large displacements. The third method is analogous

to the consistent displacement method as applied to framed struc-

tures; iteration is used to achieve convergence on displacement con-

tinuity requirements. The fourth method integrates differential

equations of equilibrium along the cable scope. Accuracy is propor-

tional to the number of integration steps. This is the method used

in this study to find the value of each problem variable at discrete

points on the cable.

Direct numerical integration of the governing equilibrium equa-

tions involves the solution of an initial value problem: the value

of each problem variable is specified at the initial boundary; the

governing differential equations are solved for the first integration

interval; their solutions comprise the initial values for the next

interval, and the process is repeated until the end of the cable is

reached. The value of each problem variable at the end of the last

integration step is the terminal boundary value.

In most cable problems of practical interest, not all of the

initial values are known. At least some of the terminal values,
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however, are almost always known. The problem, therefore, reduces to

one of finding the unique set of initial values which results in the

computed values at the terminal boundary being equal to the known

boundary values. Previous applications of direct numerical integra-

tion to cable problems (Leonard, 1980; Chiou, 1985) have accomplished

this with a four step iterative process:

(1) Make estimates of the unknown initial values.

(2) Integrate the governing differential equations to the

end of the cable.

(3) Form a vector of differences (errors) between the

computed terminal values and the known terminal

values.

(4) Solve for improvements to the initial estimates

using a matrix of gradients which relates the initial

estimates to the errors.

This process is repeated until the terminal boundary value

errors are within specified limits. The elements of the matrix of

gradients are calculated based on the analytic partial derivatives of

the governing differential equations.

1.4 Scope of Study

Cables considered in this study are assumed to have the same

cross section and unit weight for all points along their length.

Time-varying effects of the material properties, such as fatigue and

creep, are not considered. Concentrated loads between the endpoints

are not considered. All loads are assumed to be steady-state, and

the dynamic aspects of cable behavior are not investigated.
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Hydrodynamic loads are assumed to be caused by relative motion

of the cable and the fluid medium surrounding it. This relative

motion is specified as a fluid velocity, and may vary spatially in

the vertical direction. Since the vertical component of ocean cur-

rents is generally small, the fluid velocity is assumed to act

entirely in the horizontal plane. Normal and tangential drag forces

on the cable are determined with the drag term of the generalized

Morison equation. Drag coefficients are considered to be a function

of the Reynolds number.

Two consequences of tension-torsion coupling in submerged wire

rope are considered: (1) variation of equilibrium geometry with

cable rotation and (2) reactionary torque. Additionally, the vari-

ation of torque in a long submerged hose with a non-circular cross

section is investigated.

The method of direct numerical integration is used, with the

exception that the elements of the matrix of gradients are computed

empirically by perturbing each of the estimated initial variables in

turn while holding the others constant.

A computer program KBLTORK (listing in Appendix B) using the

FORTRAN language is written for use on a microcomputer; several

validation and example problems are solved with a desktop personal

computer.

In Chapter 2, the differential equations governing the

equilibrium of a curved cable segment are developed. Chapter 3

describes the use of these equations in a solution algorithm to solve
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cable problems. Chapter 4 contains the descriptions and results of

four example problems.
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CRAFTER 2. GOVERNING EQUATIONS

In this chapter, first order differential equations are

developed to describe the equilibrium of forces and geometry of a

hydrodynamically loaded cable. The force parameters of interest are

tension and torque, the geometric parameters are the global coordi-

nates and angle of twist of a point on the cable centerline.

2.1 Equilibrium Equations

The governing equations used in this study are based on the

equilibrium of an elastica (Love, 1944), with local and global

coordinate systems as shown in Fig. 2.

, K2

Figure 2. Force resultants on a curved cable segment
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Note in Fig. 2 that Z1, Z2 and Z3 define a Cartesian global

coordinate system with unit vectors el, e2, e
3

. At an arc length s
A

along the cable scope, the unit vectors al, a2, and a3 define the

unit base vectors of the local coordinate system upon which Love's

equations are based. This local coordinate system remains aligned

with specific axes of the cable cross section at all points along the

cable scope. Thus, as the local coordinate axes "travel" along the

cable scope, al remains tangent to the cable axis, while a2

and a
3
rotate about that axis at a rate defined by the torsion Ki;

i.e. as the cable "twists" the two normal vectors a2 and a3 revolve

about the cable centerline. The governing differential equations for

an elastica are (Love, 1944):

dT
ds*

V2 K3 +V3 K2 +q
1
= 0

dV
2

ds*
V
3
K
1
+ TK

3
+ q

2
= 0

dV
3

ds*
TK

2
+ V

2
K
1
+ q

3
= 0

dM

ds*
M2K3 + M3K2 + Ql = 0

dM
2

ds*
M3K1 + M1K3 - V3 + Q2 = 0

dm
3

ds*
MIK2 + M2K1 + V2 + Q3 = 0

Where ds* is a differential length of the stretched cable; T is the
A

tension in the a
1
direction-

'
V
2 and V3 are shears in the a

2
A

and a
3

directions-
'
K
1,

K2, K3 are the twist and curvatures in
A .04

the al, a2, a3 directions; MI, M2, M3 are the torque and moments

about al, a2, a3; ql, q2, q3 are applied forces per unit stretched
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length parallel to the al, a2, a3 axes, and Q1, Q2, Q3 are applied

moments per unit length about al, a2, and a3.

In specializing these equations for cables the assumption is

made that the shears V2 and V3 are zero everywhere along the cable

scope. This follows from the traditional model of a cable as a

structural element which responds to loads normal to its axis by

adapting its equilibrium geometry to carry the applied loads by ten-

sion. Furthermore, it is assumed that the applied moments per unit

length Q1, Q2, Q3 are zero. These simplifications yield the

following equations:

dT
ds*

+ q
1
= 0

TK
3
+ q

2
= 0

-TK
2
+ q

3
= 0

dM
1

ds*
M2K3 + M3K2 = 0

dM
2

ds*
M3K1 + MIK3 = 0

dM

ds*
M

1
K
2 2
+ M K

1
= 0

13

(2.1.2a)

(2.1.2b)

(2.1.2c)

(2.1.2d)

(2.1.2e)

(2.1.20

Equations (2.1.2b,c) can be solved for curvatures K2 and K3:

q 3K
2 T

-12
K
3 T

(2.1.3a)

(2.1.3b)

For moments M
2
and M

3,
introduce the following elastic moment-curva-

ture relationships:



M
2

= EI
2
K
2

M
3

= EI
3
K
3

Thus, from Eqs. (2.1.3) and (2.1.4):

EI
2
q
3

M
2

=

-E1 q
3 2

M
3

=

14

(2.1.4 )

(2.1.4b)

(2.1.5a)

(2.1.5b)

Equations (2.1.2a,d,e,f) may now be written in terms of MI, T, ql,

q2, q3, E, 12, 13 and K1 as follows:

dT
ds*

+ q
1
= 0

dM, Eq1q3(I2 - I3)

ds*
+ = 0

T
2

dM2 E13q2KI M1q2
= 0

ds*

dM
3

M
1
q
3

+ EI
2
q
3
K
1
= 0

ds*

(2.1.6a)

(2.1.6b)

(2.1.7a)

(2. 1.7b)

Note that Eqs. (2.1.7) are "decoupled" from Eqs. (2.1.6). The

moments M2 and M3 may be determined from Eqs. (2.1.7) if the tension

T and torque MI are known from Eqs. (2.1.6), but M2 and M3 do not

need to be known in order to determine tension and torque. The force

parameters of primary interest are tension and torque; bending

moments in the cable, while present, are not of primary importance in

this study. Thus, only Eqs. (2.1.6) will be retained.

Inspection of Eq. (2.1.6b) reveals that if 12 is equal to 13,

the torque in the cable will be constant throughout its scope. Thus,

for example, a circular cable with the same moment of inertia for any



15

axis will experience no change in torque, and Eq. (2.1.6b) may be

solved in closed form. It was decided to retain Eq. (2.1.6b) for two

reasons: (1) Wire rope with an elliptical cross section (12 = 13) is

presently manufactured for use where bearing stresses on sheaves is

critical, and (2) the ability to deal with non-circular cross

sections expands the methodology developed in this study to include

any circular or non-circular hydrodynamically loaded structural ele-

ment which experiences primarily axial tension and torque. An

example of the latter case is that of a non-circular submerged hose

or pipeline; tension-torsion interaction may be negligible but tor-

sion-curvature interaction as expressed by Eq. (2.1.6b) may be

significant. Thus, in the interest of finding solutions to the

general case, Eq. (2.1.6b) will be retained.

With the aim of establishing a relationship between tension and

global displacement, it is desirable to express tension.T as a vector

quantity with components parallel to global vectors el, e2 and e3.

To accomplish this, a vector counterpart of Eq. (2.I.6a) will be

developed and separated into global components.

As Figure 2 illustrates, tension T acts tangent to the cable

axis and parallel to unit tangent vector al. Thus, the tension

vector T may be expressed either in terms of the local axes as:

=
I

or in terms of the global axes as:

T = TI el

(2.I.8a)

(1=1,2,3) (2.I.8b)



where hereafter a repeated index denotes summation over the range of

the index.

Equation (2.1.11) may be differentiated with respect to arc

length s* as follows:
A

dT dT
a dal= + T

ds* ds*

Substituting Eq. (2.1.6a) for dsdT and differentiating al using the

Frenet formulas (Langhaar, 1962), one obtains:

16

(2.1.9a)

d/
ds* -411a1

+ T(K3a2 - K2a3)
A

(2.1.9b)

Then, upon substitution of Eqs. (2.1.3) for K2 and K3, the tension

gradient may be written as:

dT
ds* -glal q2a2 q3a3

A

(2.1.9c)

Eachofthelocalbasisvectorsa.,i=1,2,3, can be written in

terms of the Cartesian base vectors e. shown in Fig. 2 as:

A A

ai = a e. ; i=1,2,3 (2.1.10)

Where aij denotes the component in the global j direction of the unit

vector in the local i direction.

Equation (2.1.9c) may now be written in terms of its global

components as follows:

dT
= -

2.3
e.q.a..

ds*

Since, by Eq. (2.1.8b),

dT
dT.

= e
ds* ds* i

(2.1.11)

(2.1.12)



one can now write from Eqs. (2.1.11) and (2.1.12):

dT.

a
ds* ij

17

; i=1,2,3 (2.1.13)

Equation (2.1.6b) for torque and Eqs. (2.1.13) for tension are

the governing equilibrium equations for a stretched cable segment.

2.2 Geometric Equations

The equilibrium equations developed in Sec. 2.1 are dependent on

applied forces per unit length qi in the directions ai and therefore

are functions of position and orientation in space. In this section

three differential equations for position in space are developed.

The directed differential length of a cable segment may be

written either as:

or as:

ds* = ds*a
1

(2.2.1a)

ds* = d2
i
e

A

(2.2.1b)

Solving Eq. (2.1.8a) for al and substituting in Eqs. (2.2.1), one

obtains:

ds*
ds* T

Thus, by Eqs. (2.2.2) and (2.1.8b):

dZ
i

T
i

ds* T

where T = (T.T.)
1/2

J J

; i = 1,2,3

; j = 1,2,3

(2.2.2)
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Equations (2.2.3) express the rate of change of global position

with respect to stretched differential length.

2.3 Constitutive Equations

In this section, cable constitutive relationships are introduced

which describe axial strain, twist and tension-torsion coupling in

helically wound wire ropes.

As indicated in the Introduction, tension T and torque M1 are

interdependent in a conventional multi-strand wire rope due to the

helical winding of the individual wires and strands. Axial strain e

and angle of twist per unit length K1 are similarly coupled for the

same reason. An equation which relates all 4 variables can be

written in the following form:

T k
11 k12

k
21

k
22

e

K1

where: k
11 reflects the tension due to axial strain and is

analogous to (modulus of elasticity)x(area) in an

uncoupled cable or elastica.

(2.3.1)

k12 reflects the tension due to twisting of the rope and

is equal to zero in an uncoupled cable or elastica.

k21 reflects the moment due to axial strain and is zero in

an uncoupled cable or elastica.
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k22 reflects the moment due to twisting of the rope and is

analogous to (shear modulus) x (polar moment of inertia)

in an uncoupled cable or elastica.

Constants for use in equations of this form have been derived

analytically for multi-strand wire rope based on the material proper-

ties of the wire and the geometry of the rope construction (Knapp,

1979; Velinsky et al., 1984). The research to date, however, has

been conducted in the interest of understanding wire rope behavior

and not with the intent of deriving constitutive constants for more

than a few representative rope types. Each of the cited works has

presented a method of determining the relevant constants which may be

applied to many different rope constructions, but the amount of

geometric data required is considerable and may not be readily avail-

able to the rope user. For any given wire rope it may be more

convenient to find the values of constants k11 through k22

empirically.

The stiffness matrix of Eq. (2.3.1) may be inverted to yield:

.11111 111

C
11

C
12

C
21

C
22

{MI

(2.3.2)

where C11, C12, C21, and C22 are the compliance elements of the

inverted stiffness matrix.

Equation (2.3.2) expresses the constitutive properties of wire

rope which form the basis of this work.
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2.4 Stretch

The development of equilibrium and geometric equations has thus

far dealt exclusively with the stretched differential length ds*. It

is desirable, however, to integrate the governing equations with

respect to the unstretched differential length ds, since the

stretched length of the cable is not generally known. To this end,

two types of applied force qi per unit length are recognized: body

forces, which for the static case will be considered to be gravity

and buoyant loads only, and hydrodynamic forces. In this study, the

notation qib for body forces and qih for hydrodynamic forces will be

used. These forces must be treated separately since the body force

acting on a given cable segment is a function of the submerged weight

density of the cable and of the unstretched length of the segment,

whereas the hydrodynamic force acting on that segment is a function

of the cable diameter and the stretched length of the segment.

Changes in cable diameter due to Poisson effect are neglected. If

both of these types of force are to be integrated with respect to the

same variable, one must be modified. The applied hydrodynamic force

will be modified by multiplying the hydrodynamic force per unit

length qih by the ratio of stretched length to unstretched length.

Define fih as the applied hydrodynamic force per unit

unstretched length:

ds*
fih qih ds

(2.4.1)

*The elongation ratio ds
is expressible in terms of the engineering

ds

axial strain e by:



ds*
- 1 + e

ds

and Eq. (2.3.2) may be substituted to yield:

ds*
(1 + CUT + C

12
M

1
)

21

(2.4.2a)

(2.4.2b)

The equilibrium equations (2.1.6b) and (2.1.13) may now be

written with respect to the unstretched length as:

dT.

= -a [q. + f (1 + C
11
Tds ji j jh C12M1)3 ;

i = 1,2,3

dM. E(I3-I )[f (1+ClIT+C
2M1)+12blIf (1+CHT

ds
T
2

(2.4.3a)

(2.4.3b)

Similarly, using Eq. (2.4.2a) and the chain rule of differentiation,

one can express Eqs. (2.2.3) for location coordinates 21, Z2 and Z3

in terms of the unstretched length ds as:

dZ dZ A.* Ti

ds ds* ds
=

T
(1 + e) ; i = 1,2,3 (2.4.4a)

and Eq. (2.4.2b) may be substituted to yield:

dZ
i

T
i

r (1 CUT C12M1) ; i = 1,2,3 (2.4.4b)

2.5 Angular Orientation

Equation (2.3.2) for K1 describes the twist per unit length of a

differential cable segment as a function of material constitutive

parameters Cif, the tension T and the torque MI. If Eq. (2.3.2) were

integrated over an interval, the rotation about the cable axis of

unit vectors a
2

and a
3 over that interval would be obtained. Thus if

an angle is defined at the beginning of an interval, the angle at the

end of the interval will be known.



Let 0 be defined as the angle between the local unit vector a2

and the binormal to the curved cable segment. Then the twist K1 is

the rate of change of along the segment and may be expressed as:

"
ds

- K
1
= (C21T

C22

22

(2.5.1)

2.6 Summary of Equations

The four Eqs. (2.4.3) for tension and torque, the three Eqs.

(2.4.4h) for position in space, and Eq. (2.5.1) for angle of twist

are the eight governing differential equations used in the remainder

of this work. For the convenience of the reader, they are repeated

below (i=1,2,3):

dTi

ds

ds

-aji[cljb+ fin(1
C11T C12M1)] i = 1,2,3 (2.4.3a)

E(I3-I2)Ef2h(14-C11 M1)412 lif (1+C11T+C12M )-413b1

dZ
i

Tids
= (1 + C

11
T + C

12
M
1

)

= (C
21

T
ds C22M1)

T
2

i = 1,2,3

(2.4.3b)

(2.4.4b)

(2.5.1)

These eight first order differential equations in terms of the

eight dependent variables Ti, Zi, M1, 0, constitute the field equa-

tions of a two point nonlinear boundary value problem. Analytic

solutions to realistic formulations of that problem are not availa-

ble. In the next chapter, numerical procedures to solve the posed

boundary value problem are considered.
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CHAPTER 3. SOLUTION METHODOLOGY

In the previous chapter, the eight equations governing the

equilibrium forces and geometry of a curved cable segment were devel-

oped. These equations are used in a "shooting" method solution

algorithm to solve the two-point boundary value problem defined by

the specified boundary conditions.

In the first section of this chapter, a five step solution

process is briefly described. In subsequent sections, each of the

five steps is discussed in detail.

3.1 Outline of Solution Strategy

There are eight problem variables in this study: Zi, Ti, M1 and

(i1,2,3). In every problem to be solved by the methods of this

study, four of these problem variables must be known at one boundary

(hereafter referred to as the initial point) and four must be known

at the other boundary (hereafter referred to as the terminal

point). The known boundary conditions define the problem being

solved. Consider the following example:

A floating platform is connected to the shore by a

helically armored electro-mechanical cable. The

unstretched length of the cable and the horizontal

distance between its endpoints are known, and the ends of

the cable are fixed against rotation. The water depth is

such that the cable does not contact the seafloor, and

there is a current acting normal to the problem axis.
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Desired are the tension, torque and location of each point

along the cable scope.

In this example, the known quantities at each end are the three

location variables Zi and the angle of twist 0. Unknown at the

initial boundary, whether the analyst chooses it to be the platform

or the shore, are the three tension components Ti and the torque M1,

but in order to integrate the governing differential equations, all

of the initial values must be specified. Thus, an estimate must be

made for each of the tension components and for the torque at the

initial point. The governing equations may then be integrated to the

end of the cable where the computed values of Zi and 0 are compared

to the known values. The differences between the computed values and

the known values are then used to find improvements to the first

estimates of tension and torque, and the equations are integrated

again. This is repeated until the differences between the computed

values and known values are within specified limits.

The process may be summarized in five steps:

1. Make estimates of the four unknown conditions at the

initial point.

2. Solve for the direction cosines in global coordinates

of each of the local basis vectors, based on a speci-

fied angle between the local vector a2 and the normal

to the vertical plane at the boundary.

3. Solve for the applied loads per unit length qi based

on the global coordinates Zi and the direction

cosines from Step 2.
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4. For each integration interval:

a. Find the binormal to the cable curve at the

beginning of the interval based on the loads per

unit length qi.

b. Find the angle between local basis vector a2 and

the binormal.

c. Integrate the eight governing differential equa-

tions to the end of the integration interval and

determine the value of each of the problem

variables there.

d. Find the new angle between a2 and the binormal

as the sum of the original angle and the rota-

tion within the interval from Step (c).

e. Find the principal normal to the curve and the

tangent vector al.

f. Solve for the direction cosines of the local

basis vectors at the end of the integration

interval based on the angle between a2 and the

binormal, the normal and tangent vectors, and

the original binormal vector.

g. Find the loads qi at the new location and orien-

tation and repeat from Step (a) for each inter-

val until the end point is reached.

5. At the end of the final integration interval, compare

the values of the computed problem variables to the

known conditions at the terminal point; if the com-
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bined errors are greater than the required accuracy,

estimate new initial conditions and repeat from Step

2.

3.2 Initial Estimates

One method of obtaining reasonable first estimates is to

numerically solve the transcendental catenary equations (Chiou,

1985). An advantage of this method is its speed and stability, a

disadvantage for the purposes of this study is its inability to pre-

dict torque or twist. Another possibility is to use the method of

imaginary reactions (Skop and O'Hara, 1970; Nath, 1979). This, how-

ever, has the same disadvantage of being unable to predict torsion-

related quantities.

The method used for finding reasonable first estimates by the

computer program developed in this study is a combination of

"judicious guessing" and rough improvement of the initial estimates

through the use of gradient scaling which considers each of the

unknown initial variables to be "decoupled" from all but one of the

other variables. This method recognizes the fact that each of the

tension variables affects primarily the corresponding geometric

variable, i.e. variation of T
1
at the initial point affects primarily

T1 and Z1 at the terminal point, and that the torque affects primari-

ly the total angle of twist, i.e. variation of MI at the initial

point affects primarily M1 and 4, at the terminal point. The first

estimates made by the analyst are used to integrate once to the

terminal point where individual errors are computed, then the initial

estimates are "perturbed" a small amount and another integration
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cycle is performed, using the same number of integration steps. Each

of the initial estimates is then improved by linear scaling as

described below and shown in Fig. 3. After the first cycle, the

initial estimates are no longer perturbed, rather the differences

between the errors in the current cycle and the errors of the pre-

vious cycle are used to find the current gradients.

ERR,

0
cc
w ERR2

INDEPENDENT VARIABLE

Figure 3. Decoupled linear scaling



Based on Fig. 3, each initial guess is improved as follows:

By similar triangles

G3 G23 2 ERR1 - ERR
2

ERR
2
(G

2
- G

I
)
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(3.2.1)

where: GI is the "judicious guess" for the first cycle, and the

next to the most recent estimate during subsequent cycles.

G2 is the "perturbed" judicious guess for the first cycle,

and the most recent estimate during subsequent cycles.

G3 is the improved estimate.

ERR1 is the error due to GI.

ERR2 is the error due to G2.

The above method of improving first estimates is approximate at

best since it assumes each problem variable to be decoupled from all

but one of the other variables, which is not the case. Thus, the

method is used only to improve the first estimates to within the

"capture" range of the matrix gradient method presented in Sec. 3.5,

which is used to improve the estimates to final convergence. It must

be emphasized that the above "decoupled" method is used by the

computer program developed in this study only if all three of the

location coordinates Z1, Z2 and Z3 are known at the initial

boundary. This is true in almost all problems of practical interest,

but for those problems in which it is not true, judicious guessing is

the only option. The method has the advantage of being able to
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improve estimates for torque as all three tension components, and has

proven to be extremely insensitive to the quality of the "judicious"

first estimates.

3.3 Orientation of Local Basis

Integration of the governing equations developed in Chap. 2

requires the applied loads to be expressed in components along the

local basis vectors. The fluid velocity, however, is generally known

only in terms of its global components. Thus, the global components

of the local basis vectors are required at every integration point.

In this section, two methods for determining those components are

developed, and a way of defining the angular orientation of the cable

cross section at the endpoints is described.

This section is divided into 3 parts: (a) orientation between

the endpoints, (b) orientation at the endpoints, and (c) material

torsion vs. geometric torsion.

a. Orientation Between Endpoints

The local basis vector a1 is the unit tangent vector. It is

related to the global tension vector T by Eq. (2.1.11), i.e.

= Ta
1

(2.1.11)

This may be solved for the global components of a as follows:

T1e1 + T2e2 + T3e
T 1 1 2 2 3 3

a1
=

1 T

= a
11

e
1

a
12

e
2

+ a
13

e
3

Thus,

(3.3.1)
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3
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(3.3.2)

(3.3.3)

(3.3.4)

where, as before, aij refers to the component of local basis vector i

in the global j direction.

Local basis vectors a
2

and a
3
are not as easily defined since

they are perpendicular to the cable axis and are affected by twist.

Their change in orientation between one end of an interval and the

other is determined by the change in orientation of the unit tangent

vector and the angle of twist at the end of the interval. To measure

that angle of twist, the normal, binormal, tangent coordinate system

is introduced (see Fig. 4).

In Fig. 4, the principal normal n is perpendicular to the cable

in the direction of the center of curvature and the binormal b is

orthogonal to both n and al. Note that if curvature in any given

cable segment occurs entirely within one plane, the binormal b will

remain constant in its orientation, i.e. b at the beginning of the

segment and b the end of the segment will be parallel. Also,
A

since b is always parallel to a vector along the axis of curvature,

the angle between any arbitrary cable axis and the binormal is

constant in the absence of twist. These two properties of the

binormal make it useful in determining the amount of twist within a

planar segment.

The integration method of this study approximates the 3-dimen-

sional curve of a cable scope as a series of planar curves of
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r

Figure 4. The n, b, al coordinate system

constant curvature. This arises from the fact that for any integra-

tion interval, the segment represented by that interval has its

curvature defined by the values of the side loads qi and the tensions

Ti at the beginning of the interval. Thus, for each of these planar

segments, the binormal b is constant and may be used as a reference

axis in determining twist within the segment and subsequently

defining the change in orientation of the local basis vectors. This

may be accomplished in 3 steps:

1. Find the binormal for the segment based on the side loads qi at

the beginning of the segment.



32
+ K3a3

1/2
b = (3.3.5)

(K2 + K3)

where K2 and K
3 are the curvatures (with units of inverse

length) about the a2 and a3 axes, respectively. Equations

(2.1.7) and (2.1.8) may be substituted for K2 and K3 in Eq.

(3.3.5) to yield:

q3a2 q2a3
b =

2 2)1/2 = b1e1 + b2e2 + b3e3

c13)

(3.3.6)

which may be separated into components in Cartesian directions

as follows:

bl =
gea21 q2a31

2 2)1/2
(g2 (13)

q3a22 q2a32
b
2

=
2 2)1/2

(g2 (13)

q3a23 - q2a33
b
3
=

2 2)1/2(q2

(13)

(3.3.7)

(3.3.8)

(3.3.9)

2. Find the angle e (see Fig. 4) between the unit vector a2 and the

binormal b:

9 - cos (a
2
*I)) = cos

-1
(a

21
b
1+ a 22 b 2+ 8'231)3)

(3.3.10)

3. Find the orientation of the local basis at the end of the

interval based on the new unit tangent vector al and the total

angle of twist within the interval. As before:

T
1

a =
11 T (i = 1,2,3) (3.3.2,3,4)

A

Find the the unit normal n by a cross product:



bX al
n = A A = nlel + n2e2 + n3e3

lb X all

Therefore,

nl = b2a13 b3a12

n2 = b3a11 - b1a13

n
3

= b
1
a
12

- b
11
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(3.3.11)

(3.3.12)

(3.3.13)

(3.3.4)

Find the new angle 6 between the unit vector a2 and the binormal b:

de
6 e ds

ds

de
where c-Ti. is given by Eq. (2.5.1).

Referring to Fig. 4, the direction cosines of the unit vector a2 may

now be found as follows:

a
2

= cose b sine n

Or, in component form,

a
21

= cose b
1
- sine n

1

a
22

= cose b
2

- sine n
2

a
23

= cose b
3
- sine n

3

A

(3.3.15)

(3.3.16)

(3.3.17)

(3.3.18)

And lastly find the direction cosines of the unit vector a3 by a

cross product:

(3.3.19)



a31 812823 813822

a32 = a13a21 - a11a23

811822 a12821
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(3.3.20)

(3.3.21)

(3.3.22)

b. Orientation at Endpoints

Equations (3.3.1) through (3.3.22) summarize a method for deter-

mining the orientation and rotation of the local basis vectors

between the endpoints, but since the equations are dependent on the

unit tangent vector a1 and the binormal b, they are not generally

useful at the ends of the cable where the orientation must be speci-

fied by the analyst. At the ends, the orientation with respect to a

vector with global significance is required. Figure 5 illustrates

the definition of angle A which will be used at the problem

boundaries.

Figure 5. Unit normal N and angle A



As shown in Fig. 5, A is the angle between the unit vector a2

and the normal N to the vertical plane containing the unit tangent

vector a
l'

where

e X al
N =

le
1
X all
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(3.3.23)

In the event the cable is vertical, N will be arbitrarily

assigned the direction of the global unit vector e3. In all cases

the following relationships are true:

4,4 A

cos A = Na
2

sin A al = N X a2

From Eq. (3.3.22) (noting that N/ is always zero),

cos A = N
2
a
22

+ N
3
a
23

and from Eq. (3.3.25),

a
11
sin A = N2a23 + N3a22

a
12
sin A = N a

21

a
13
sin A = -N

2
a
21

(3.3.24)

(3.3.25)

(3.3.26)

(3.3.27)

(3.3.28)

(3.3.29)

For any non-vertical cable orientation three conditions are possible:

Condition 1. N
2

= 0

Condition 2. N3 = 0

Condition 3. N
2

and N
3 are non-zero

Depending on which of the above conditions applies, the following
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relationships based on Eqs. (3.3.26) through (3.3.29) may be used to

find the direction cosines of the unit vector a
2

:

Condition 1. N
2

= 0

a
23

= cosX

a22 allainA

a
21

= a
12
sinX

Condition 2. N
3

= 0

a
23

a
11
sinX

a
22

= cosX

a21 = a13sinA

Condition 3. N
2
and N

3 are non-zero

a
II

cosy + sinA
2 3

a
23

=
N
3

N
2

N
2

N
3

N
1

a22 cosA -si X22 N
2

N
2

n

a
12

a21 N
3

sinX

The above expressions, for each of the appropriate conditions,

define the orientation of the unit vector a
2

at the initial point.



The direction cosines of the unit vector a3 m ay be determined, as

previously, by a cross, product of al and a2.

At the terminal point, the value of A may be determined as fol-

lows:

Find the normal to the vertical plane containing the unit tangent
A

vector a
1

:

N

A
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(3.3.23)

A unit vector B which is orthogonal to al and N may then be found

by:

B = al x N (3.3.30)

Using al, N, and B, the sine and cosine of A may be determined:

A A

cosy = Na
2

sinA = Ba
2

and A may be determined by

A = cos
-1

(cosA)
IsinAl

(3.3.24)

(3.3.31)

(3.3.32)

Equation (3.3.32) yields A as an angle between -11 and 11, where

the algebraic sign of the sine term determines whether A is positive

or negative. If the sine is zero, A will be taken as zero.

c. Material Torsion vs. Geometric Torsion

Note that the computed A at the terminal point is adequate to

describe the orientation of the cross section, but since A is limited



to the range of -11 to 7r, it cannot account for cable rotations in

excess of it radians. Thus the change in A between the endpoints may

not be equal to (0, which is the differential twist per unit length

integrated over the length of the cable. Another way this may occur

is if the cable exhibits geometric torsion.

Geometric torsion is the torsion a of the line described by the

curved cable. It is defined by the Frenet formula (Langhaar, 1962):

_an"

ds
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(3.3.33)

Note that B is entirely a function of the geometry of the curved

cable; it provides no information about the material torsion K1 which

involves torsional strain of the cable material. However, B does

contribute to the change in A between the cable ends. Since the

governing equations depend on the material torsion only, A cannot be

used as a boundary condition at the terminal point.

In the computer program developed in this study, A is specified

by the analyst at the initial point to establish the orientation of

the cable cross section with respect to the vertical plane. At the

terminal point, the analyst may specify the material rotation of the

cable, i.e. (0, in which case this will be one of the four known

quantities at the terminal boundary. The analyst cannot specify the

change in A between the cable ends, since this change is the sum of

the geometric rotation and the material rotation 4), and the geometric

rotation is generally unknown. It should be noted that in most cases

of practical interest, the geometric rotation is small, and the dif-

ference between 4 and the change in A is negligible. If it is sus-
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pected that the difference may be significant, the geometric rotation

may be found by specifying 0 to be zero and computing the change in

a.

3.4 Improving the Initial Estimates to Convergence

Section 3.2 described the method of obtaining reasonable initial

estimates; in this section a method of four degree-of-freedom

gradient scaling is described which is used in this study to improve

the initial estimates to convergence on the known terminal boundary

conditions. The method is a "shooting" method which has been suc-

cessful in previous applications of direct numerical integration to

cable problems (Nath, 1978; Leonard, 1980; Chiou, 1985; Leonard and

McCallister, 1986) in which estimates are made, errors are computed,

and new estimates are made according to the values of the errors.

The procedure may be summarized in four steps:

1. Make first estimates and calculate the errors.

2. Perturb the first estimates and calculate new errors.

3. Form a 4 X 4 matrix of gradients and a matrix equa-

tion relating estimates to errors.

4. Solve the matrix equation for improvements to the

first estimates and start again at Step (1).

This sequence is continued until the square root of the sum of

the squares of the errors is less than the desired precision. In all

cases, four terminal boundary conditions are known and specified, and

four initial conditions are chosen as "estimates". In the general

case, these four initial conditions are truly unknown, but there are

many special cases in which only three or even only one may be
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unknown. In these cases, the first "estimates" for the the known

initial conditions will be exact, and faster convergence may

result. Key elements of the procedure are considered in detail

below.

a. Calculating Errors and Perturbing Estimates

With the object of determining the gradient of each known termi-

nal condition with respect to each initial estimate, the errors due

to those "base" initial estimates are computed. One of the initial

estimates is then perturbed a small amount, the governing equations

are integrated from the initial point to the terminal point, and

errors due to the perturbed estimate are computed. The next estimate

is then perturbed a small amount, and new errors are computed. This

is repeated until each of the four initial estimates has been

perturbed and sixteen "perturbed" errors have been accumulated. The

differences between the "base" errors and the "perturbed" errors are

calculated, forming a group of sixteen differences-in-error. Ratios

are then formed of the differences-in-error and the differences

between base estimates and the perturbed estimates. These ratios

approximate the gradients of each known terminal condition with

respect to each base estimate. This relationship is expressed as:

where:

C E
de 1 ii-=
dG. G - G (i,j = 1...4) (3.4.1)

i it ip

G is the ith base initial estimate.

G
ip

is the i th perturbed initial estimate.

jthej is the error in the boundary condition.
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cji jthis the error in the terminal boundary condition due

to the base initial estimates

eji j
ththe error in the final boundary condition when

the ith initial estimate is perturbed.

b. Amount of Perturbation

Choosing a suitable magnitude of perturbation is important due

to the non-linearity of cable problems; the computed gradient of any

given terminal condition with respect to one of the initial estimates

is a function of the magnitude of the perturbation. In general, the

magnitude of the perturbation should be as close as possible to the

actual change required in the variable being perturbed. Unfortu-

nately, this change is unknown prior to perturbing each variable and

solving the 4 X 4 matrix equation for new estimates. A reasonable

guide, however, is the magnitude of the previous change made to the

variable being perturbed. In this study, a perturbation of 10% of

the base initial estimate is used for the first perturbation only.

Subsequent perturbations are taken as 50% of the change required in

the previous improvement cycle. The expressions for determining the

amount of perturbation in the first and subsequent cycles respec-

tively, are:

where:

G p = 1.10 (G )

G
ik
p = .50 (G

ik
G
ik-1

) +
Gik

G.,p is the perturbed initial estimate for the i th variable

in the first improvement cycle.
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G
il is the base initial estimate of the i th variable;

generally the product of the "decoupled" estimate improve-

ment method of Sec. 3.2.

G
ikp is the perturbed initial estimate for the i

th
variable

in the kth improvement cycle.

G
ik is the most recent improved estimate for the i th vari-

able in the kth improvement cycle.

c. Forming the Matrix Equation

A matrix equation may be written to relate the errors in the

computed terminal boundary conditions, the gradients of terminal

boundary conditions with respect to initial estimates, and the

changes in initial estimates required to make the computed terminal

boundary conditions equal to the known conditions. This equation has

the form:

where:

{c} = [J]tAcl (3.4.4)

{e} is a vector of errors due to the incorrect initial

guesses.

[J] is a matrix of gradients.

{AG} is a vector of differences between the incorrect ini-

tial guesses and the theoretically exact values.

In previous applications of direct integration to cable problems

(Leonard, 1980; Chiou, 1985), the elements of the matrix of gradients

were determined analytically as partial derivatives of the known
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governing equations. In this study, analytic partial derivatives

cannot be determined because of the necessity of re-orienting the

local basis prior to each integration step, introducing in effect a

discontinuity for each integration interval. Thus, the elements of

the matrix of gradients are approximated empirically by the methods

of (a) and (b) above. Despite this difference in the origin of the

matrix of gradients Ph its function is the same, and Eq. (3.4.4)

may be solved for improvements to the initial guesses Gi. Expanding

Eq. (3.4.4) to a 4 X 4 set of equations, one may write the system as

follows:

Cl
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e
4

.1.0.111
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de
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1
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1
de

1

dG
1

dG
2

dG
3

dG
4

de
2

de
2

de
2
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3
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3

ddG
1

dG
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dG3 dG
4

de
4

de
4

de
4

de
4

dG
1

dG
2

dG
3 dG

4

p

AG
1

AG2

AG
3

AG
4

where each derivative is approximated by Eq. (3.4.1).

d. Solving the Equations and Improving Estimates

Rather than inverting matrix [J] of Eq. (3.4.4), the four equa-

tions are solved simultaneously for the AGi. The system is solved by

L-U decomposition of [J] with row interchange and scaling (Gerald and

Wheatley, 1985) to minimize the loss of numerical precision when some

errors are significant while others are close to zero. When the AGi

have been found, the improved initial estimates are given by:



AG.

th
iwhere G* is the improved i nitial estimate.
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(3.4.5)

Equations (3.4.1) through (3.4.5) comprise the method of

improving initial estimates to convergence on known terminal boundary

conditions.

3.5 Applied Loads

Two types of applied loads are considered in this study: gravi-

ty loads due to cable buoyant self-weight, and hydrodynamic loads due

to relative movement of the cable and the fluid medium surrounding

it. Concentrated loads between the endpoints are not considered

here, however the methodology developed in this study could readily

be adapted to accommodate them. In this section, equations are

developed to express the applied loads in terms of components along

the local 1, 2 and 3 axes. Hydrodynamic loads will be considered

first.

The general Morison equation for Q, the hydrodynamic drag per

unit length on a fixed vertical cylindrical pile is (Morison et al.,

1950)

where:

2
dV 1

P
D-- +C

I D
Cm

4 dt
CD

2

Q
I

= inertial force vector per unit length.

QD = drag force vector per unit length.

P = the mass density of the fluid.

D = the diameter of the pile.

(3.5.1)
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CM and CD = hydrodynamic force coefficients for inertia and

drag, respectively.

V = horizontal fluid velocity, which may be expressed as:

N7 = V2e2 + V;e3.

IVI = fluid speed which may be calculated by:

IVI = (V4)1/2

In this study, only steady currents are considered, i.e.

(-FE

Thus the inertia term of the general Morison equation may be dis-

carded and the force equation becomes:

-CI -41) CD P D ;1;1 (3.5.2)

Equation (3.5.2) expresses the drag force per unit length on a fixed

vertical cylindrical pile due to a steady horizontal current. Q acts

in the direction of fluid velocity V and its magnitude is propor-

tional to the square of the magnitude of the velocity V2 , which is

VIwritten as V to account for flow direction, where IVI =

(VeV)
1/2

. Cables are not always vertical in a horizontal current and

fluid velocity relative to a curvilinear cable is not always normal

to the cable axis. Thus Eq. (3.5.2) must be modified to account for

the tangential and normal components of total drag force QT

and Q
N' respectively (Choo and Casarella, 1972; Chiou, 1985):

-^
'N 1 c'DN P D -;NI;N1 3.5.3)



QT 2 CDT p D
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(3.5.4)

Equations (3.5.3) and (3.5.4) express the normal and tangential

drag forces per unit length based on the corresponding vector compo-

nents of velocity VN and VT.

Referring to Fig. 6, the tangential component of velocity is

given by:

Ti = ;1 = V2a12 + V3a
13

and is parallel to the unit tangent vector, so that

4 4.

VT
= IVTIa. =

14Tiallel
1;TIa12e2 IITTIa13:3

VT

(3.5.5)

(3.5.6)

Figure 6. Normal and tangentical components of velocity



The normal component of velocity may now be found by substraction:

;
N

= ; -
T

and components along the a2 and a3 axes may be found by:

V
N2

= V
N
.a

2

V
N3

= V
N
*a

3

The total normal force Q
N may now be expressed as:

where

QN 1 CDNPD
'NI"NI 2 'DNP' (VN2a2 + Voa3)IVNI

4.11 QN2 a2 QN3 a3
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(3.5.8)

(3.5.9)

(3.5.10)

(3.5.11)

may be expressed in terms of components along the local axes by:

1 +
QN2 (12h 7 CDN P D VN2IVNI

1

QN3 (I3h CDN P D VN3&I

(3.5.12)

(3.5.13)

in which 412h and q3h are the applied hydrodynamic forces per unit

length. The tangential drag force is given by

QT glhal 2 CDT P D ;TI;TI (3.5.14)

Drag coefficients CDN and CDT vary with the Reynolds Number Re,

which is a function of the normal component of fluid velocity, the

cable diameter and the kinematic viscosity of the fluid. Based on

R
e,

C
DN may be determined by the following expressions (Ref. 28):



R
e

< 2x10
5

CDN = 0.7
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(3.5.15a)

2x10
5

< R
e

< 5x10
5

C
DN

= 7.858 - 1.256 log
10
R
e

(3.5.15b)

5x10
5

< R
e

C
DN

= 1.2

In this study, CDT will be taken as:

C
DT = 0.01 C

DN

(3.5.15c)

(3.5.15d)

The only body forces considered in this study are due to gravity

and buoyancy, and are assumed to act always in the direction of

global unit vector el. Thus the al, a2 and a3 components of the body

force may be expressed by:

a
lb

= W(a
1
*e

1
)

'

A A

421) W(a2e2)

3b
= W(a

3
*e

3
)

'

(3.5.16)

(3.5.17)

(3.5.18)

where: W = the submerged unit weight of the cable

gib' cl2b and q3b = the body forces in the local 1, 2 and 3

directions, respectively.

Equations (3.5.12) through (3.5.18) express the applied forces

per unit length based on the normal and tangential components of

fluid velocity and the unit weight of the cable.

3.6 Nondimensionalization

In order to improve numerical accuracy in the integration of the

governing differential equations, the equations are nondimensional-



ized. The nondimensionalizing parameters chosen are the following:

unstretched length Lo, the buoyant unit weight W, the helix pitch

length P, the average radius R, and the modulus of elasticity E.

Relationships between nondimensional quantities (denoted by an

asterisk) and dimensional quantities are as follows:

(Z, s*, L*) = (Zi, S, L )
o L

o

1
(T*, T*) = (Ti, T)

WL
o

(Mt) * (M.)
12

(it'
ft) (qv fi)

1

(C* ) * (C21)E R2
2

11

(C*
1 22'

C*
1
) = (C12' C

21
)E R

3

(C22) = (C
22

)E R
4
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(3.6.1)

(3.6.2)

(3.6.3)

(3.6.4)

(3.6.5)

(3.6.6)

(3.6.7)

In program KBLTORK, listed in Appendix B, these nondimensional

quantities replace their dimensional counterparts in Eqs. (2.4.3),

(2.4.4) and (2.5.1). Additionally, the problem boundary conditions

are nondimensionalized. Thus, all numerical manipulation is per-

formed with nondimensional variables of similar order of magnitude.

Prior to displaying the solution, all output quantities are redimen-

sionalized.

3.7 Integration Method

The method chosen to integrate the governing differential equa-

tions is an Euler predictor-corrector method with one correction
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cycle (Gerald and Wheatly, 1985). The advantage of this method is

that each of the governing equations is evaluated only twice for each

integration step and, more importantly, the orientation of the local

basis vectors must be determined only twice. A typical higher order

integration method, such as a Runge-Kutta method, may require as many

as four evaluations of each of the governing equations and four

determinations of the local basis orientation.

The primary disadvantage of this method is that it requires more

integration steps to achieve a specified accuracy than would a higher

order method. For cable problems this is not seen as a major disad-

vantage, since the desired solution often includes values of the

problem variables at locations between the endpoints as well as at

the ends themselves. For these problems, better definition of the

intermediate values is achieved as the number of integration steps is

increased; using a higher order integration method and decreasing the

number of integration steps would be counterproductive.
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CHAPTER 4. EXAMPLE PROBLEMS

In this chapter, four example problems are solved to demonstrate

the validity and usefulness of the solution algorithm developed in

the previous chapters.

Problem 1 investigates the effect of rotation on the sag of a

rope suspended in air and compares the results with experimental

evidence. Problem 2 is that of a ship towing a body on the seafloor

with a current in the direction of the ship's motion which varies

linearly with depth. The results are compared with previously pub-

lished results. In problem 3, the computer program is applied to

finding the torque applied by a helically wound cable to a neutrally

buoyant body being towed through a current field which changes direc-

tion with depth. Problem 4 investigates the several possible torque

states of a non-circular hose which is suspended horizontally in a

constant current field acting normal to the problem axis.

4.1 Problem 1: Wire Rope Sag

As part of a hockling study, the rotation-strain characteristics

of a wire rope were determined by experiment (Mabey, 1987). As shown

in Fig. 7, the rope, with unstretched length Lo, was suspended

vertically with a weight W at the bottom and the distance L was

measured. The bottom was restrained against rotation and the top was

then rotated a specific number of revolutions, torque M1 was measured

and the shortened distance L was re-measured. This was repeated

until the rope hockled, or formed a kink due to excess torque.

In Figs. 8 and 9 it can be seen that the rotation-strain and

rotation-torque relationships are approximately linear below a strain
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Figure 7. Determination of tension-torsion constants
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Figure 9. Torque vs. rotation
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of 5%, or about 80 revolutions. The data corresponding to the curves

at 20 and 60 revolutions were thus used to determine the values of

constants C11 through C22. At both points, the known tension,

torque, axial strain and rate of twist were inserted in Eq. (2.3.2)

to form two matrix equations. The matrix equations were then solved

simultaneously to yield the four material constants. The rope

properties are summarized below:

Rope type: 6 strand, right lay, regular lay

Diameter .3125 ft (0.9525 m)

Unit weight .188 lb/ft (2.74 N/m)

Unstretched length 29.0 ft (8.84 m)

C11 1.91x10
-4

/lb (4.29x10-5/N)

C12 - 3.25x10- 2 /lb -ft (-2.40x10-2/N-m)

C
21 -4.02x10-2/1b-ft (-2.97x10-2/N-m)

C22 10.32 /lb -ft2 (24.97/N-m2)

After the rope properties were determined, an identical specimen

of the rope of length 25.25 ft (7.70 m) was suspended horizontally as

illustrated in Fig. 10 with a horizontal span of 24.5 ft (7.47 m).

One end of the rope was free to rotate and the other was fixed

against rotation. The sag f at the midpoint was measured, the free

end was rotated a specific number of revolutions and distance f was

remeasured. This was repeated to 40 revolutions of the free end.

Program KBLTORK was used to model the horizontally supported

rope, based on the the experimentally determined rope constants.
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Figure 10. Measurement of sag vs. rotation
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Figure 11 shows the computed results superimposed on the experimental

results.

The program provided very good results for end rotations below

20 revolutions, corresponding to a twist per unit length of approxi-

mately 5 rad/ft. In this range, the material properties are nearly

linear, and the methods of Chapters 2 and 3 model the cable behavior

well. Not shown in Fig. 11 are the portions of the curves above 20

revolutions. In this range the curves gradually diverged due to the

fact that in the experiment, the rope central axis developed a

helical shape under the influence of torque and low tension, i.e.

"pre-hockling" distortions appeared. This further shortened the rope

and decreased the sag. This suggests that short and lightly loaded

segments of wire rope may exhibit nonlinear material behavior which

is not predicted by the governing equations of Chapter 2.

4.2 Problem 2: Towing of an Undersea Buggy

Figure 12 illustrates the problem of a ship towing a body on the

seafloor, with a current in the direction of the ship's motion which

varies linearly from 3 knots (1.54 m/sec) at the surface to zero at

the seafloor. The drag force on the body is specified as 900 lb

(4003 N). This problem was originally solved (De Zoysa, 1978) using

the Wilson model for hydrodynamic force (Wilson, 1964) and direct

numerical integration. The problem has subsequently been solved by

direct numerical integration using the Morison force model (Chiou,

1985).



3 KTS
15 KTS

Figure 12. Towing of an undersea buggy
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The problem parameters are:

Unstretched length of cable

Submerged weight of cable

Diameter of cable

Mass density of water

Normal drag coefficient

Tangential drag coefficient

1000 ft

0.841 lb/ft

0.05 ft

1.99 slugs/ft3

1.0

0.0157

(304.8 m)

(12.3 N/m)

(.0152 m)

(1026 kg/m3)

The initial point is taken as the ship end of the cable where

the conditions are:

Z1 =0

Z 2=0

Z 3=0

= 0

The terminal boundary conditions are:

Z
1
= 500 ft (152 m)

T
2 = 900 lbs (4003 N)

T3 = 0

M1 .0

It is desired to know:

(1) the trail of the body, d, behind the ship
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(2) the tension at the ship

(3) the tension at the towed body

The cable is considered to be inextensible and uncoupled with

respect to tension and torsion, i.e. C11
= C12 C21 = O. Initial

estimates for T
1
and T2 were taken to be 1000 lbs (4448 N) and 2000

lbs (8896 N), respectively. Initial estimates for T3 and 111 were

zero. The problem was solved with 21 integration steps and a non-

dimensional error tolerance of .00001. A comparison with the

previous results is presented in Table 4.1 where the trail has been

divided by the unstetched length, 1000 ft (304.8 m) and the tensions

by the submerged weight of the cable, 841 lbs (3741 N).

Table 4.1. Present study vs. previous solutions

Quantity
Present
Study

Chiou
(1985)

De Zoysa
(1978)

Trail (d)/Length of cable .822 .822 .829
(0%) (.9%)

Tension @ ship/Wt of cable 8.067 8.184 6.571
(1.5%) (18.5%)

Tension @ buggy/Wt of cable 7.260 7.288 5.690
(0.4%) (21.6%)

Note: The percent difference with respect to the present study is
shown in parentheses.

Note that there is very good agreement between this study and

Chiou's solution for all the variables considered, and good agreement

with respect to the trail for all three solutions. The tensions

reported by De Zoysa vary considerably from those found by this study

and by Chiou due in part to the differing force model used by De
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Zoysa, and possibly in part to the type of integration routine and

number of integration steps used. In this study, and in Chiou's

study, the Morison force model and 21 integration steps were used,

whereas De Zoysa used the Wilson force model with an unreported

number of integration steps. This study uses a modified Euler inte-

gration method; Chiou and De Zoysa used a fourth order Runge-Kutta

method.

4.3 Problem 3: Torque Applied to a Towed Body

As shown in Fig. 13, a ship is towing a neutrally buoyant

body. The ship speed Vo is in the negative e2 direction. The magni-

tude of the current vector is constant at 1 knot (.514 m/sec), but

the vector rotates linearly with depth through 180 degrees such that

the current is in the same direction as the ship's motion at the

surface and opposite to the ship's motion at a depth of 500 ft (152

m). Below that depth, the current remains constant at 1 knot (.514

m/sec) and opposite to the ship's direction of motion. Three

different speeds of the ship are considered, Vo=1,2,3 knots (.514,

1.03, 1.54 m/sec).

It is desired to know the equilibrating torque which must be

developed by the fins on the towed body to prevent rotation of the

body about its axis in the direction of motion. In the absence of

any other applied torque, this will be the torque applied by the

cable due to tension-torsion coupling. Also, the problem will be

solved for the case of no torque, i.e. with the ends free to rotate.

Two different cables are considered: (1) a helically armored

electromechanical (EM) cable and (2) a Seale 6x19 wire rope. The
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Figure 13. Towing of a neutrally buoyant body



problem parameters are:

Unstretched length of cable 1500 ft

Submerged weight of cable 1.0 lb/ft

Diameter of cable 0.083 ft

Mass density of water 1.99 slugs/ft3

(457.2 m)

(14.6 N/m)

(0.0253 m)

(1026 kg/m3)

64

Kinematic viscosity of water 1.0x10-5 ft2/sec (9.3x10-7 m2/sec)

The tension-torsion properties are listed in Table 4.2.

Table 4.2. Tension-torsion properties of two cables.

Constitutive
Coefficients

EM Cable
(Knapp, 1979)

6x19 Wire Rope
(Velinsky et al., 1984)

C
11

1 /lb 3.33x10-7 6.56x10-7

(1/N) (7.49x10-8) (1.47x10-7

C
12 1 /lb -ft 1.08x10-5 -6.29x10-5

(1/N -m) (7.97x10-8) (-4.64x10-5)

C
21 1 /lb -ft 1.06x10-5 -6.17x105

(1/N-m) (7.82x10-6) (-4.55x10-5)

C
22 1/1b-ft 2

3.89x10-3 6.58x10-3

(1/N-m2) (9.41x10-3) (1.59x10-3)

The initial point is taken as the ship end of the cable where

the conditions are:

Z
1
= 0

Z
2

= 0

Z
3

= 0

0 = 0
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The hydrodynamic drag on the towed body is specified as 500 lb

(2224 N) in the direction opposite to its motion. It is assumed (and

must be verified after solving the problem that its depth is greater

than 500 ft (152 m). The boundary conditions at the towed body are

therefore:

T = 0
1

T
2 = 500 lb (2224 N)

T 3=0

= 0

It is desired to know:

(1) the torque applied by the cable to the towed body

(2) the Z1, Z2, Z3 coordinates of the towed body

(3) the tension at the ship end of the cable

The current field was modeled by specifying V2 and V3 at eight

depths between 0 and 500 ft (152 m) and at 1000 ft (3048 m). Linear

interpolation is used by the program to solve for current velocities

between the specified points.

The program was executed with 40 integration steps and a non-

dimensional error tolerance of 0.00001. Results for the case of ends

fixed against rotation are shown in Tables 4.3 through 4.5 and in

Figs. 14 and 15.

Note that the solutions for specific values of Vo for the two

cables differ only in the magnitude and algebraic sign of the

torque. The differences in the tension-torsion properties of these



Table 4.3. Fixed-rotation solution for Vo=1 kt (.514 m/sec)

M1 (lb-ft)
(N-m)

At the Z1 (ft)
towed body: (m)

Z2 (ft)

(m)

Z3 (ft)
(m)

At the T1 M)
ship:

T2 (lb)
(N)

T3 (lb)

Armored
EM Cable

6 x 19
Wire Rope

-2.41
(-3.27)

8.28
(11.2)

908 908
(71.0) (71.0)
1141 1140

(3487)
(347.7)

38
(11.6) (11.6)

1175 1175
(5227) (5227)

781 781
(3474) (3474)

124 124
(N) (552) (552)

Table 4.4. Fixed-rotation solution for Vo=2 kt (1.03 m /sec)

Armored
EM Cable

6 x 19

Wire Rope
M

1 (lb-ft)
(N-m)

-2.28
(-3.09)

7.84
(10.6)

At the
towed body:

El (ft)
(m)

Z2 (ft)
(m)

z3 (ft)

(m)

763

(232.6)

70

C(23241:.1:03:

763
(232.6)
1260

(384.0)
70

(21.3)
At the
ship:

T1 (lb)
(N)

T
2 (ib)

T
3 (lb)

(N)

922
(4101)

879
(3910)

168
(747)

922
(4101)

879
(3910)

168
(747)

66
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Table 4.5. Fixed-rotation solution for Vo=3 kt (1.54 m/sec)

Armored
EM Cable

6 x 19

Wire Rope
M1 (lb-ft)

(N-m)
-2.18

(-2.96)
7.51

(10.2)
At the Z1 (ft) 645 647
towed body: (m) (196.6) (196.6)

Z
2

(ft) 1331 1331
(m) (405.7) (405.7)

Z3 (ft) 105 105
(m) (32.0) (32.0)

At the T1 (lb) 722 722
ship: (N) (3212) (3212)

T
2

(lb) 925 925
(N) (4115) (4115)

T3 (lb) 179 179
(N) (796) (796)

cables appear to have no effect on the location of the towed body or

on the magnitudes of the tensions at the ship.

With the aim of determining the effect of the rotation end con-

ditions (free to rotate or fixed against rotation) on the equilibrium

tensions and configuration of the tow cable, the problem was also

solved for the free-rotation condition. The boundary conditions at

the ship are the same as for the fixed rotation condition. The

boundary conditions at the towed body are:

T
1 210 $

T
2 = 500 lb (2224N)

T3=0

0



Table 4.6. Free-rotation solution for Vo=1 kt (.514 m/sec)

Armored
EM Cable

6 x 19
Wire Rope

0 (rad) 14.0 -81.7
At the
towed body:

Z1 (ft)

(m)

908
(71.0)

908
(71.0)

Z
2 (ft) 1141 11401

(m) (347.7) (347.7)
Z3 (ft) 38 38

(m) (11.6) (11.6)
At the T1 (lb) 1175 1175
ship: (N) (5227) (5227)

T2 (lb) 781 781
(N) (3474) (3474)

T3 (lb) 1124 124
(N) (552) (552)

Table 4.7. Free-rotation solution for Vo=2 kt (1.03 m/sec)

Armored
EM Cable

6 x 19
Wire Rope

0 (rad) 13.3 -77.3
At the Z1 (ft)

1 763 763
towed body: (m) (233) (233)

Z2 (ft) 1260 1260
(m) (384) (384)

Z3 (ft) 70 70
(m) (21.3) (21.3)

At the T1 (lb) 922 922
ship: (N) (4101) (4101)

T2 (lb) 879 879
(N) (3910) (3910)

T3 (lb) 168 168
(N) (747) (747)

68
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Table 4.8. Free-rotation solution for Vo=3 kt (1.54 m/sec)

Armored
EM Cable

6 x 19

Wire Rope
4) (rad) 12.7 -74.1

At the Z1 (ft)
1 645 645

towed body: (m) (197) (197)
Z
2 (ft) 1331 1332

(m) (405.7) (406.0)
Z
3 (ft) 105 105

(m) (32.0) (32.0)
At the T

1
(lb) 722 722

ship: (N) (3212) (3212)
T2 (lb) 925 925

(N) (4115) (4115)
T3 (lb) 179 179

(N) (796) (796)

The problem was solved, as before, with 40 integration steps and

a nondimensional error tolerance of 0.00001. The results are tabu-

lated in Tables 4.6 through 4.8.

Note that the solutions for specific values of Vo for the two

cables differ only in the magnitude and algebraic sign of the end

rotation 4). Also, compare the fixed rotation solutions (Tables 4.3

through 4.5) with the free rotation solutions (Tables 4.6 through

4.8) for each value of Vo. Note that the rotation end conditions

appear to have very little effect on the location of the towed body

or on the magnitudes of the tensions at the ship.



0

100

200

300

400

0

if 500

171 600

700

Z2 (Ft)

200 400 600 800 1000 1200 1400_i _I I 1 i 1 I

800 ELEVATION VIEW

SHIP SPEED IN PARENTHESES
900 -

1000

Figure 14. Trail Z2 for three ship speeds

3



Z2 (Ft)

200 400 600 800 1000 1200 1400

25-

50-
I-'

N 75

100 I

125

1 KT)

2 KT )

PLAN VIEW

SHIP SPEED IN PARENTHESES
( 3 KT)

Figure 15. Excursion Z3 for three ship speeds



72

4.4 Problem 4: Non-circular Hose

This problem investigates the case of a cable with a non-

circular cross section. Unlike circular cross sections, for which

the torque is constant throughout the cable, in this problem the

torque will be seen to vary with location on the cable centerline.

A ship is anchored 300 ft (91.4 m) from an offshore platform and

is transferring fuel to the platform through a hose with an ellipti-

cal cross section. Both ends of the hose are fixed against rota-

tion. A 2 knot (1.08 m /sec) current which is constant with depth

flows perpendicular to an imaginary line joining the endpoints. The

problem and the chosen coordinate system are illustrated in Fig.

16. The cross-sectional dimensions are shown in Fig. 17.

The initial point is taken as the ship end of the hose where the

conditions are:

Zl = 0

Z2 = 0

Z3 = 0

0

A = 0

The terminal boundary conditions are:

Z1 =0

Z2 = 300 ft (91.4 m)
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Z3 = 0

= 0

It is desired to know:

(1) the tension at both ends of the hose

(2) the maximum sag

(3) the maximum horizontal excursion

(4) the torque in the hose and at the supports

The hose parameters, based on material properties which are

representative of synthetic rubber, (ref. 7) are listed in Table 4.9.

The hydrodynamic loads on the cable were determined in the same

manner as for circular cross sections with the exception that the

average of the major and minor diameters was used in place of a

single diameter. This is not strictly accurate since it neglects the

effects of asymmetric lift and drag, and the possibility of applied

torque. Unfortunately, published information concerning the drag

characteristics of ellipses could not be found.

Program KBLTORK was used to solve the problem with 20 integra-

tion steps and a non-dimensional error tolerance of .0001. Table

4.10 is a partial listing of the results. In Fig. 18 the sag Z1 and

excursion Z3 are plotted against distance Z2.

It was found that there are three solutions for the torque; at

the initial support under these flow conditions it may have discreet

values of -401 ft-lb (-544 N-m), -6.72 ft-lb (-9.11 N-m) or 407 ft-lb

(552 N-m). The three possible torque states and the corresponding

twists are plotted in Figures 19 through 24.



75

Table 4.9. Problem 4 hose parameters

Unstretched length 400 ft

Submerged unit weight

Modulus of elasticity

Shear modulus

D
2 8 in

D
3 6 in

Thickness 0.375 in

Area 8.25 in 2

1.0 lb/ft

1.70 x 10 5 psi

5.67 x 104 psi

1
2 26.33 in4

1
3 65.55 in4

Polar moment of inertia 91.88 in4

cll

C
12

7.125 x 10-7 1 /lb

0 1/16-ft

(122.9 m)

(14.6 N/m)

(1.17 Gpa)

(.39 Gpa)

(20.3 cm)

(15.2 cm)

(9.52 mm)

(53.2 cm2)

(1096 cm4)

(2728 cm4)

(3824 cm4)

(1.602 x 10-71/N-m)

(0 1/N-m)

C21 0 1 /lb -ft (0 1/N-m)

C22 2.764 x 10-51/16-ft
2

(6.688 x 10-5 1/N-m2 )
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Table 4.10. Partial results of problem 4.

Quantity At the Ship Midpoint At the Platform

Ti (lb) 138 0 -138
(N) (614) (0) (-614)

T2 (lb) 444 893 444
(N) (1975) (3972) (1975)

T3 (lb) 789 1 -790
(N) (3510) (4.4) (-3514)

Sag (ft) 0 17.4 0
(m) (0) (5.3) (0)

Excursion (ft) 0 116 0
(m) (0) (35.4) (0)

The existence of multiple solutions presents several difficul-

ties to the analyst. For the purpose of design it is desirable to

know the maximum and minimum possible torque at the endpoints, but it

may be equally important to know which of the three solutions is the

most likely or "expected" solution. Also, it would be useful to

understand the relationship between the problem parameters and the

solution set, so that "undesirable" solutions might be avoided

through judicious design. From a dynamic point of view, it is

important to identify the conditions under which the hose may

"switch" from one solution to another; such switching could

conceivably create boundary torques significantly higher than those

predicted by the static analysis.

To investigate the qualitative nature of the relationship

between problem variables and solutions, a systematic variation of

parameters was undertaken. Three parameters were chosen to be
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varied: (1) current speed, (2) hose aspect ratio D2/D3, and (3) the

initial angle of orientation A. Figures 25 through 27 are plots of

angle 4) at the terminal boundary vs. torque at the initial boundary

for 12 combinations of current speed, aspect ratio and (LAMDA).

Solutions, for problems in which the supports are fixed against rota-

tion, correspond to values of the torque for which the end

rotation = 0.

In Fig. 25, it can be seen that between 1.5 kt (.772 m/sec) and

1.0 kt (.514 m/sec) the solution is single-valued, and that the

magnitudes of the higher torque states decrease as the current speed

decreases. Current speeds under 1.0 kt were omitted for clarity; at

zero current; speed, the only solution was zero torque.

Figure 26 illustrates the range of solutions as the aspect ratio

is varied and the current speed remains constant at 2 kt (1.03 m/sec)

with A = 0. It can be seen that varying the aspect ratio has a

similar effect to varying the current speed; the magnitudes of the

maximum torques decrease as the aspect ratio approaches unity, and,

as expected, the only solution is torque = 0 for a circular cross

section with an aspect ratio of 1.0.

In Fig. 27, A is varied from 0 to 5r/6 in increments of w/6.

Note that there is a range of A for which the solutions are single-

valued (see curve (D)).

Each of these figures indicates that there are ranges of current

speed, aspect ratio and initial orientation for which only one solu-

tion is possible. There exists, in each case, a threshold value of

the varying parameter which marks the transition from a single-valued

solution to a multi-valued solution. In the physical problem,
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however, only two of the chosen parameters are truly variable:

current speed and angle of orientation. The aspect ratio of the hose

is fixed.

The fact that the solution is single-valued for small current

speeds suggests that, if the curves of torque vs. current speed are

continuous, the torque may be plotted against the current speed to

determine which of the multiple solutions is continuous through the

threshold speed. This continuous solution is hereafter called the

"primary" solution; those solutions which do not exist at one or more

current speeds are hereafter called "alternate" solutions. In

examining curves (B) and (C) of Fig. 25, it appears that as the

current speed increases, the solitary solution changes from approxi-

mately -50 ft-lbs (67.8 N-m) at 1.0 kt (.514 m/sec) to approximately

-250 ft-lbs (339 N-m) at 1.5 kt (.771 m/sec), at which point two

other solutions exist. Thus, if the solution varies continuously

with respect to current speed, -250 ft-lbs (339 N-m) appears to be

the primary solution for a current speed of 1.5 kt (.771 misec).

Figure 28 is a plot of boundary torque vs. current speed for the

range of 1.0 to 1.7 kt (.514 to .874 m/sec), and indicates that one

of the solution curves does indeed vary continuously through that

range, and that the threshold current speed is approximately 1.45 kt

(.746 misec).

The fact that one solution is continuous does not invalidate the

other solutions; their existence may well govern some aspects of the

design if dynamic "switching" from one torque state to another is

considered. One argument for the likelihood of switching is based on
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energy principles: if the total elastic strain energy in the hose is

least when the hose is in one of the alternate solution states,

switching to that solution would seem likely. To investigate this,

the internal energy U was calculated for the primary solution state

of -401 ft-lb (-544 N-m) at the boundary and for the first alternate

solution of -6.72 ft-lb (-9.11 N-m) at the boundary. U was calcu-

lated by:

U = f m de

90

(4.4.1)

The integral was evaluated numerically based on 20 integration inter-

vals. The results are:

Primary solution: U = 401 ft-lb (544 N-m)

First alternate solution: U = 3.67 ft-lb (4.98 N-m)

The results suggest that switching from the primary solution to

the first alternate solution is likely, and may be rapid due to the

release of considerable energy.

The modeling of the elliptical hose by program KBLTORK is defi-

cient in one important respect: lift forces due to the non-circular

cross section are not considered due to the lack of published

information concerning the drag characteristics of ellipses. The

drag forces are calculated in the same manner as for a circular sec-

tion with the exception that the average of the major and minor

diameters is used in place of a single diameter. In this respect,

program KBLTORK treats the elliptical hose as being circular, but

with differing moments of inertia about the al and a2 axes. A useful
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analogy might be a hose which is circular on the outside but non-

circular on the inside--this would have all of the solution proper-

ties predicted by the program without the unknown effects of

asymmetric lift and drag, which may include hydrodynamically applied

torque.

To some degree then, the solutions to this problem are approxi-

mations to the actual solutions, which may be dependent on the lift

and drag characteristics of the hose cross section. While the

existence of multiple solutions for non-circular cross sections seems

certain, it is felt that consideration of lift forces may determine

which of the solutions is the most stable in a given circumstance,

and may define criteria for switching from one solution state to

another.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

A method was developed to analyze long cables under static ocean

loads considering the effects of tension/torsion coupling. Addi-

tionally, the method provides for the analysis of cables with unequal

moments of inertia about the principal axes. The method was imple-

mented with a FORTRAN computer program and several example problems

were solved using a desktop personal computer.

The direct numerical integration approach to solving the two

point boundary value problem proved to be expedient and dependable.

The solution algorithm was a "shooting method" in which the estimates

for the unknown initial conditions were improved by forming a 4 X 4

matrix of gradients relating the changes in estimates to the changes

in errors. As used in this study, the approach differed slightly

from that used by previous researchers (Leonard, 1980; Chiou, 1985)

in that the elements of the matrix of gradients were obtained

empirically by perturbing in turn each of the estimated initial con-

ditions. This was found to be reliable and effective, though some-

what sensitive to the magnitude of the perturbation.

Four example problems were solved to demonstrate the validity

and usefulness of the solution algorithm. In the first problem, the

rope constitutive properties were determined experimentally and used

in the computer program to predict the change in sag of a cable sub-

jected to forced rotation. The program results were found to match

the experimental results very well for twists of less than 0.8 rad/ft

(2.6 rad/m).
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The second example was a towing problem for which the solutions

of two previous researchers (De Zoysa, 1978; Chiou, 1985) were

known. The results of this study were within 1.5% of Chiou's

results, demonstrating that the results obtained by this study's

solution algorithm are consistent with those obtained by another

method.

In the third example, a neutrally buoyant body was towed by a

ship through a current field which changed its direction with

depth. The problem was solved for two cables, three ship velocities

and two end conditions: fixed against rotation and free to rotate.

The solutions demonstrate the program's ability to solve problems in

which the loads change their direction in addition to their magni-

tude. It was also found that for the specified conditions, the

location of the cable centerline was nearly unaffected by changes in

the end conditions or rope constitutive properties.

In the fourth problem a submerged hose with an elliptical cross

section was analyzed for a variety of aspect ratios, current speeds

and angular orientations. It was found that for some combinations,

the torque and rotation solutions are not unique; up to three possi-

ble solutions were found for combinations within the range of varia-

bles considered. The prediction of multiple solutions for problems

of this type is believed to be an important finding of this study. If

multiple solutions do indeed exist, dynamic switching from one solu-

tion to another and overstressing due to inertia forces must be

considered.
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In each of the problems studied, the tension-induced torque was

small relative to the maximium tension, and the end conditions with

respect to rotation (either fixed against rotation or free to rotate)

had negligible effect on the location of the cable centerline. This

suggests that tension-torsion coupling may be of minor importance in

the design of cables without applied moments or forced rotation.

Conversely, it was found that the forced rotation of a cable with a

small sag may result in large changes of the sag. The consequences

of this may be crucial in some cable applications.

It is recommended that additional research be conducted as

follows:

1. Conduct experiments in water to verify the accuracy

of this study's solution methods.

2. Extend the methods of this study to include dynamic

loading and torsional-extensional oscillation, with

the aim of obtaining more realistic design loads and

enabling the consideration of fatigue.

3. Investigate the effects of asymmetric drag and lift

on non-circular cables for the purpose of verifying

the existence of multiple solutions, determining

which of the multiple solutions are predominant and

identifying criteria for switching from one solution

to another.

4. The determination of torque and tension at each inte-

gration point enables a check for "hockling" or

formation of a kink under conditions of high torque
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and low tension. With regard to hockling the follow-

ing investigations are recommended:

a. Use program KBLTORK to predict hockling and

verify, with experiments.

b. Develop analytic techniques to predict and

describe the "incipient hockling" condition in

which the cable centerline assumes a helical

shape. Verify with experimental studies.
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Appendix A

Program KBLTORK User's Manual

Language and hardware

KBLTORK is written in MS FORTRAN 77 version 3.2 for use on IBM

compatible equipment with the MS DOS operating system. The executable

program file KBLTORK.EXE occupies 107 kb of disk space and requires

approximately 200 Kb of RAM. An 8087 math coprocessor is not required.

Structure

The executable program file is comprised of 1 main code and 15

subroutines which are written as separate object files for ease of

modification. The main code and subroutines are listed in Appendix B.

In addition to the standard FORTRAN libraries FORTRAN.LIB and

MATH.LIB, an additional machine language library CRT.LIB is required

during linking. This library contains functions used by the input

subroutine to clear the screen and position the cursor. It is included

on the KBLTORK disk.

Input of problem parameters and program control data is accomplished

with 6 input files which may be edited interactively during program

execution. Input data may be in any system of consistent units. Use of

data files for input allows the program to be executed repeatedly

without re-entering the input data each time. The 6 data files, in order

of editing, are as follows:



CABLE.DAT

BCC.DAT

BCI.DAT

BCF.DAT

LOADS.DAT

Cable dimensions and properties

Boundary condition codes

Initial boundary conditions

Terminal boundary conditions

Fluid flow parameters

100

CONTROL.DAT Program control parameters

In all data files, entering zero for a real zero value should be

avoided. The program sometimes interprets a zero in a data 'file as a

blank; an error message may be generated. In all cases where a real zero

value is desired, enter a very small value instead. For the range of

numerical magnitudes used during the testing of this program, a value of

10-9 was found to be sufficiently close to zero in all cases where a

zero was required. Note that when an integer value of zero is required

(as in for instance, a boundary condition code) a zero must be entered.

Real numbers may be entered in either scientific format or in

decimal format, but in either case a decimal point must be entered. The

decimal point may be omitted only in the case of integer data.

The program results are written to an output file named OUT.DAT. The

output data are the values of each of the problem variables at each

integration step in the order: Z1, Z2, Z3, T1, T2, T3, M1, 0. With the

exception of the first row of data, each row of data corresponds to the

computed values of the problem variables at the end of an integration

step, starting with the first step. The first row of data contains the

values of the problem variables at the initial boundary. The output file

contains results only; input parameters are not included. Printing of

the input data files is left to the user's discretion. This may be
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conveniently accomplished by using a print screen command during the

input portion of program execution.

Operating the Program

Begin execution by typing KBLTORK. The first screen presents brief

instructions for responding to prompts and an explanation of boundary

condition codes. The second screen displays the cable dimensions and

properties contained in file CABLE.DAT. As is the case with all of the

input files, this data may be accepted in its entirety by typing RETURN

or may be edited by typing N in response to the (Y/N) prompt. The data

in file CABLE.DAT is ordered as follows:

E Modulus of elasticity of the cable material

W Buoyant unit weight of the cable

D2 Diameter along the a2 axis

D3 Diameter along the a3 axis

12 Moment of inertia about the a2 axis

13 Moment of inertia about the a3 axis

LP Helix pitch length of the wire rope

LO Unstretched length of the cable

A Constitutive constant C11

B Constitutive constant C12

C Constitutive constant C21

D Constitutive constant C22

In any given problem, some of the above data may be inapplicable or

unnecessary. If for instance, the cable is actually a chain or a hose,
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there may be no helix pitch length. In this case the pitch length may be

entered as one unit (the pitch length is used for nondimensionalization

only; its value affects the program results very slightly). Additional-

ly, the cable may be uncoupled with respect to tension and torsion in

which case parameters B and C will be zero.

The third screen presents the boundary condition codes contained in

file BCC.DAT. Each code (one for the initial boundary and one for the

terminal boundary) is an eight-integer sequence of ones and zeros which

correspond to the eight problem variables in the order Z1, Z2, Z3, T1,

T2, T3, M1, 0. A one in a boundary condition code indicates that the

value of the corresponding problem variable is known at that boundary; a

zero indicates that the value is unknown. Consider for example, a cable

suspended horizontally between supports of known locations with the

cable endpoints unrestrained against rotation. The appropriate boundary

condition codes are:

Near end: 1 1 1 0 0 0 0 1

Far end: 1 1 1 0 0 0 1 0

In each code the ones in positions one, two and three indicate that

the three location components are known; the zeros in positions four,

five and six indicate that the three tension components are unknown. In

the near end code, the zero in position seven indicates the torque is

unknown and the one in position eight indicates the angular orientation

is known. In the far end code, the one in position seven indicates the

torque is known (it must be zero if the endpoints are not restrained

against rotation) and the zero in position eight indicates that 0 at the

terminal boundary is unknown.
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After editing the boundary condition codes, the next two screens

allow the acceptance or editing of the known boundary conditions in

files BCI.DAT and BCF.DAT. Four boundary conditions may be edited in

each file.

Following the boundary condition files, file HYDRO.DAT containing

the fluid properties and a description of the fluid velocity field is

edited. The relevant fluid properties are the kinematic viscosity

(required in the calculation of the Reynolds number) and the mass

density (for use in the Morison equation). The fluid velocity field is

described in terms of components in the directions of global unit

vectors 62 and e3 at up to ten depths. The vertical (e1) component of

fluid velocity is considered to be zero.

Next, estimates may be made for each of the unknown problem vari-

ables at the initial boundary. The estimates are contained in file

BCI.DAT along with the values of the known problem variables at the

initial boundary.

The last of the input data files to be edited is file CONTROL.DAT

containing program control parameters. The nine parameters are as

follows:

1. Geometric torsion flag

Causes angle A to be displayed at the terminal boundary

2. Load factor

A factor (less than 1) which multiplies the computed normal and

tangential hydrodynamic loads. Generally used for problems in which

it is desirable to apply the hydrodynamic load in steps.
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3. Load factor increment

Used with automatic load factor incrementing.

The load factor is incremented by the specified value when conver-

gence on the terminal boundary conditions is achieved to the

specified precision; incrementing ceases when the load factor is

equal to unity.

4. Over-relaxation factor

This factor (less than 1) multiplies the computed changes required

in the initial estimates before the changes are made.

5. Number of iterations to unity

Provides for the gradual change of the over-relaxation factor

toward unity based on the number of iterations performed.

6. Estimate increment factor

Imposes a limit to the size of the change which may be made to an

initial estimate. The maximum change is expressed by this factor as

a decimal fraction of the estimate.

7. Perturbation factor

Determines the size of the first perturbation to the initial

estimates. The perturbation size is expressed as a decimal fraction

of the estimate. Subsequent perturbation sizes are taken as one half

of the previous change required in the estimate.
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8. Maximum nondimensional error

The error criterion which determines whether satisfactory conver

gence has been achieved. The error is computed as the square root of

the sum of the squares of the individual errors.

9. Number of integration intervals

Dictates the number of integration intervals to be used between the

cable endpoints.

Several of the above parameters may be varied during program

execution without modifying file CONTROL.DAT. These parameters are:

over-relaxation factor, estimate increment factor, maximum nondimen-

sional error and number of integration intervals. In addition, the load

factor may be changed if automatic load incrementing is not in effect.

Following the editing of file CONTROL.DAT the first integration of

the governing equations begins. As integration proceeds, the values of

the problem variables at the end of each integration step are displayed

on the screen as they are computed. At the end of the last integration

step the "target" values at the terminal boundary are displayed below a

horizontal line and may be compared with the calculated values above the

line. Asterisks on the target line indicate unknown conditions at the

terminal boundary.

After the first integration sequence, the message "Do You Want to

Modify the Initial Guesses? (Y/N)" is displayed. A negative response (N)

will result in improvement of the initial estimates with the method of

four-degree-of-freedom gradient scaling described in Section 3.4. The
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program is then "locked in" to this method until convergence is obtained

or the program is halted. A positive response to this prompt (simply

type RETURN) results in the prompt "Use Automatic Improvement? (Y/N)". A

positive response here will cause the estimates to be improved by the

decoupled linear scaling method of Section 3.2.

A negative response will allow the initial estimates to be improved

by "judicious guessing". The purpose of both of these methods is to

improve the estimates of the unknown initial conditions to within the

"capture" range of the gradient scaling method of Section 3.4. Thus,

when the computed terminal boundary conditions are judged to be reason-

ably close to the target conditions, the prompt "Do You Want to Modify

the Initial Guesses?" should be answered in the negative.

After convergence on the known terminal boundary conditions has been

achieved to the specified precision, the prompt "Do You Want to Re-run?

(Y/N)" is displayed. A positive response will allow re-execution of the

problem with a different number of integration steps and/or precision.

The most recent (and accurate) values of the initial boundary conditions

will be used as estimates in the re-execution. A negative response will

result in the writing of the output data to the file OUT.DAT and exiting

to DOS.

General notes

The pages above comprise an overview of the structure and operation

of program KBLTORK. Many of the operating instructions presented above

are inflexible and allow no choices on the part of the user. Some

aspects of the program operation are, however, highly discretionary--the
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quality of the user's judgement may mean the difference between solving

a problem quickly and accurately or not solving the problem at all. In

this section, a few operational guidelines are presented based on hours

of experience in solving different types of cable problems. These

guidelines are not exhaustive, nor do they apply to every conceivable

type of problem. There is no substitute for understanding the principles

of the program's operation and gaining experience in its use by solving

cable problems.

The single item of greatest value to the analyst is a feel for the

"stability" of the problem, i.e. the degree to which convergence is

dependent on the quality of the initial estimates. A very stable problem

may generally use only the gradient scaling method (decoupled linear

scaling and/or judicious guessing will not be required) and convergence

will be achieved within two or three iterations. In the physical sense,

there is not a strict definition of stability which applies in all

cases. In general, the stability increases as the prestress and stiff-

ness increase; the stability is lowest when the stiffness is lowest. An

example of a stable problem is that of a cable suspended horizontally

between supports of equal height and with a chord ratio of 90% or more.

In this problem, the prestress and stiffness are high throughout the

cable. The problem will remain stable for any reasonable hydrodynamic

load. An example of an unstable problem is that of a cable suspended

vertically in a current field with the lower end free. The stiffness at

the upper end may be fairly high, but the stiffness at the lower end

approaches zero. The stability of this problem is dependent on the
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magnitude of the hydrodynamic forces--convergence may be very difficult

to achieve for all but the smallest current speeds.

With the above definitions of stability in mind, the use of the

program control parameters in file CONTROL.DAT may be discussed. The

values given for specific control parameters, based on the degree of

stability, are intended solely as guidelines; optimum values for any

given problem may generally be found only by trial and error. It should

be emphasized that perhaps the vast majority of cable problems may be

considered stable and "fine tuning" the various control parameters is

unnecessary. If a problem is of uncertain stability, use of the "stable"

parameter values is recommended as a first step.

1. Load factor

Stable: 1.0

Typical range: .01 to 1.0

In general, the problem should be executed first with a load factor

of 1.0 and if convergence is not achieved a smaller factor and automatic

incrementing may be used. Five or ten load increments would make a

reasonable second try. When automatic load incrementing is used,

specifying a fairly "loose" precision will expedite the progression

toward a load factor of 1.0.

2. Over-relaxation factor

Stable: 1.0

Typical range: .01 to 1.0
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This factor seems to be less related to the stability of the problem

than to the accuracy of the initial estimates. Thus, the program

execution may benefit from a relatively small over-relaxation factor for

the first few iterations and a factor of 1.0 when convergence is

imminent. Stable problems may generally use a factor of 1.0 for all

iterations, regardless of estimate quality.

3. Number of iterations to unity

Stable: not applicable if the over-relaxation factor is 1.0

Typical range: 10 to 100 (maximum 999)

As mentioned above, convergence may be fastest if the over-relaxa-

tion factor approaches unity when convergence is imminent. Thus, the

number of iterations to unity should be approximately the same as the

estimated number of iterations to convergence. When in doubt, it is safe

and conservative to specify a number on the high side; at worst this

will increase the number of iterations required, whereas specifying a

low number may allow divergence.

4. Estimate increment factor

Stable: 1.0

Typical range: .01 to 10.0

Most useful when the estimates are known to be close to the correct

values. Two notes of caution may be helpful: (1) A very small value

should not be used unless all of the estimates are known to be close and

(2) a value of less than one may cause slow convergence if any of the

initial estimates is nearly zero.
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5. Perturbation factor

Stable: .01

Typical range: .0001 to .01

Controls only the first perturbation of the initial estimates.

Generally most useful when the initial estimates are suspected to be

close to the correct values.

6. Maximum nondimensional error

Typical range: 10-1 to 10-5

A relatively "loose" tolerance may be used to advantage if the

program will be re-executed after convergence (this may be the case if

either the load factor or the number of integration steps will be

changed). For the final execution, a maximum error of 10-5 will usually

produce convergence on the terminal boundary conditions to two decimal

places.

7. Number of integration intervals

Allowable range: 3 to 100

For most of the problems used in the testing of this program, 20

integration intervals were found to be adequate. Using more than 20

intervals produced no significant differences in the unknown boundary

values. The exceptions to the 20-interval guideline are problems in

which the current velocity field varies greatly with location in space.

Since the program uses the values of fluid velocity at the beginning of

an integration interval to determine the hydrodynamic forces acting on
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the corresponding cable segment, those forces are either overestimated

or underestimated if the fluid velocity field changes significantly

within the interval. This problem may be minimized by using a greater

number of integration intervals.

It would be helpful to include here a few words about obtaining

reasonable first estimates. Unfortunately, infallible guidelines do not

exist, but a few general comments may be made: (1) For stable problems

in which the three tension components are unknOwn at the initial

boundary, a guess of one half of the cable weight for each of those

components will usually produce rapid convergence. (2) If the value of

one of the variables to be estimated is actually known, the known value

should be used. (3) As mentioned above, if an estimated quantity is

known to be zero, a very small number should be used instead. (4) If a

very small value (less than 1.0) is used for an estimate, the estimate

increment factor should be greater than or equal to 1.0 unless the

estimate is nearly exact.

Two details should be considered in the analysis of non-circular

cables: (1) The modeling of hydrodynamic forces by program KBLTORK does

not account for asymmetric drag, lift, or applied torque and (2)

multiple solutions for twist and torque may exist. After finding one

solution, a search for alternate solutions should always be conducted.

This concludes the general description and operational guidelines

for program KBLTORK. If questions arise concerning the principles of the

algorithm, Chapter 3 should be consulted. Specific details of the

program structure may be determined from the complete program listing in

Appendix B.
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Appendix B

Program Listing

C ***********************************************************
C * *
C * PROGRAM KBLTORK *
C * *
C * Solves for the equilibrium geometry and forces in *
C * a hydrodynamically loaded cable, considering the *
C * coupled effects of tension and torsion, and *
C * non-circular cross-sections. *
C * *
C * Input is via 6 data files which may be edited *
C * interactively at the user's discretion. *
C * *
C * Output is to a data file named OUT.DAT *
C * *
C ***********************************************************

PROGRAM KBLTORK

COMMON/BCC/BC(2,8)

COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF,GEOFLAG,LDFLAG,DLF,PF
COMMON/RK/AG(4),BG(4),CG(4)

COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)
COMMON/GUESSES/BCI(8)

COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V(2,10),NV
COMMON/FNC/E,I2,I3,LP,LO,H,A,B,C,D
COMMON/INTEG/Y(9,5)
COMMON/LOAD/QH(3),QB(3)
COMMON/RESULT/OUT(100,8)

COMMON/ROTATE/THETA,COSTHETA,BINORM(3)
COMMON/SOLVER/SQ,PQ(4),AQ(4,4)
COMMON/ADV/AV(3,3)

REAL AG,BG,CG,Y,INT,ERR,ACC,BCI,W,LO,LP,H,EM,BCF,RV,VAL,DUM,
+ TEMP(8),OUT,FNAL(8),RF,RFO,PI,IT,IF,LF,I2,I3,D2,D3,TH,LAMDA,
+ DLF

REAL*8 QH,QB,AV,BINORM

INTEGER I,J,K,STEP,NINT,PET,BFLAG,GFLAG,EFLAG,RFLAG,FV,BC,DF,
+ NUMIT,GEOFLAG,LDFLAG
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CHARACTER CK*1,GCK*1,VAR*3

CALL INPUT
CALL NONDIM

0 CK-'Y'
GFLAG-1
RFLAG-1
NUMIT-0
RFO-RFO
PI-ACOS(-1.)

4 CALL CLS
CALL GOTOXY(0,0)

C *************** DISPLAY INITIAL GUESSES *******************

WRITE(*,5)
5

4X,'TORQUE',3X,'ANGLE',/)

50

60

C

EFLAG -0

WRITE(*,60)

FORMAT(3(1X,

Y(2,1)*L0, Y(3,1)*LO, Y(4,1)*LO,
Y(5,1)*W*LO, Y(6,1)*H, Y(7,1)*H,
Y(8,1)*(H*LP**2)/LO, Y(9,1)

F8.2,1X),3(1X,F8.2,1X),1X,F7.2,1X,F7.2)

**** ESTABLISH BEGINNING ORIENTATION, LOADS & BINORMAL ****

BFLAG-1
CALL ANGLE(1,LAMDA)
CALL LOADS
CALL BNORMAL(BFLAG)
BFLAG-2

C ************** INTEGRATE TO END OF CABLE ******************

DO 100 STEP-1,NINT

K-1

CALL NTGRATE(STEP,J,K)
CALL ADVANCE(3,K)
CALL LOADS

K -2

CALL NTGRATE(STEP,J,K)
CALL ADVANCE(5,K)
CALL LOADS
CALL BNORMAL(BFLAG)

WRITE(*,80) Y(2,1)*LO, Y(3,1)*LO, Y(4,1)*LO,
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DO 230 PET-2,5

CALL BGUESS(PET,RFLAG)

WRITE(*,212) PET-1
212 FORMAT(5X,'PERTURBATION',I2)

DO 215 1=1,8
Y(I+1,1)=BCI(I)

215 CONTINUE

BFLAG-1
CALL ANGLE(1,LAMDA)
CALL LOADS
CALL BNORMAL(BFLAG)
BFLAG-2

DO 220 STEP-1,NINT

K-1
CALL NTGRATE(STEP,J,K)
CALL ADVANCE(3,K)
CALL LOADS

K=2
CALL NTGRATE(STEP,J,K)
CALL ADVANCE(5,K)
CALL LOADS
CALL BNORMAL(BFLAG)

220 CONTINUE

CALL ERROR(ERR,EFLAG,PET)

230 CONTINUE

C **** SOLVE JACOBIAN FOR BETTER INITIAL GUESSES & RETURN ****

CALL BGUESS(PET,RFLAG)

DO 250 1=1,8
Y(I+1,1)=BCI(I)

250 CONTINUE

RFLAG =2

C ** INCREMENT ITERATION NUMBER & MODIFY RELAXATION FACTOR **

NUMIT-NUMIT+1

IF(NUMIT.GT.DF) THEN
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320 FORMAT(/5X,'MAXIMUM NONDIMENSIONAL ERROR - ',E10.4,' ?',5X\)

READ(*,325) DUM
325 FORMAT(BN,E10.4)

IF(DUM.EQ.0) THEN
GO TO 175
END IF

ACC-DUM

GO TO 175

C *********** WRITE RESULTS TO OUTPUT FILE & STOP ***********

330 OPEN(14,FILE-'0UT.DAT',STATUS-'NEW)

WRITE(14,345) BCI(1)*LO, BCI(2)*LO,BCI(3)*LO,BCI(4)*W*LO,
BCI(5)*H,BCI(6)*H,BCI(7)*(H*LP**2)/LO,BCI(8)

DO 340 I-1,NINT

WRITE(14,345) OUT(I,1)*LO,OUT(I,2)*LO,OUT(I,3)*LO,
OUT( I,4)*W*LO,OUT(I,5)*H2OUT(I,6)*H,

OUT(I,7)*(H*LP**2)/LO,OUT(I,8)

340 CONTINUE

345 FORMAT(3(F8.2,1X),3(F8.2,1X),F7.2,1X,F8.3)

CLOSE(14,STATUS-'KEEP')

STOP
END
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C ***********************************************************
C * *
C * SUBROUTINE INPUT *
C *

*
C * Reads problem data from 6 data files *
C * Provides for interactive editing of any file *
C * Requests control information *
C *

*
C * Input: Data files CABLE.DAT, BCC.DAT, BCI.DAT, *
C * BCF.DAT, LOADS.DAT, and CONTROL.DAT *
C *

*
C * Output: All of the (dimensioned) input data *
C *

*
C ***********************************************************

SUBROUTINE INPUT

COMMON/BCC/BC(2,8)

COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)
COMMON/GUESSES/BCI(8)

COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V(2,10),NV
COMMON/FNC/E,I2,I3,LP,LO,H,A,B,C,D

COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF,GEOFLAG,LDFLAG,DLF,PF

EXTERNAL CLS,GOTOXY
INTEGER BC,I,J,NV,ICODE,IG,FV,ICHECK,NINT,DF,GEOFLAG,LDFLAG
CHARACTER PAR*2,CK*1,VAR*3,GF*1,LDF*1
REAL E,W,AR,CR,D2,D3,I2,I3,LP,LO,H,A,B,C,D,VAL,DUM

Z1, Z2, Z3, T1,T2,T3,M,ANG,G,P,CDN,CDT,Z,V,

ACC,INT,BCI,BCF,RF,IF,LF,NU,TH,DLF,PF

C ********** PRESENT TITLE AND USER INFORMATION

CALL CLS
CALL GOTOXY(0,0)

WRITE(*,1)
1 FORMAT(/5X,'PROGRAM KBLTORK',//5X,'1.',3X,'BOUNDARY CONDITION',

' CODES:',//10X,'a. 1 indicates a known value',
/10X,'b. 0 indicates an unknown value',/10X,
'c. Variable order is: Zl Z2 Z3 T1 T2 T3 TORQUE',
' ANGLE',//5X,'2. [RETURN] may be typed in place',
' of Y', /lOX,'in response to all (Y/N) prompts',
//5X,'3. [RETURN] accepts any default input value',
//5X,'4. Type [RETURN] to begin')

READ(*,5) ICODE
5 FORMAT(I5)

GO TO(8,8) ICODE

C *************** FILE CABLE.DAT ***************
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65 VAL-DUM

70 WRITE(4,15) PAR,VAL

CONTINUE

CLOSE(4,STATUS-'KEEP')

75 REWIND 3

READ(3,80) E,W,D2,D3,12,I3fLP,LO,A,B,C,D
80 FORMAT(12(2X,E10.4/))

CLOSE(3,STATUS-'KEEP')

H-W*L0

C *************** FILE BCC.DAT ****************

CALL CLS
CALL GOTOXY(0,0)
WRITE(*,110)

110 FORMAT(//20X,'BOUNDARY CONDITIONS',
///10X,'NEAR END CODE:',2X\)

OPEN(5,FILE-'BCC.DAT',STATUS-'OLD')

DO 125 1-1,8

READ(5,115) BC(1,I)
115 FORMAT(8(I1))

WRITE(*,120) BC(1,I)
120 FORMAT(8(I1,1X\))

125 CONTINUE

WRITE(*,130)
130 FORMAT(6X,'IS THIS CORRECT? (Y /N)',2X \)

READ(*,35) CK

IF(CK.EQ.'N') THEN
GO TO 135
ELSE
GO TO 149
END IF

135 WRITE(*,140)
140 FORMAT(/10X,'NEAR END CODE:',2X\)

READ(*,145) J11,J12,J13,J14,J15,316,..117,J18
145 FORMAT(BN,8(I1,1X))
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WRITE(6,115) BC(2,I)

175 CONTINUE

CLOSE(5,STATUS-'KEEP')
CLOSE(6,STATUS-'KEEP')

C *************** FILE BCI.DAT ***************

180 OPEN(7,FILE-#BCI.DAT',STATUS-'OLD')

CALL CLS
CALL GOTOXY(0,0)
WRITE(*,185)

185 FORMAT(//20X'NEAR END CONDITIONS'd)

DO 190 1-1,8

READ(7,15) VAR,VAL

IF(BC(1,I).EQ.1) THEN
WRITE(*,21) VAR,VAL
BCI(I)-VAL
ELSE
GO TO 190
END IF

190 CONTINUE

WRITE(*,30)
READ(*,35) CK

IF(CK.EQ.'N') THEN
GO TO 195
ELSE
GO TO 230
END IF

195 REWIND 7

OPEN(8,FILE-'BCI.DAT',STATUS-'OLD')

WRITE(*,200)
200 FORMAT(///)
205 DO 225 1=1,8

READ(7,15) VAR,VAL

IF(BC(1,I).EQ.1) THEN
GO TO 210
ELSE
GO TO 220
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END IF

210 WRITE(*,56) VAR,VAL
READ(*,60) DUM

215

IF(DUM.EQ.0) THEN
GO TO 220
ELSE
GO TO 215
END IF

VAL-DUM
BCI(I) -VAL

220 WRITE(8,15) VAR,VAL

225 CONTINUE

CLOSE(7,STATUS-'KEEP')
CLOSE(8,STATUS-'KEEP')

C *************** FILE BCF.DAT ***************

230 OPEN(9,FILE-'8CF.DAT',STATUS-'OLD')

CALL CLS
CALL GOTOXY(0,0)
WRITE(*,235)

235 FORMAT(//20X'FAR END CONDITIONS',/)

DO 240 I.-1,8

READ(9,15) VAR,VAL
BCF(I)-VAL

IF(BC(2,I).EQ.1) THEN
WRITE(*,21) VAR,VAL
ELSE
GO TO 240
END IF

240 CONTINUE

WRITE(*,30)
READ(*,35) CK

IF(CK.EQ.'N') THEN
GO TO 245
ELSE
GO TO 280
END IF
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360 FORMAT(13X,'DEPTH',9X,'VELOCITY 2',7X,'VELOCITY 3',/)

DO 370 I-1,NV

WRITE(*,365) Z(I),V(1,I),V(2,I)
365 FORMAT(10X,F10.2,6X,F10.2,7X,F10.2)

370 CONTINUE

WRITE(*,30)
READ(*,35) CK

IF(CK.EQ.'N') THEN
GO TO 375
ELSE
GO TO 450
END IF

375 WRITE(*,380)
380 FORMAT(/10X,'FOR HOW MANY DEPTHS DO YOU',/10X,

'WISH TO DEFINE VELOCITIES? (1 - 10)',2X\)

READ(*,385) J
385 FORMAT(BN,I2)

NV-J

CALL CLS
CALL GOTOXY(0,0)

WRITE(*,390)
390 FORMAT(///,10X,'DEPTHS OF KNOWN CURRENTS:',/)

DO 400 I.-1,NV

WRITE(*,395) I
395 FORMAT(10X,'DEPTH ',I2,1X,'-',2X\)

READ(*,445) Z(I)

400 CONTINUE

CALL CLS
CALL GOTOXY(0,0)

WRITE(*,410)
410 FORMAT(///,10X,'VELOCITY 2:',/)

DO 420 I -1,NV

WRITE(*,415) Z(I)
415 FORMAT(10X,'DEPTH ',F10.2,5X,'VELOCITY 2 -',2X\)

READ(*,445) V(l,I)
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READ(5,115) BC(1,I)

480 CONTINUE

OPEN(7,FILE-'13CI.DAT',STATUS-'OLD')

DO 485 1-1,8

READ(7,15) VAR,VAL

IF(BC(1,I).EQ.0) THEN
WRITE(*,21) VAR,VAL
BCI(I)-NAL
ELSE
GO TO 485
END IF

485 CONTINUE

WRITE(*,30)
READ(*,35) CK

IF(CK.EQ.'N') THEN
GO TO 490
ELSE
GO TO 525
END IF

490 REWIND 7

OPEN(8,FILE-'8CI.DAT',STATUS-'OLD')
WRITE(*,200)

DO 520 1-1,8

READ(7,15) VAR,VAL

IF(BC(1,I).EQ.0) THEN
GO TO 500
ELSE
GO TO 515
END IF

500 WRITE(*,56) VAR,VAL
READ(*,60) DUM

IF(DUM.EQ.0) THEN
GO TO 515
ELSE
GO TO 510
END IF
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510 VAL-DUM
BCI(I) -VAL

515 WRITE(8,15) VAR,VAL

520 CONTINUE

CLOSE(8,STATUS-'KEEP')
525 CLOSE(5,STATUS-'KEEP')

CLOSE(7,STATUS-'KEEP')

C *************** FORM IG(4) AND FV(4) ***************

ICHECK-0
DO 610 1=1,8

IF(BC(1,I).EQ.0) THEN
GO TO 600
ELSE
GO TO 610
END IF

600 ICHECK-ICHECK + 1
IG(ICHECK)-I

610 CONTINUE

ICHECK-0
DO 630 1=1,8

IF(BC(2,I).EQ.1) THEN
GO TO 620
ELSE
GO TO 630
END IF

620 ICHECK-ICHECK + 1
FV(ICHECK)=I

630 CONTINUE

CALL CLS
CALL GOTOXY(0,0)

C ************ GET CONTROL INFORMATION ************

CALL CLS
CALL GOTOXY(O,0)

WRITE(*,650)
650 FORMAT(//20X,'CONTROL INFORMATION',//)
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READ(*,60) DUM

IF(DUM.NE.0)THEN
DLF-DUM
END IF

700 WRITE(*,710) RF
710 FORMAT(/10X,'OVER-RELAXATION FACTOR- ',F5.3,2X\)

READ(*,60) DUM

IF(DUM.NE.0) THEN
RF-DUM
END IF

WRITE(*,720) DF
720 FORMAT(/10X,'NUMBER OF ITERATIONS TO UNITY-',I3,2X\)

READ(*,730) I
730 FORMAT(BN,I3)

IF(I.NE.0)THEN
DF-I
END IF

WRITE(*,740) IF
740 FORMAT(/10X,'ESTIMATE INCREMENT FACTOR-',F5.3,2X\)

READ(*,60) DUM

IF(DUM.NE.0) THEN
IF-DUM
END IF

WRITE(*,745) PF
745 FORMAT(/10X,'PERTURBATION FACTOR- ',F7.5,2X\)

READ(*,60) DUM

IF(DUM.NE.0) THEN
PF=DUM
END IF

WRITE(*,750) ACC
750 FORMAT(/10X,'MAXIMIM NONDIMENSIONAL ERROR-',E10.4,2X\)

READ(*,60) DUM

IF(DUM.NE.0) THEN
ACC-DUM
END IF
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WRITE(*,760) NINT
760 FORMAT(/10X,'NUMBER OF INTEGRATION INTERVALS-',I3,2W

READ(*,730) I

IF(I.NE.0) THEN
NINT -I

END IF

INT-1./NINT

OPEN(18,FILE-'CONTROL.DAT',STATUS-.'NEW')

WRITE(18,655) GF,LDF,DLF,ACC,RF,DF,IF,LF,NINT,PF

CLOSE(17,STATUS-'KEEP')
CLOSE(18,STATUS-'KEEP')

C *************** CLEAR SCREEN AND BEGIN ****************

CALL CLS
CALL GOTOXY(0,0)

RETURN
END
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C ***********************************************************
C * *
C * SUBROUTINE NONDIM *
C * *
C * Converts the dimensioned boundary condition *
C * variables to nondimensional form for use in *
C * subroutine FN *
C * *
C * Input: Arrays BCI(8), BCF(8), Z(10), and the *
C * cable parameters *
C * *
C * Output:Nondimensional boundary conditions in *
C * BCI(8) and BCF(8) *
C * Nondimensional starting variables Z1,Z2, *
C * Z3,T1,T2,T3,M and ANG *
C * Nondimensional current depths in Z(10) *
C * *
C ***********************************************************

SUBROUTINE NONDIM

COMMON/INTEG/Y(9,5)

COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)
COMMON/GUESSES/BCI(8)

COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V2(10),V3(10),NV
COMMON/FNC/E,I2,I3,LP,LO,H,A,B,C,D

REAL E,W,AR,CR,D2,D3,I2,I3,LP,LO,H,A,B,C,D,
Z,BCI,BCF,Y

INTEGER NV,I

C ******************** zl, zz, Z3 ***************************

BCI(1)BCI(1)/L0
Y(2,1)BCI(1)

BCI(2)BCI(2)/L0
Y(3,1)BCI(2)

BCI(3)BCI(3)/L0
Y(4,1)..BCI(3)

BCF(1)=BCF(1)/L0
BCF(2)BCF(2)/L0
BCF(3)=BCF(3)/L0

C ******************** Ti, T2, T3 ***************************

BCI(4)BCI(4)/(W*L0)
Y(5,1)BCI(4)
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C ***********************************************************
C *

*
C * SUBROUTINE ANGLE *
C *

*
C * Defines the orientation of the local basis *
C * at the initial boundary. *
C *

*
C * Input: Tension components in Y(i,j) i- 5,6,7 *
C * Nondimensionalization parameters W,LO,H *
C *

*
C * Output:Global components of each of the local *
C * basis vectors in array AV(i,j) i,j--1,2,3 *
C *

*
C ***********************************************************

SUBROUTINE ANGLE(K,LAMDA)

COMMON/ADV/AV(3,3)
COMMON/INTEG/Y(9,5)

REAL Y,RV,LAMDA,COSLAM,SINLAM
REAL*8 AV,N2,N3,CO,SI,T,B(3)
INTEGER I,K

C *************** FIND UNIT VECTOR Al **********************

TSQRT(Y(5,1)**2 + Y(6,1)**2 + Y(7,1)**2)

AV(1,1)Y(5,1)/T
AV(1,2)Y(6,1)/T
AV(1,3)Y(7,1)/T

IF(K.EQ.2) THEN
GO TO 300
END IF

SISIN(Y(9,1))
COCOS(Y(9,1))

IF((AV(1,2).EQ.0).AND.(AV(1,3).EQ.0)) THEN
GO TO 250
END IF

C ********* FIND UNIT NORMAL VECTOR N (FOR CONVENIENCE) ****

N2 --AV(1,3)/DSQRT(AV(1,2)**2+AV(1,3)**2)

N3AV(1,2)/DSQRT(AV(1,2)**2+AV(1,3)**2)

C *************** FIND UNIT VECTOR A2 **********************

IF(N2.EQ.0) THEN
GO TO 100
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LAMDA-ACOS(COSLAM)*SINLAM/ABS(SINLAM)

400 RETURN
END



C ***********************************************************
C * *
C * SUBROUTINE LOADS *
C * *
C * Calculates the normal and tangential hydrodynamic *
C * and body forces on the cable in local coordinates *
C * *
C * Input: Description of the fluid velocity field *
C * Buoyant unit weight of the cable *
C * Mass density of the fluid *
C * *
C * Output:Nondimensional unit forces *
C * *
C ***********************************************************

SUBROUTINE LOADS

COMMON/INTEG/Y(9,5)
COMMON/ADV/AV(3,3)

COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V(2,10),NV
COMMON/LOAD/QH(3),QB(3)
COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF

REAL Z,V,W,AR,CR,D2,D3,G,P,CDN,CDT,Y,SZ,GZ,SVTW,SVTH,
GVTW,GVTH,VTWO,VTHR,VNONE,VNTWO,VNTHR,VLTWO,VLTHR,
VNTOT,DEFF,LF,NU,RE

REAL*8 AV,QB,QH
INTEGER NV,I,J

C *************** FIND BODY FORCES **************************

QB(1)AV(1,1)
QB(2)AV(2,1)
QB(3)AV(3,1)

C ***** 1. INTERPOLATE FOR V2 AND V3

SZ 0
SVTW-0
SVTH-0

DO 50 I-1,NV

IF(Z(I).LT.Y(2,1)) THEN
SZZ(I)
SVTWV(1,I)
SVTHV(2,I)
GO TO 50
END IF

IF(Z(I).EQ.Y(2,1)) THEN
VTWO V(1,I)

******************
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VTHR=V(2,I)
GO TO 200
END IF

GO TO 100

50 CONTINUE

QH(1)=0
QH(2)=0
QH(3)-0
GO TO 300

100 GZ-Z(I)
GVTW-V(1,I)
GVTH-V(2,I)

VTWO-((Y(2,1)-SZ)/(GZ-SZ))*(GVTW-SVTW)+SVTW
VTHR-((Y(2,1)-SZ)/(GZ-SZ))*(GVTH-SVTH)+SVTH

C WRITE(*,150)VTWO,VTHR
150 FORMAT(5X,'V2- ',F6.2,5X,'V3- ',F6.2)

C ***** 2. FIND NORMAL AND TANGENTIAL COMPONENTS *********

200 VS-VTWO*AV(1,2)+VTHR*AV(1,3)

VNONE- -VT*AV(1,1)
VNTWO- VTWO-VT*AV(1,2)
VNTHR- VTHR-VT*AV(1,3)

VNTOT-SQRT(VNONE**2+VNTWO**2+VNTHR**2)

C ***** 3. FIND LOCAL COMPONENTS OF NORMAL VELOCITY ******

VLTWO-VNONE*AV(2,1)+VNTWO*AV(2,2)+VNTHR*AV(2,3)
VLTHR-VNONE*AV(3,1)+VNTWO*AV(3,2)+VNTHR*AV(3,3)

C ***** 4. FIND DRAG THE DRAG COEFFICIENTS CDN & CDT *****

DEFF-(D2+D3)/2.

RE -VNTOT*DEFF/NU

IF(RE.GE.5.E+05) THEN
CDN-.7
GO TO 250
END IF

IF(RE.LE.2.E+05) THEN
CDN-1.2
GO TO 250



END IF

CDN -7.858 - 1.256*LOG10(RE)

250 CDT -CDN/100.

C ***** 5. FIND THE FORCES ALONG THE LOCAL AXES

QH(1)-LF*(CDT*P*DEFF*VT*ABS(VT))/(2*W)
QH(2)-LF*(CDN*P*DEFF*VLTWO*VNTOT)/(2*W)
QH(3)-LF*(CDN*P*DEFF*VLTHR*VNTOT)/(2*W)

300 RETURN
END

**********
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C

C

C

C

C

C

C
C

C
C

C

C

C

***********************************************************
* *

SUBROUTINE BNORMAL
*

Finds THETA and the direction cosines of unit
vector NORMAL and BINORM

*
*
*
** *

Input: Unit loads Ql, Q2, Q3, and the direction
cosines of the local basis vectors in AV* *

Output:THETA and the direction cosines of BINORM ** *
************************ k A A A ****** ******* ** ***pink* **********

SUBROUTINE BNORMAL(BFLAG)

COMMON/LOAD/QH(3),QB(3)

COMMON/ROTATE/THETA,DELTHETA,BINORM(3)
COMMON/ADV/AV(3,3)

REAL THETA,COSTHETA
REAL*8 QT(3),QH,QB,AV,BINORM,MAG,NORMAL(3)
INTEGER I,J,BFLAG

**************** CHECK FOR NO CURVATURE *******************

QT(2)-QH(2)+QB(2)
QT(3)-QH(3)+QB(3)

IF((QT(2).EQ.0).AND.(QT(3).EQ.0)) THEN
GO TO 200
END IF

C *** FIND THE DIRECTION COSINES OF THE BINORMAL ***

MAG-SQRT(QT(2)**2 + QT(3)**2)

DO 50 1-1,3

BINORM(I)-(QT(3)*AV(2,I)-QT(2)*AV(3,I))/MAG
50 CONTINUE

C *** FIND THE DIRECTION COSINES OF THE UNIT NORMAL ***

NORMAL(1)-BINORM(2)*AV(1,
NORMAL(2)-BINORM(3)*AV(1,
NORMAL(3)-BINORM(1)*AV(1,

C ******************* FIND

SINTHETA-0

DO 55 1-1,3

3)-BINORM(3)*AV(1,2)
1)-BINORM(1)*AV(1,3)
2)-BINORM(2)*AV(1,1)

SIN THETA ************************
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SINTHETASINTHETA-NORMAL(I)*AV(2,I)
55 CONTINUE

C ******************* FIND cos THETA ************************

75 COSTHETA=0

DO 100 1=1,3

COSTHETACOSTHETA+BINORM(I)*AV(2,I)
100 CONTINUE

IF((ABS(COSTHETA).GT.1.0).AND.(ABS(COSTHETA).LT.1.00001)) THEN
COSTHETA=ABS(COSTHETA)/COSTHETA
END IF

C ********************** FIND THETA ************************

THETA=ACOS(COSTHETA)*(SINTHETA/ABS(SINTHETA))

GO TO 400

C ******************** IF NO CURVATURE **********************

200 IF(BFLAG.EQ.1) THEN
GO TO 250
END IF

GO TO 75

250 DO 300 1=1,3

BINORM(I)=AV(2,I)
300 CONTINUE

THETA=0

400 RETURN
END
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C ***********************************************************
C * *
C * SUBROUTINE ADVANCE *
C * *
C * Solves for the direction cosines of local basis *
C * vectors A2 and A3 *
C * *
C * Input: Previous angle between A2 and BINORM *
C * (THETA) *
C * Change in THETA (DELTHETA) *
C * Tension components in array Y *
C * Direction cosines of vector BINORM *
C * *
C * Output:Direction cosines of Al, A2, and A3 in *
C * array AV *
C * *
C ***********************************************************

SUBROUTINE ADVANCE(J,K)

COMMON/ADV/AV(3,3)
COMMON/INTEG/Y(9,5)

COMMON/ROTATE/THETA,DELTHETA,BINORM(3)

REAL THETA,DELTHETA,Y,T,DUM
REAL*8 AV,N(3),BINORM
INTEGER I,J,K

IF (K.EQ.1) THEN
DUMTHETA
GO TO 20
END IF

THETADUM

20 THETATHETA+DELTHETA

C **************** FIND DIRECTION COSINES OF Al *************

TSORT(Y(5,J)**2 + Y(6,J)**2 + Y(7,J)**2)

AV(1,1)Y(5,J)/T
AV(1,2)-.Y(6,J)/T
AV(1,3)Y(7,J)/T

C ****************** FIND THE UNIT NORMAL "N" ***************

N(1) BINORM(2)*AV(1,3)-BINORM(3)*AV(1,2)
N(2) BINORM(3)*AV(1,1)-BINORM(1)*AV(1,3)
N(3) BINORM(1)*AV(1,2)-BINORM(2)*AV(1,1)

C *********** FIND A2 BASED ON N, BINORM AND THETA **********
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C ***********************************************************
C * *
C * SUBROUTINE IGUESS *
C * *
C * Improves the initial guesses for Ti, T2, T3, and *
C * M1 prior to improving the guesses with the *
C * synthetic Jacobian. Considers the tension comp- *
C * onents and torque to be decoupled from one *
C * another. Used only if all three tension comp- *
C * onents are initially unknown. *
C * *
C * Input: First initial guesses in vector BCI *
C * Known final values in vector BCF *
C * Integration results in array Y *
C * *
C * Output:Improved guesses for Tl, T2, T3 & M1 *
C * *
C ***********************************************************

SUBROUTINE IGUESS(GFLAG)

COMMON/GUESSES/BCI(8)
COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)
COMMON/BCC/SC(2,8)
COMMON/INTEG/Y(9,5)

COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF,GEOFLAG,LDFLAG,DLF,PF

REAL Y,BCI,BCF,TMP(4),DEL,DIFF(2,4),RF,IF
INTEGER GFLAG,BC

SAVE

IF(GFLAG.EQ.2) THEN
GO TO 1000
END IF

C ********************* Ti: FIRST RUN ***********************

IF(BC(2,1).EQ.0) THEN
GO TO 50
END IF

DIFF(1,1)=BCF(1)-Y(2,1)
GO TO 75

50 DIFF(1,1)BCF(4)-Y(5,1)

75 TMP(1)BCI(4)
BCI(4)BCI(4)*.9+.001
Y(5,1)=BCI(4)

********************* T2: FIRST RUN ***********************
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1050 DIFF(2,1)-BCF(4)-Y(5,1)

1075 DELRF*DIFF(2,1)*(BCI(4)-TMP(1))/(DIFF(1,1)-DIFF(2,1))

IF(ABS(DEL).GT.IF*ABS(BCI(4)))THEN
DEL-IF*ABS(BCI(4))*DEL/ABS(DEL)
END IF

1080 TMP(1)-BCI(4)
BCI(4)-BCI(4)+DEL
Y(5,1)BCI(4)
DIFF(1,1)-DIFF(2,1)

C **************** T2: SUBSEQUENT RUNS

1100 IF(BC(2,2).EQ.0) THEN
GO TO 1150
END IF

DIFF(2,2)-BCF(2)-Y(3,1)
GO TO 1175

1150 DIFF(2,2)-BCF(5)-Y(6,1)

**********************

1175 DELwRF*DIFF(2,2)*(BCI(5)-TMP(2))/(DIFF(1,2)-DIFF(2,2))

IF(ABS(DEL).GT.IF*ABS(BCI(5)))THEN
DED-IF*ABS(BCI(5))*DEL/ABS(DEL)
END IF

1180 TMP(2)BCI(5)
BCI(5)-BCI(5)+DEL
Y(6,1)-ZCI(5)
DIFF(1,2)-DIFF(2,2)

C **************** T3: SUBSEQUENT RUNS **********************

1200 IF(BC(2,3).EQ.0) THEN
GO TO 1250
END IF

DIFF(2,3)-BCF(3)-Y(4,1)
GO TO 1275

1250 DIFF(2,3)=BCF(6)-Y(7,1)

1275 DEL-RF*DIFF(2,3)*(BCI(6)-TMP(3))/(DIFF(1,3)-DIFF(2,3))

IF(ABS(DEL).GT.IF*ABS(BCI(6)))THEN
DEL-IF*ABS(BCI(6))*DEL/ABS(DEL)
END IF
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C ***********************************************************
C * *
C * SUBROUTINE BGUESS *
C * *
C * Perturbs each of the initial guesses in turn, *
C * based on the perturbation index PET. *
C * *
C * Builds the Jacobian based on the amount of *
C * perturbation and the corresponding change in *
C * error. *
C * *
C * Sends the Jacobian and initial errors to sub- *
C * routine SOLVE for determination of the guess *
C * increment DEL. *
C * *
C * Input: The error vector matrix [EM] *
C * The initial guesses in (BCI) *
C * The perturbation index PET *
C * *
C * Output:New guesses for the initial boundary *
C * conditions *
C * *
C ***********************************************************

SUBROUTINE BGUESS(PET,RFLAG)

COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)
COMMON/GUESSES/BCI(8)

COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF,GEOFLAG,LDFLAG,DLF,PF
COMMON/SOLVER/S,P(4),J(4,4)

REAL BCI,BCF,EM,DEL(4),RF,J,IF,PF
INTEGER I,K,L,PET,IG,RFLAG

EXTERNAL SOLVE

SAVE DEL

IF(RFLAG.EQ.2)THEN
GO TO 1000
END IF

C ******** 1st RUN: PERTURB THE INITIAL GUESSES *************

IF(PET.EQ.6) THEN
K..IG(4)

BCI(K)(BCI(K)-1.E-06)/PF
GO TO 100
END IF

IF(PET.EQ.2) THEN
GO TO 40
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C ***********************************************************
C * *
C * SUBROUTINE ERROR *
C * *
C * PET is the perturbation index (1...5) *
C * *
C * If PET 1 the global error is computed. *
C * If PET 2...5 the error vector corresponding *
C * to the variable being perturbed is *
C * computed. *
C * *
C * Input: The perturbation index PET *
C * Final boundary conditions in vector BCF *
C * Computed boundary conditions in Y(i,l) *
C * *
C * Output:EFLAG-1 if PET-1 and global error < ACC *
C * Elements of the error vector if PET > 1 *
C * *
C ***********************************************************

SUBROUTINE ERROR(ERR,EFLAG,PET)

COMMON/CONTROL/ACC,INT,NINT,RF,DF,IF,LF,GEOFLAG,LDFLAG,DLF,PF
COMMON/INTEG/Y(9,5)
COMMON/ERRORS/BCF(8),EM(5,4),IG(4),FV(4)

REAL BCF,Y,EM,ERR,ACC,IF
INTEGER I,J,PET,FV,EFLAG

DO 50 1-1,4

JFV(I)
EM(PET,I)=Y(J +1,1)-BCF(J)

C WRITE(*,10) J,EM(PET,I),Y(J+1,1),BCF(J)
C 10 FORMAT(5X,1J,EM(PET,I),Y( J+1,1),BCF(J)1,2X,I2,3(2X,E10.3))

50 CONTINUE

IF(PET.GT.1) THEN
GO TO 100
END IF

60 ERR-0

DO 75 1-1,4
ERRERR+EM(1,I)**2

75 CONTINUE

ERRSQRT(ERR)

WRITE(*,76) ERR
76 FORMAT(/5X,'ERR =',E10.3)
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IF(ERR.LT.ACC) THEN
GO TO 80
ELSE
GO TO 90
END IF

80 EFLAG-1
GO TO 100

90 EFLAG-0

100 RETURN
END
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C **********************************************************
C * *
C * SUBROUTINE NTGRATE *
C * *
C * Integrates the eight governing equations with *
C * a modified Euler predictor-corrector algorithm *
C * with one correction cycle. *
C * *
C * Y(i,l) variable values at present step *
C * Y(i,2)partial derivatives at present step *
C * Y(i,3)variable values at next step *
C * Y(i,4)partial derivatives at next step *
C * Y(i,5)=average of partial derivatives *
C * *
C * Input: variable values in Y(i,l) *
C * *
C * Output:variable values at next step in Y(i,l) *
C * and in array OUT *
C * *
C **********************************************************

SUBROUTINE NTGRATE(STEP,J,K)

COMMON/FNC/E,I2,I3,LP,LO,H,A,B,C,D
COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V2(10),V3(10),NV
COMMON/LOAD/Q1H,Q1B,Q2H,Q2B,Q3H,Q3B
COMMON/CONTROL/ACC , INT , NINT , RF , DF , IF , LF , GEOFLAG , LDFLAG , DLF , PF

COMMON/INTEG/Y(9,5)
COMMON/RESULT/OUT(100,8)
COMMON/ROTATE/THETA,DELTHETA,BINORM(3)

REAL Y,RHS,INT,AV(3,3),RV,W,LO,H2OUT,DELTHETA
INTEGER STEP,I,J,K

IF(K.EQ.2) THEN
GO TO 110
END IF

J-1

DO 50 1-1,8

CALL FN(I,J,RHS)
Y(I+1,2)=RHS

50 CONTINUE

DO 100 1-2,9

Y(1,3)INT*Y(I,2)+Y(I,1)
100 CONTINUE

J=3
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DELTHETA-Y(9,3)-Y(9,1)

GO TO 300

110 DO 150 1=1,8

CALL FN(I,J,RHS)
Y(I+1,4) -HMS

150 CONTINUE

DO 200 1-2,9
Y(I,5)-Y(1,1)+INT*(Y(I,2)+Y(I,4))/2.

200 CONTINUE

DELTHETA-Y(9,5)-Y(9,1)

DO 250 1-2,9
Y(I,1)-Y(I,5)
OUT(STEP,I-1)=Y(I,1)

250 CONTINUE

300 RETURN
END
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C ***********************************************************
C * *
C * SUBROUTINE FN *
C * *
C * Evaluates the eight differential equations as *
c * required by subroutine NTGRATE *
C * *
C * Input: The current value of variables Zl *
C * through PHI in array Y(i,l) i(2...9) *
C * Cable properties *
C * Loads for this step *
C * Local basis unit vectors for this step *
C * in array AV(3,3) *
C * *
C * Output:The value of the appropriate derivative *
C * *
C ***********************************************************

SUBROUTINE FN(I,J,RHS)

COMMON/INTEG/Y(9,5)
COMMON/ADV/AV(3,3)
COMMON/FNC/E,I2,I3,LP,LO,H,A,B,C,D
COMMON/HYDRO/W,AR,TH,D2,D3,NU,P,Z(10),V2(10),V3(10),NV
COMMON/LOAD/QH(3),Q8(3)

REAL Y,RHS,E,W,D2,D3,I2,I3,LP,LO,H,A,B,C,D,
RV,R,STRETCH,FACTOR,T,LTWO,LTHREE

REAL*8 AV,QH,QB
INTEGER I,J

TSQRT((*2)*(Y(5,J)**2)+Y(6,J)**2+Y(7,J)**2)

RD2/2.

STRETCH-1.+(H/(E*R**2))*A*T+(H*LP**2/(E*R**3*L0))*B*Y(8,J)

GO TO (400,500,600,100,200,300,700,800) I

100 RHS--(Y(5,J)/T)*(QH(1)*STRETCH + QB(1))
-AV(2,1)*(QH(2)*STRETCH + QB(2))
-AV(3,1)*(QH(3)*STRETCH + QB(3))

GO TO 900

200 RHS--(Y(6,J)/T)*(QH(1)*STRETCH + QB(1))
-AV(2,2)*(QH(2)*STRETCH + QB(2))
-AV(3,2)*(QH(3)*STRETCH + QB(3))

GO TO 900

300 RHS--(Y(7,J)/T)*(QH(1)*STRETCH + QB(1))
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C **********************************************************

C * *
C * SUBROUTINE SOLVE *
C * *
C * Uses a Cholesky scheme to solve the 4 x 4 system *
C * of equations for better guesses of the initial *
C * unknowns. *
C * *
C * Input: The Jacobian in [A] *
C * The errors in [Y] *
C * *
C * Output: The difference between the incorrect *
C * initial guesses used in the last *
C * integration and the theoretically *
C * correct initial guesses to be used in *
C * the next integration--stored in {X} *
C * *
C **********************************************************

SUBROUTINE SOLVE(Y,X)

COMMON/SOLVER/S,P(4),A(4,4)
EXTERNAL SCR,L,U

REAL Y(5,4),X(4),SUM,A
INTEGER I,J,K,S,P

C *************** FACTOR INTO LU FORM ***********************

DO 20 1=1,4
P(I)I

20 CONTINUE

S-1
CALL SCR(S)
CALL U

DO 30 S-2,4

CALL SCR(S)
CALL L
CALL U

30 CONTINUE

C ************** OPERATE ON THE ERROR VECTOR ***************

DO 50 1=1,4

SUM-0
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DO 40 J-1,I-1
SUM-SUM+A(P(I),J)*Y(1,P(J))

40 CONTINUE

Y(1,P(I))-(Y(1,P(I))-SUM)/A(P(I),I)

50 CONTINUE

C ************ SOLVE FOR (X) BY BACK SUBSTITUTION ************

X(P(4))-Y(1,P(4))

DO 70 1-3,1,-1

SUM-0

DO 60 J-.4,I+1,-1

SUM-SUM+A(P(I),J)*X(P(J))
60 CONTINUE

X(P(I))-Y(1,P(I))-SUM

70 CONTINUE

C *************** RE-ORDER ELEMENTS OF (X) ***************

DO 80 1-1,4
A(1,I)-X(P(I))

80 CONTINUE

DO 90 1-1,4
X(I)-A(1,I)

90 CONTINUE

RETURN
END
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C ***********************************************************
C * *
C * SUBROUTINE SCR *
C * *
C * Exchanges rows of the 4 X 4 Jacobian to maximize *
C * the numerical accuracy of the LU decomposition. *
C * *
C * Input: The Jacobian in [A] *
C * The row permutation vector (F) *
C * *
C * Output:The modified [A] *
C * The modified (P) *
C * *

C ***********************************************************

SUBROUTINE SCR(Q)

COMMON/SOLVER/S,P(4),A(4,4)

REAL ROWTEMP(4),ROWMAX,COLMAX,A
INTEGER I,J,S,P,TEMP,Q

DO 30 IS,4

ROWMAXA(P(I),I)

DO 20 J-1,4

IF(ABS(A(P(I),J)).GT.ABS(ROWMAX)) THEN
ROWMAXA(P(I),J)
END IF

20 CONTINUE

IF(ROWMAX.EQ.O.) THEN
WRITE(*,25) I,Q

25 FORMAT(//5X,'MATRIX IS SINGULAR, INDEX
PAUSE
END IF

ROWTEMP(P(I))-.A(P(I),S)/ROWMAX

30 CONTINUE

COLMAXROWTEMP(P(S))

DO 50 IS+1,4

IF(ABS(ROWTEMP(P(I))).GT.ABS(COLMAX)) THEN
GO TO 40
ELSE
GO TO 50
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END IF

40 COLMAX-ROWTEMP ( P ( I ) )

TEMP -P(S)

P(S)-P (I)

P ( I ) -TEMP

50 CONTINUE

RETURN
END
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C ***********************************************************

C * *
C * SUBROUTINE L *
C * *
C * Calculates elements of the lower triangular [L] *
C * matrix during LU decomposition. *
C * *
C * Input: Elements of the Jacobian [A] (as modified *
C * by row interchange) *
C * The row interchange vector (P) *
C * *
C * Output:Elements of [L] stored in [Al *
C * *
C ***********************************************************

SUBROUTINE L

COMMON/SOLVER/S,P(4),A(4,4)

REAL A,SUM
INTEGER I,K,S,P

DO 30 I-S,4

SUM-0

DO 20 K=1,S-1
SUM=SUM+A(P(I),K)*A(P(K),S)

20 CONTINUE

A(P(I),S)-A(P(I),S)-SUM

30 CONTINUE

RETURN
END
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C ***********************************************************

C * *
C * SUBROUTINE U *
C * *
C * Calculates elements of the upper triangular [U] *
C * matrix during LU decomposition. *
C * *
C * Input: Elements of the Jacobian [A] (as modified *
C * by row interchange and formation of [L]) *
C * The row interchange vector (P) *
C * *
C * Output:Elements of [L] stored in [A] *
C * *
C ***********************************************************

SUBROUTINE U

COMMON/SOLVER/S,P(4),A(4,4)

REAL A,TEMP,SUM
INTEGER I,K,S,P

DO 30 I=S+1,4

SUM-0

IF(S.EQ.1) THEN
GO TO 20
END IF

DO 10 K-1,S-1
SUMSUM+A(P(S),K)*A(P(K),I)

10 CONTINUE

20 A(P(S),I)(A(P(S),I)-SUM)/A(P(S),S)

30 CONTINUE

RETURN
END


