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ABSTRACT

The present report gives a detailed description of Program
CABUOY. which analyzes in the time domain tht two dirmen-
sicnal dynamic behavior of general ocean ,able .ytems Lonsisting
of a st.rface buoy, connecting .able, and intermediate bodies.
The equations %ich model the motions of the surface waves
and the various components of the cable system are prewented.
i.nd the s.ubioutines of the program are briefly outlined.
lN%tructions on use of the program include a hsting of the inpot
RiPLAD itatcment-,, definitions of the input vanables, and a
niumber of comments on th-! entering of input data. Several
simple problems are given to illustrate use of the program, the
output of the program, and tornputer costs [or a range of zass.

The listing of the ;;-. 'ram is given in the appendix.

ADMIMPSTRATIVE INFORMATION

The work described in this report was authoriied by thi- Naval Air Devclopment Center

under Project Order% 4-0601 and 0-0611 re.ipedtivc ly dated 5 March 1914 and 13 February

1976. The work was performed under mnternal Work Units 1-1552-130 and 1-1552-145.

INTRODUCTION

The dynamic mtion characteristics of cablf system, are currently of extreme inte".et.

and several major survey% of cable dynamic% studies have been made in recent years

An ocean cable system generally consists of the following three components:

i1 A ship or surface float at the upper end.

2. A cable whose properties may vary alo,-g its lcngth.

3. Intermediate bodics along the cable. inc'fuding the possibility of a body at the lower end.

Previous studies have usually focused on only onre of the above components. r07 exampoe.

the principal emphais in many studie% i% on the dynamic charactcristics of the cable itseltf

SDilon. D.B.. -An Inventery of Current Mathematical Models of Scientific Data - Gathering Moors."
Htydrospace-Challenget. Inc. TR 4450 0001 (Feb 1973).
A complete list of references is given on pages 61- 63.

2Choo. Y.l. and MJ. Casa•ella. "A Survey of Analytical Methods for Dynamic Simulation of Cable-Body
System•," Joutnal of ilydronauttcs. Vol. 7, No. 4. ppý 137-144 (Oct 1073).

3AIbertsen,. N.D., "A Survey of Techniques for the Analysis and Design of Submerged Moiring Systems."
Civil Fngineerng Laboratory Technical Report R-8I15 Aug 0•74),



Conditions at the ends of the cable are then either those of prescribed mo:ions or simple

representations of the surface buoy or lower body. It appears that such studies were Larried

out mainly to demonstrate the feasibility of a particular method of solving for the dynamic

characteristics of the cable, Choo and Casarella2 discuss the merits and drawbacks of the

three principal analytical methods. linearized frequency-domain method. method of

characteristi.cs, and finite element method. In other studies, the principal emphasis is lun the

dynamic characteristics of the surface buoy or the lower body and the effect of the cable is

then approximated in various ways It is clear that these studies are suitable only for

analyzing particular types of cable systems, also. only the dynamic characteristics of certain

components are accurately described.

The present report gives details on Program CABUOY. which analyzes in the time domain

the two-dimensional dynamic behavior of all three components of a general cable system.

This program has already been briefly described.4  Although it was developed principally to

analyze the dynamic behavior of sonobuoy systems, for which it is of interest to know the

dynamic behavior of the surface buoy, connecting cable, and lower acoustic detection units.

the g~eat generality zad versatility of the program make it useful for a wide variety 4f other

cable systems.
The report first presents in detail the equations which form the basis of tile program.

These include equations for the steady-state cable configuration and for the dynatic motions

of the surface wavest surface buoy, cable. and intermediate bodies. Eaci of the program

subroutines is b~riefly dscribed. Detailed input instructions include a listing of the input
FORTRAN RIEAD statements, definition of the input variables contained in thc~e REAlD

statements, and comments on the entry of input data. Several sample problems serve to

i'lustrate program use, output, and computer costs. The program is listed in the appendix.

Both the input instructions and the sample problems illustrate the wide applicability of

the program, The sample problems range from a parametric study of the accuracy and

computer cost of various finite element representations of the cable to the analysi% of a

complete buoy-cable-body system moored in the presence of typical ocean wasc% and current

profiles. The characteristics of each component of the ocean surface wave% may be s,'ecileed

by the user or may be internally generated by the program by means of the Picr•on-Moskowitz

spectrum. The surface buoy at the top of the cable may havc a relatively wide range of si/Cs

ard shapes. It may be a prolatc or oblate spheroid of any aspect ratio provided it% horwtontal

'Wang, II.T.. "Preli.-ninary Report on a Fortran IV Compu'er Program for the Two-.rmensKunal [)ynatmc

Behavior of General Ocean Cable Systems." DTNSRDC Deperimental Report SPDI.633-O1 (Aug 075).



length is small compared to the wavelengths of the significant ocedn waves, or it may be a

spar buoy of any size. The reasons for these particular choices of buoy shapes and sizes are

given in the section on surface buoys. Alternatively, motions may be prescribed at the upper

end. The user determines the accu~acy and computer cost of the dynamic analysis of the

cable by specifying the total number of cable segments as well as the length of each segment.

Several different formulations are given for the added masses and drag coefficients of the

intermediate bodies.

STEADY-STATE CALCULATIONS

CABLE EQUATIONS

The program first calculates the configuration o' the cable ;ystem in the presence of a

steady-state cutn-ent* alone, in the absence of any time-dependent excitations. The differential

equations for the steady-state configuration of the cable are well known and take the following

form for the coordinate system shown in Figure I; for example, see Springston. 5

CABLE

c INITIAL POINT

0y

Figure I - Definition of Coordinate System

*The term current is used to denote the steady-state fluid velocity relative to the cable. For the case of a
cable towed in still water, the current has magnitude equal to and direction opposite to the towing velocity.

5 Sprmngston, G.B. Jr.. "Generalized Hydrodynamic Loading Functions for Bare and Faired Cables in Two-
Dimensional Steady-State Cable Configurations." NSRDC Report ?424 (Jun 1967),

3



-T do + +sin W = 0)

dT +G+ cosOW=O (2)

dso

ds (3)

dsa

dx - i +E)sinl 14)
dso

dy (I + 0cos€ (5)

dso

where T = cable tension

0 = angle of the cable segment with the vertical (see Figure I)

SO = reference cable iength (when T = TO) measured from the initial point

To = reference tension

l.G = normal and tangential drag forces. re.,pecti~ely. per unit length acting on
the canle

W = weight in fluid per unit length of the cable

s = stretched ca'we length measured from the initial point

S= cable strain; c = 0 at T = To

x = horizontal displacement, positive to the right

y = vertical displacement. positive downward

For smooth, approximately round cables, the normal and tangential drags may be taken

a% repectively proportional to the squares of the velocities normal and tangential to the cable5

I p C-d d cn Ic (0)

C=/p Cdc lctl 17)

where p = fluid density

CD' CT = normal and tangential drag coefficient% respectively

d = cable diameter

cn = component of the current normal to the cable = c coS -

ct = component of the current tangential to the cable = -- sin 0

c = magnitude of the current. taken to act onl' in the x-directioi

4



The tension-strain function is assumed to be: of the form6

T--To =(' e ' 48)

where (C, = constant of elasticity: C1 = AE for a linearly elastic cable

A = cross-sectional area = ird 2 /4 for a round cable

E = modulus of elasticity

(', = an exponent: (C, = I for a linearly elastic cable

Equation (8) enables a nonlinear tension-strain relation to be modeled by only two input

variables. C, and C,. It is more convenient to express f as a function of (T - T,) in order to

eliminate it in Equations (3) through 15;:

CI/
e=\(.,-ji9 2 (9)

INTERMEDIATE BODIES

It i,, assumed that conditions at the top of the cable are known and the integration of

Lquations (I I thiough (5) proceeds down the cable. At an intermediate body. the integration

must be interrupted and the unknown cable variables Tu anti d below the body must be

related to the known variabes 1 k and Ok above the bod%,. Redticiin! ine three-dimensional

eqluation, contained in References 7 and 8 to the preent two-dimensional case results in the

foilov ing two equations for T. and Qu:

D2 Tk +- W8 2 O1)

Tu = V s in Ok k + D ' +4- co0%k Tk + W10)

I snk TIC + I)X
-u tan- co%, k Tk + WI i )

where !)x is the drag on the bod) and

"•'Thresher, R.W. and J.ll. Nath. "Anchor-Las; I)eployment Procedure for Mooring." Oregon State
University Report 73-5 (Jun 1973).

7Wang. ll.T., "lffect of Nonplanar Current Profiles on the Configuration of Moored ('able Systems.`
NSRDC Report 3692 (Oct 1971).

1tWang. II.T.. "A FORTRAN IV Program for the Thrce-Dimensional StCady-State Configuration of
Lxt:ensible Flexible Cable Systems." NSRDC Report 4384 (Sep 1974).
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Here also. C)A~ is thle drag area of thie hod.1 for flow -;i the s-direction atnd W ts he m~eigh

of thle bo,,' - n fluid.

BOUNDARY CONDITION'S

Initial Value Cases

'rle integration of tile abo~e differential equationi% is most com~enient \%hen the tension
.1 and thle angle 0 are known at one end of thle cable TUhese ire known for certain cases of'

%ingle-point inoored :able% and towing -able,, ['or the moored cases. thle program start% u itli

tl'e known contliiion% at thle top oft the cable and intcerite% the f~i~e differential equaIitI11%

until thle tower end of thle cable is reacied. This i-% thle imple~t case for the prograim since

thle numbevring of' the, cable segmnitit% and intermediate bodies .tart,% at th,.,, topl of the cable

For to%ing cable case%. where thle condition,, are knoun at the lower towed bod\, thle program

integrateN thle differential equations tu ice. The\ are first integrated from the tou~e( Kid\ to

the upper point. thu-s fi~ing- thle condition% at this- point, thlen, in order to conf'Orm to the

numbering system which is used for the d0 namic aiacuilation%. the equation% are iniegrated

on-x again from the upper point dom n to thle lower to%%;.-! body.

Boundary Value Cases

In mail\ application% tile \.1111s ot* I and 0 Lire not kiiov~ n a p~rien-! at amn point along

thle cable. It is Pnecessar\ to treamt !hese cases xs boundary v.1tlue Problems and u'e, Iteration

technique% to ot'tairi thle solution. -11e present program contains thle iteration ~cherne" for

tuo( cases (it' particgilar intcre.t for ;.iwobtio\ ytm a Lable of givc:1 Ic ng~it moored in a
gi1venl Ocean deptO h And a 'rve-tloit ing cable t~ stem. '" I hie ite~ation subroutine is - ritten so

thait tile user mna\ c-a.icmcuntl% m'. ment irt,ýiton schemes 'or other applicaisons.

")Wang. 11 I and 11.1. Wehsicr. 'Turrent Prt'tiks Whic.h (,ivc Rise to, \''nunmqu: Solutions of Mooired
Cahk S,.sitens.- Paper OTC 1539. Fourmth Annual Ottshmre Tch~nolog, C'onfcrcnt-.x. limisteon. 1"esas

"'Wanfg. 11.1 and 1.1.. %loran. -Anal~st, tit the Two-Dirimeniional Sicady.Siate Beluvior of I xiensible
1lree.Foimlig Cable S~siems.", NSRI)C Rcpot'r 37-21 (Oct 1Q101
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OCEAN SURFACE WAVES

DESCRIPTION OF MOTION

For ocean depths greater than one-half the wavelength." the water particle trajectories

due to a single progressive wave are. according to linearized firt-order theory, given by 1. 12

xw =aw e-kYcos(kx-ot+O O ,l

yw -aw e-kysintkx-ot+Ow iO.tWi

where Xw" Yw = water particle displacements in the (x.y) directions, respectiely
Saw = wave amplitude

k wave rumber = 2w,•

) = wavelength

o circular frequency = V = 2Xf

f =frcquency

t time

9 gravity constant = 32.2 ft/sec 2 9.81 m wcc¾

0w = phase angle

It is of interest to note that the trajectories describe circular orbits with a radiu% which decays

exponentially with depth.

For an irregular sea consisting of N distinct component%, the resultant water particle

displacements are obtained by a summation of the above expre,,ion.-, resulting in

N -ky

NYw a e sin (kix - ot + 0) t 14h)

Differentiations with respect to time yield the following reult,; for water particle velocities

and accelerations

11 Lamb, H., "Hydrodynanucs," Sixth Edition. Dover Publications, New York 1,19451. pp. 303- 170.
pp. 152-&55.

t 2Wehausen, J.V. and EN. baitone. "Surface Waves." in "Handbuch der Physik." Vol Q. Springer Verlag.
Berlin ( 1960). pp. 446. 778.

7



N

xw • ; awi e' sin (kix - oit + ow) (15a)

N-kY
Sw = a awl e cos (kix - oit + 0wi. 1 5b)

N

K= -O awi ekIy cos (kix - oit + w16a

N _ky
ýw t 0? aw. ekI sin (kix - ott +0owi (16b)

i=i

CHOICE OF COMPONENTS

The computer program allow- the user two options for dcscribing an irregular sea. lie

may specify the values of N. awl' o0. and OW, or he may use an eneigy spectrum Ss(o) to

define the wave amplitudes

a i=VsS( I A0(7)

where o1 = 0 i-I +A°

Ao = tau - oo'N

ou = upper limit of the significant range of a',,

o• = lower limit of the -ignificant range of a's

The program ue, the Pierson-.lo-kowit7 energy sea spectrum of the form

S -- A 4 (18)

where A = O.00I9! g2 and B = 33.5; h2j~ lere h1 3 is the significant wave heigrt. the average

of the tine-third highest peak-to-trough heights. As reported by Frank ;and Salvesen.' 3 the

I Ith International Towing Tank Conference (Tokyo) (I% '6 recommended the spectrum in

this form for computations when information is not available on typical sea spectra.

1- Frank. W. and N. Salvesen. -The Frank Close-Fit Ship-Motion Computer Program.- NSRDC Report

3289 (Jun T70).

S



Other forms for SS(W) can. of courw. be conveniently programmed. Values for hi1 3. ou. and

.t fer State 0 to ) seas may be found in Table I of Reference 13. The program sets the

values of OW, to be evenly spaced from Owl to 360-0w degrees,.

PRESCRIBED SURFACE MOTIONS

The program allows the user either to prescribe the motion at the ,urface or to describe

it by means of differential equations ot motion for :i ,urface buoy

If the surface buoy or ship is sufficiently large that its motion% are not appreciably

affected by tile presence of ihe cable. these motions may be calculated separately and used as

input for the present program. Several programs are availabl, to calculate the pitch and heave

motion responses of surface ships, for example, the Frank (lose-Fit Ship Motion Computer

Program.1 3 This approach is also valid for laboratory simulation% of cable dynamic% where

the motions at the upper end of the cable are of!en prescribed. A third area of application

cotild be a full-scale trial where the motions of the surface ship or platform can l-e readily

measured.

The program considers the prescnbed motion of the end of the cable as composed of" a

series of sinusotdal components in the horizontal and vertical direction%

N

cost- irf't +osIi
i=t

N

Y=s • -ay, sin I- 'r.ft + 0st (20)
i=i

where Xs" ys = horizontal and veitical component,, of the surface motion, respectively

axi, , = amplitudes for tile ith component of \S and Y.. respectitely

f1* 0s, = frequenc. and phase angle for the ith component. repc.ctivel\

If so desired. other forms for the precribed motion may be conmeniently added to tile

program. e.g.. other tunction% of time such as, powers, ot t or exponentials

1)



SURFACE BUOY EQUATIONS

GENERAL CONSIDERATIUNS

It is well known that the added nra;ss and damping coefficients of surface buoys are. in

general. functions of the frequency of the oscillation."4 15 In the time domair,, this requires

the solution of integrodifferential equations which conotain convolution irtcgrals. Ahernatively,

if the frequency-dependent coefficients can be expressed as simple polynomials of the frequenct,

the integrodifferential equations may be replaced by a set of higher order differential

equations. t 4 In either case, the solutions are complex and/or time-consuming in the time

domain. Thus, surface buoy motions have usually been solvd in the frequency domain. In

this approach, the steady-state harmonic response is obtained for each frequency component

of the exciting surface waves. The total response to the sum of the individual wave compo-

nents is then obtained by linear superposition. Experiments have shown that this procedure

generally yields satisfactory results for pitch and heave motions of surface ships.

Because of diificulties in solving buoy equations in the time domain, :he frequency

domain approach has also been used to study the motion of cable-buoy systems. Perhaps the

most comprehensive of these stuciies is the Goodmran et al. computer programni which

consider,, four different buoy shapes. In addition to facilitating the solution for general buoy

shapes. the frequency domain approach has the additional advantages of immediately giving

the steady-state harmonic response (no need to wait for the transient response to die down)

and of reducing the computer time required to obtain cable motions.17 However, the draw-

back% to thi% approach include neglect of all nonlinearities and the assumption that all the

dynamic response variables are small compared to their steady-state values. This approach

would not be able to predkt. for example, the large dynamic snap loads which occur when

the cable goes slack.

In view of the above drawbacks and also ;n view of the existence of the comprehensive

frequency-domain computer program described in Goodman et al.. t 6 it was decided to use a

14 Tick. i.J.. "Differential Equations with Frequency-Dependent Coefficients." Journal of Ship Research.
Vol. 3. No. 2. pp. 45 -4o 1Oct 1959).

"tOgilvie. T.F.. "Recent Progress toward the Understanding and Prediction of Ship Motios.'" Fifth
Symposium of Naval Ilydrodynariucs. Bergen, Norway. pp. 3- 128 (Sep 1964).

16Goodman. T.R. et al.. "Static an-i Dynamic Analysis of a Moored Buoy System." National Data Buoy
Center Report 6113.1 (Apr 1972).

"t7 Wang. II.T.. "A Two-Degree-of-Freedom Model for the Two-Dimensional Dynamic Motions of Suspended

Extensible Cable Systems." NSRDC Report 3663 (Oct 1971).
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time domain approach in the present study. In order to make this approach leasible. it wasI importar.t to find classes of buoys which did not have frequency-dependent added mass and

damping coefficients. A literature search revealed two such classes- spar buoys-., 19 and small

buoys. Spar buoys are buoys with circular Lross sections and large draft-to-diameter ratios

|ltb. Because of their slenderniess, the added inertia terms of these buoys are ess,.entially those

for infinite fluid, and the frequency-dependent wave damping coefficient,, are zero to first

order approximation.18 The other class corresponds to buoys whose typ-cal dimension a is so

small compared to the ocean wavelengths X that the reduced frequency 6 given by

25 -27 < i <<1

is much le--: than unity for the range of X values corresponding to ocean waves of :n;erect.

For surface buoys of sonobuoy systems, whose typical dimension is ot the order of I ft

(0.305 m). the above condition holds for the large majority of sea states. When l-quation f21)

holds. the wave damping terms go to zero and the added inertia erm-, for U = 0 may be used.

In this case, the ocean surface behzves essentially as a rigid plane. :1 and for the cawe of a buoy

whose axis of symmetry is aligned with the y-ax,s, the added mass in surge is equal to the

infinite fluid value. The added mass coefficients for pitch and heave must hV calculated

separately for each shape considered. Since thes%" coefficients have been ,tudhed for several

cases of blate asnu prolate spheroids. 21 -24 and also because they repre,,ent ma!btematical

shapes which are similar to surface buoys of sonobuoy vysIems. it was decided to repreent

the sma!i buoys by prolate and oblate sphteroids. Botl, types of spheroids are characteried b%

having t,,o of their three axes equal in length. The limiting cawes for a prolate spheroid ire a

18Newman, J-N.. "The Motiolns of a Spar Buoy in Regular Wave-." David Taylor Model Basin RepoKrt
14Q9 (May 1963).

I'YRudnick. P., "Mation of A Large Spar Buoy in Sea Waves." Journ-al ol Ship Research. Vol. 11. No. 4.

pp. 257 .26? (Dec 1967).
2"Newman. I.N.- 'N;tarne f.|drodynamics (Lectitra Nlies)." M.I.T Dept Nat,. Arch. and Mar I ng.

(Spring Terni 171 ).
21 flavehlck. T.. "Waves due to a FH.ealng Sphere Making Periodic l|fle:n OGchilatiions." Preceedings ol

!he Ro.al Societ,. Vol. 23.1. Se:.-r, A. p•. I -7 (Jul 1955).

'MacCam%. R.C.. "On the Hleating Motion oif C.,;inders of Shall,,w )ralt.-" Jourrnal oi Ship Re.earch.
Vol. - No 3. pp 34-431Dec 1q61).

":3Kim. W.D , "Or t Ie Forced Ohc-tiLozns of Shallow-Dral Ships." Jouirnl of Shin Re carch. V 7.
No. 2. pp. 7. 18 (Oct 1Q63).

"2 Kim. W i1) . "'Tn F;ie.lauting Ship in Waves.'" Journal tu Ship Resemihh. Voi 10 Nto... pp 182 - 1141
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long thin cylinder and a sphere, and the limiting cases for an oblate spheroit are a thin

circular disk and again a sphere. It can be seen from these limiting cases, that pr(,!ate and

oblate spheroids can be used to generate a wide range of shapes.

DIFFERENTIAL EQUATIONS OF MOTION

The linearized differential equations for the surge, heave, and pitch motions of a surface

buoy or Ahip freely floatin- in an inviscid fluid are well known: see. for example, Frank and

Salvesen t 3 and Newman.18 These equations usually contain the inertia forces (inc!uding the

added hydrodynamic inertia forces), the wave-damping forces, the exciting forces due to thc

incoming ocean waves, and the restoring forces due to buoyancy. The resulting equations are

usually solv-.-d in the frequency domain. As mentioned previously, the wave-damping forces

may be neglected, to first order, for the two types of buoys considered in the present rep.rt,

T'he forces due to viscous drag and cable tension. which are not usually considered in the

-:stud.ies, are included in the present formulation. The viscous drdg forres which are

qlu;adratic( in the motion velocities of the float, are usually omitted since they make the

equations nonlinc.,r and complicate solutions in the frequency domain. The inclusion of

these forces poses no problem in a time-domain analysis. The cable forces are, of course.

zero for a freely floating buoy.

If the above force% acting on the buoy (shown in Figure 2) are considered and the pitch

angle ý i% taken to be %mall such that

sin l// ( 22a,)

cos • !. 22b)

the thret differential equaion- for the surge E. heave '. and pitch g are as follows

[At (m + KpVý v + At, -I (y - y(; ks,(y) St'yi d i; - FK, + 1), + T + T,,%,
I23)

t '•, 1 , + Ki, P\•]• j pgS,(ý - ý,) + FK,. + Dv, + T) -ly '1.,s14)

SI+ + p lY - y; 12 k Sly dS ty = pgV BG •'+ FKg

S-; t)x + I- ry ý/ + r. T y (r( + r Y TX - rwy x ( 2
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Figure 2 - Definition of Forc'es Acting on Surface Buoy
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where Aa, A,, A•., and Ap = inertia coefficients defined above

m mass of the buoy

Ks and KH added mass coefficients for surge and heave. respeatively

V = submerged volume

It = draft

Y( =distance of the center of gravity below •he unditurbed free %,urfacc

ks (y• = loca! added mass co.,efficient for surge

S(yI = local cros-sectional area

FKX. FKy exciting forces due to surface waves in the x- and y-directions.
respectively

FK • =xciting moment about the center of gravity due to surtace waves
DX' D y = viscous drag forces in the x- and y-di'ections•, respectively

T Ty = components of the cahie tension in thN x- and y-directions.
respectively. at the att ichment point to the buoy

TlWX = wind loading on the buoy in the x-direction

Tys = steady-state component of tension in the v-direction at the
attachment point to the buoy

SW = waterplane area of the buoy

Yw = vertical displacement of the ocean surface, delined in Equation i14h)

= moment of inertia amout the center of gravity

-ZG = Ye -Yu

= distance of the center of buoyancy below the unditurbed free ,urtace

r. i.* = horizontal and vertical distances measured from the center of gra•ty
to the cable attachment point

wy - vertical distance measured from the center of gr, wtv to the center of
the v'ind loading force

fn Equations (23)-(251. a dot denotes differentiation with r,-spect to time.

The added inertia coefficienv,. presented below, are all calculated for the ca,,e 0 It

should be noted that the moment terms on the right-hand ,ide of Equation 4 251 may K.

readily changed to account for large value% of ý which negate approxim.ition, I_2a i and 21.

flowever. the added inertia term% on the left-hand side of Equation% (23) throuieh 4251 must

be calculated (by pote itial flow nethods) for each new value of ý,. For e\aimple. or .1 larg•

value of i. the adde:! mass in ;urge for a small ,pheroidal buoy i% no longer equal to the

infinite fluid value since in this ca,,c. there will he motion of the fluid perpmnlicular to the

free ,,irface.

Under statc condition,. the submerge" volume V mut support both the ,ciglhi of tile

huoy in air Irmg) and the vertical component of the ,teady-,tate tenion 41 I1

14



pgV =mg + Tys (26a)

m lys
SP P9

If the input dimenston% tor the draft and cross-sectional areas of the buoy are such that the

submerged volurme does not equal the value given in Equation 126b). the program internally

mulliplhe-, the cross-sectional areas by a constant factor so that the submerged volume becomes

exactly equal to the value given by thi:. equation. Ail ot the added inertia and %ave-exciting

forces given in the follow,,ng sections are based on this volume.

The tollowmg two sections present derivations for the added inertia coefficients Ks. Ki1 .

k and the wave-exciting forces FK . FKy, FK for the two classes of buoys considered:

spar buoys and small spheroidal buoys.

SPAR BUOYS

Bkecaut of the slenderness of the spar buoy. Newman 18 shows that ias added inertias for

,urge and pitch are identical to those in infinite fluid. Since the spar buoy has a circular

cross section., the surge inertia coefficients ks and K, are both equal to i. leading to the

following definitions for the added surge and pitch inertia terms in Equations (23) through

(25,:

Ks = ks= (27a)

m + Ks pV = m + pV 427b)

f, y- ks(y) Sly) dy = t.Iy - y;)S) (2701

0 0

if It

P f(y - Y6 )2 ksty) Sly) dy = (y - y.;2 Sly) dy i27d)

Newman takes the buoy to be sufficiently slender so that the added mass for heave may

be neglected. Adec and Bai 25 have shown experimentally that for the case of a circular

cylinder, it is more accurate to add a term corresi..nding to one-half the added mass of a

circular disk (with the same diameter as that of the cylinder) heaving in infinite fluid.

2"- Adee. B.11. and KJ. Bati. "Expetimental Studies of the Behavior of Spat Type Stable Platftims in Waves."
University of California (Berkelcy) Report NA-70-4 (Jul 1.70).
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This correction term has been incorporated into the present formulation by takr , the radius

of the disk to b-- the mean radius of the spar buoy ? defined by

r72 H = V.T= = H

Since one-half of the added inertia of a circular disk heaving in infinite fluid"1 is (4/3) pFI,

the following expression is obtained for KH in Equation (24)

K =4 1 i3 4 I Y v28)
KH 3 "r V\.H/ (28)

Newman shows that the wave-exciting forces are simply the Froude-Krylev for-e;, whiclh

may be obtained by integrating the pressure field generated by the ocean waves around the

contour of the buoy. The following expressions are obtained for FKx and FK

N

FKx=- 2 [o awi cos (kix-oit + Owi)Qo(ki)] (29)
1=1

N

FK = 2 2[ awi cosikx-oit +Owi) Q,(ki (30)

where

Qofki) = pJ It e-kiy S(y) dy
0

Q (ki )=p e 1ijy (y -y(; )St )y)dy

0

For the heave motion, the Froude-Krylov force given by Newman has been modified to

account for the additional heave added-mass term given in Equation (28). This modification

has been ;o made that in the limiting case of a very small spar buoy (which would follow the

motions of the waves in the abence of cable forces). the wave-exciting term in Equatiorn (24)

would be exactly equal to the inertia term on the left-hand side of the equation. The resulting

force has the from

FK=I+i P(_L),i] [ o2 a -sin(kiX-ot+Ow,)QtIkJ(1

The expression given by Newman does not contain the correction term (413)p(V!lH)3;,.
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SMALL SPHEROIDAL BUOYS

As mentioned previously, for the limiting case of zero ;educed frequency where tile free

surface behaves as a rigid plane, the coefficient for the surge added mass KS is equal to the

infinite fluid value. These coefficients may be calculated by the formulas and tahles given in

Lamb.t1

The added inertia coefficients for heave, pitch. and coupled pitch-surge motions which

have components normal to the free surface are not the same as the coefficients or int inite

,fluid Instead. they must be calculated separately to incorporate the rigid free-surface -

condition. Inspection of Equations 423) aad (25) shows that the added inertia terms for

pitch and coupled pitch-surge motions may be defined as follow,,

.. H 1 H

Y- YG)2 ks(y) Sty) dy j (y2 2yy(; + yJ ' ksly) S4y) dy

= pss rw2 V Y; - P 15 1 rw VG' (3 2a)

- y - yG) ksIy) Sy, I dy =/p 1S rwV + yt, KSV \32b)

where rw is the maximum radius of the buoy and is used to render the coefficients p,5 and

P,, dimensionless.
Thus, a calculation of pU5. P15 - and KitI along with the values of Ks for infinite fluid as

given in Iamb. completely determines all the added inertia terms in Equations i23) through

(25). Bai 26 has used a finite element approach to calculate coefficients ;A,,. P,. and Kt for

spheroids with draft to maximum radius ratios (Hlrw) ranging from 0.1 to 10. His results

agree well with previous results 21"24 for corresponding cases at the zero redaced frequency

limit.

Principally for the sake of programming ease, the present program consia, s only the

results for the case where the maximum radius lies at the free surface. Consideration of other

radii at the free surface would introduce a'iditional parameters to a description of the

submerged buoy. In addition, it is expected that in most cases the maximum radius will be

close to the free surface because most of the volume land hence buoyancy capability) of the

spheroid is concentrated in the region around the maximum radius. Results for several cases

where the waterlire does not occur at the maximum radius are presented in Bai.26

26Bai. KJ., -The Zero-Frequency Hydrodynamic Coefficients of Vertical Axisymmetric [odies at a Free

Surface." Journal of P!ydronautict (Jan 1977).
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In the range 0.1 < H/rw < 10., the coefficients IA,,, ps, KH and Ks are obtained by

linearly interpolating between the values shown in "Table I.

TABLE I - VALUES OF ADDED INERTIA COEFFICIENTS

FOR SPHEROIDAL BUOYS AT ZERO REDUCED FREQUENCY

H/r KS KH 5  A 15

0.1 0.074 12.84 1.27 0.3

0.2 0.143 5.84 0.55 0.264

0.3 0.24", 3.672 0.312 0.237

0.5 0.31 2.005 0.117 0.177

0.7 0.397 1.323 0.0358 0.1
0.9 0.469 0.96 0.0038 0.0039

1.0 0.50 0.836 0. 0.

1.5 0.622 0.484 0.0731 -0 191

2. 0.704 0.323 0.272 -0.391

3. 0.804 0.18 0.993 -0.788

5. 0.894 0.082 3.65 -1.565

7. 0.933 0.049 8.20 -2.38

1. 0.96 0.028 20.0 -3.75

The values of KS are those given by Lamb,"! and the values of p,,. ps s and KH are the

values given by Bai,2 subject to two modifications at H/rw = 10.0. The values of p15 and

1s5 for H!rw = 10, respectively 20.0 and -3.75, correspond Lo those obtained by simply using

strip theory with ks(y) = I for 0 < y < H. The corresponding values of ps and s55 obtained

by Bai are respectively 17.84 and -3.53. These modifications were made principally for the

sake of providing continuity with the approximation used in the range H/rw > 10.0. where

the buoy is treated essentially as a spar buoy. There are two reasons for the differences

between the strip theory and theoretical finite element calculations.2 6 First, the strip theory

approach neglects the flow around the lower end of the buoy, where ks(y) < I. Second, the

finite element representation, where only the nodes of the elements are on the surface of the

buoy, effectively models a smaller buoy. Both of these effects serve to make the strip theory

values higher than the corresponding finite element results.

Wave-Exciting Forces

The exciting forces FKx and FKy in Equations (23) and (24) were written in a form

which assumes that the buoy follows the wave motion in the absence of cable forces and

18



coupling between pitch and surge mo:ions. This is tile case for buoys with dimensions which

are small compared to the lengths of the exciting waves. The resulting equations take tile form

N

FKx =(H+ KS)PV•(w =-( -+Ks)PV 0[oiawlCOs ikx-Ot W

N
FKy--- H + K If) OV~w---(I + K. ipV [a i2 awl sinik IX - () I + Owlg] (34)

3='

The term e y which appears in Equations ( 10a) and i l6b) for k and V haIa beep. omittedW Iw

in the above equations since it is t-. I under the assumption of small reduced frequency.

Equation (21).

The pitch-exciting moment is computed by noting that because of the %)mametry of the

buoy about the vertical axis, only the horkLontal wave motions nake a contrihbtion to pitch.

resulting in

FK4, = -p (Y -Y ) k';w [ I + ks(y)l S(y) dy

= P4- kG V +, ps rwV + y(; KsV) Rw

N

-PV( B +,,9r 1KS) 2oawlcos I k Ix - a It + Owl] (3 5)

-k4
Again. uneer the assumption of small reduced frequency, the tcrm e ` has been set equal to

I in the expression for .•

DYNAMIC CABLE EQUATIONS

GENERAL CONSIDERATIONS

As mentioned previously. "quation,. for the present study are solved in tile time domain.

Previous cable studies have considered two major approache, in the time domain the method

of characteristics and the finite element method. The method of characteristi•s is in elegant

method which reduces the original set of partial differential equation, to a set of ordinary

differential equations which are integrated along characteris:ic lines or wavefronts. 1 his

method furnishes valuable insight into the various modes cf cable motion but solution time%

are typically very large.
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The finite element method seeks to represent the actual cable system by a series of

segments and nodes. The original set of partial differential equations is then reduced to a set

of ordinary diflerential equations of motion for the nodes. This method facilitates the

modeling of nonuniform properties along the cable as well as the presence of intermediate

bodies. The method is also quite flexible in that the number and location of nodes is left to

the judgment of the user. In arriving at his selection of nodes, he may consider such factors

Sas the type and accuracy of the dynamic information desired, the amount of computer time

available, the complexity of the cable system, and the spatial variation of the environmental

velocity profiles.

Principally for reason% of generality and flexibility, the finite element approach was used

to model the cable. Straight elements are used in the present formulation. Webster27 studied

the use of higher order curved elements to model cable shape and concluded that the first

• order straight element appears to be the most cost-effective. In particular. he showed that

one second-order quadratic element would have to be as accurate as at least eight straight

elements before its use would be economical.

Before deciding on the final formulation, a number of preliminary approaches for

obtaining the difterential equations of motion for the nodes were explored. Two approaches

in particular were considered in some detail.

PRELIMINARY APPROACHES

In one approach, the equations were formulated in a coordinate system aligned with the

cable segment. This is the approach used by Rupe and Thresher28 to obtain the dynamic

motions of an inextens.ble, uniform cable. For the present case of an extensible cable. the

two unknown% are the inclination 'nd stretch of each segment. This is the most natural way

of describing the configuration of a Segment. In addition, certain cable forces such as tension.

added inertia, and drag forces are most conveniently e\pressed in directions normal and

tangential to ;- cable Segment. However. in the presence of intermediate bodies along the

cable, for which the inertia and drag are most conveniently expressed in the spatial x- and

y-directions. the resulting equations are greatly complicated by the transformation required to

express the body forces in the cable coordinate system. The cable svwtem considered by Rupe

and Thresher is free of intermediate bodies.

"27 Webster. R.L.. "An Apphcation of the Finite Element Method to the " ,termination of Nonlinear Static
and Dynamic Responses of UInderwater Cable Structures.- General Electric Report R76EMH2 f Jan 0976).

2Rupe. R.C and Thresher. R.W.. "The Anchor-Last Deployment Problem for Inextensible Mooring
lines." ASM|- Paper 74.WA;kT-5 (Dec 1974).
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Wang" has shown that relatively fc%,j-gments are required to accurately describe the

overa!l steady-state configuration of a cable; these results suggested a second novel approach.

The cable was conventionally divided into a number of straight segments and two differenVl

equations in the x- and y-directions were written for the nodes at the ends of the segments.

However, each straight segment was subdivided into a number of intermediate nodes, as

shown in Figure 3.

END NODE

INTERMEDIATE NODE

END NODE

Figure 3 - Finite Element with Intermediate Nodes

Since tiese intermediate nodes were forced to move along the straight cable segment, only

one differential equation was needed to describe their longitudinal motion. The principal

intention of this approach was to have the end nodes describe the overall cabie configuration

and the intermediate nodes describe the variation of tension along a cable segment. There

was not sufficient time in the present study to fully explore this approach. However, it was

found that a certain amount of bookkeeping was required in the program to differentiate

between the "'end" and "intermediate" nodes. Also, although this approach reduces the total

number of differential equations from that required by more conventional approaches. the

29 Wang, H.T., -Determination of the Accuracy of Segmented Repreentations of Cable Shape," Journal of
Engneering for Industry, Vol. 97, No. 2, Series B, pp. 472 -478 (May 1975).
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integration time step still dep~nds on the distance between intermediate nodes and the elastic

modulus of the cable. For short distances and nearly inextensible cables, the size of the

integration steps becomes very small, which increases computer time.

FINAL FORMULATION

In view of the above, selection of the final finite ele nent model was as shown in Figure 4.

The continuous cable is divided into a number of massless Ntraight elastic segments. The inertia,

weight. a.d drag forces acting on each cable segment are equally divided between the two

node.s at the ends of the segment.

" " ""N! DE t -i,-

N It

yx
NODE (n

NODE (i + '.)

Figure 4 - Final Finite EILt Model

Two second-order differential equations of motion are urit;en ie the spatial x- and

y-direction% for each node i. as fol!ows

,Jxl + Ki: Fxi Txi + D nx + Dtxi + DR.i 136)

K k+i + = Fyi T + D + Dt + D +W" +WB 17) -

Yi* Y J y ny y, oy t1 i

..2 ...... M

where Jx. Jy* K = inertia coefficients defined below in Equation (43)

x. y = subscripts denoting the x- and y-directions, respectively

F = sum of the tension, drag. 3nd gravity forces acting on the node

T = tension in the cable due to stretch and internal damping

Dn = normal drug force acti.n on the cable

22



Dt -- tangential drag force acting on the cable

Do = drag force acting or the intermediate body

Wr. = weight of the cable in fluid

WB = weight of the intermediate body in tfuid

M = total number of nodes

Detailed definition, of the cý:ble forces are now given. and the drag and inertia forces for the

intermediate bodies are defined in the next major section.

It is most convenient to solve the set of 2M differential equations 430) and 0371 with i

and j; uncoupled, as follows

-ii = 0yi Fxi - Ki Fyi )/i(Jxi JYi- Ki2  38a)i;i = Ox i Fy i - Ki Fxiy/ 0xi JYi - Ky 2 b

"DEFINITION OF CABLE FORCES

Inertia Forces

Each cable .iegment is taken to be a long thin cylinder for which fluid inertia is added

only for acceleration normal to the segment. Thus. in a coordinate system aligned ,ith the

segment, the inertia force FIc for the cable segment i% simply given by

FIC.=(At a p , n+ Ui t19

where p = mass per unit length of the cable

Qo = reference length of the cable segment

a = added mass coefficient = 1.0 for a round cable

A = cross-sectional area of the cable

an-at = accelerations respectively normal and tangential to the cable segment

In this equation, an arrow denotes a vector.

In the fixed x- and y-directions. for which the ditferential equations are written, the

inertia coefficients are not constants but rather are iunction,; of cable inclination 0. For the

cocidinate systems shown in Figure 4.. and a, are related to ý and ý. respectively the

accelerations in the x- and y-directions. by

an = x cos 0 - . sin 0 140a)

at -x = in 0 + , co% 0 (40b)
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The x- and y-components of a. and a? are, in turn, given by

anx = a. Cos 0 Cos2 0 + j sin 0 cos 0 (41a)

anya = a sin 0 cos 0 + V sin2 (41b)

atx = -a, sin 0 sin 2 0- j sin 0 cos 0 (41c)

aty = at ocos0=sincos 0 + cos2 0 (41d)

The inertia force for the cable se~ment in the spatial coordinates x and y takes the formn

FIC = [Ro + otpAQo) anx +;po atx I i

+ J(pQo + pAQo)any +p aty] 1 (42)

where i. j are unit vectors in the x- and y-directions, respectively.

If one-half of the inertia force of the cable segments above and below the node are

summed and the possible presence of an intermediate body at the node is taken into account.

Equations (39) to (42) yield the following equation for the tota: inert;a force FI at the node
JJ aQoa+ %R b crp Aa oa R ' P At) Rob 2O 1V

-F.*"7 Pa oa+ b ob + cos- b2 + Cos M )

Fi . 2 2 2 bvx

(-apAa 92apAb Rb b o
+ sin 0a cos - 2 sin bcos i

+ \ sin ca Cos 0a 2pA b sin Ob cos )x

+ (P 2a %a +p -bg ob+ + ap A, Q., sin" a + aP Ab Rob sin2 Ob + M avy )

S(ix T + KF) I + (Kx + JyyT); (43)

where %tubscripts a and b respectively dent,:- the cable segments above and below the node

and MBv, and MOvy are respectively the virtual wass, the mass plus the added mass, of the

intermediate body for motins in the x- and y-directions.

Ten-ion Force

For an extensible cable segment, the tension force T depends on the strain e and the

itrain rate c
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1, = 'Ft. 1' 44)

where
•f•~~ ~ • xXl '£yu"

e - --I -- i-. 445)

j dc fi - U(1-x y N -%u46)dt I V I

Here k i% tie %tretched length of the cable %egment and the .subcript. : t and it relpctlwely

refer to tile tower and upper end, of tile cA4le segment.

Several relationship,. have been propo,%ed in the literature for iti form of this dependence.

In the pre,,nt %tudy. the following relatively simple yet gencrai relat onhip i% ued

"" +(' ( / 147+

where CI is tile internal danping .-:t•fttcient. Note that the abov dynamic tens~;n differs

from the %tatic tenion. Equatimin XsI iy the addition of the line.r / nternal %tructural damping

term CI . I hi, model, comrnortl referred to a-, the Voigt mad;I ha,, been ued in previou,,

cable ,,tudies. for example. 1.y lufIfm;!n3  and by Goeler mnd ,Liura•3, Goeller and LUlra

%how experimentally that thi,% model zdequately describe% infernal damping for nylon rope%

except for frequencie% Nignificantl\ higher than the rem,,nance frequency of the cable. Other

more complex form-, for the internal Ntructurai damping. %uch .,, tho,,e propoed hN Reid.` 2

call 11v conveniertul. incorporated into the program.

Since the •cate •egment% abo, - anti Mvel,,Afte node act on it, the oallowing 1%%o

e'i pre%,tmon, are obtained for I and ly .re,,pectiveCy the .- and -%-,ofponlent, of the reuiltant

ftrce-; due to cabit ten'ion).

I,( I'ax +1bx 1"a sin 0.a -Tb 4inX1,

l av÷Iby 3 Co-l, 0a + 11) !,(%,.,b 14Xhi

"tih.itnin, R.R.. "The l)Dn~annial hkhavir of Extensible Cible in a Unif an now rield (An liivestiiwlon

,)I die towed Vehi hek Prohlhcn). M.ID. Thesis. Purdue Universit% (Jan I96t))

3i4. de1. .1" ad P.A. laua. "-\nlthiil and 1'xperirenial Stud.. ,i' the Dynamic Respxnse oif Cable
S%%ter,,." The Catholic 'niverst1 t ot America., )epartincnt ot W.Meanical I nizneering. T1e-r Program 893.
R;,-,ut 70-.1- (Apt ItQ7O).

iR~cu. R0 . "D)nanu:s ,i l)eep.-Sea Mo ing line-.'- Te\x: A&M t'nirersi.. Department ti( Oceano-
~:.aph>. \,M PrNiect 704. Rectrence 6A.1 IF (Jul IQON).
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Drag Forces

As shown previously in Equations (6) and (7), the static normal and tangentuI ':.ble

*.,aks are taken to be respectively proportional to the squares of the normal and tangential

components of the current velocity c. In the dynamic case., the fluid velocity relative to the

cable must include the ocean wave particle velocities iw and 'w as well a% the velocities x

and ý' of the cable. The resultant expressions vrn and vrt for the relative velocities normal

and tangential to the cable then take the foirm

VrH (+ c+ -w - 0 sin i Cos 0 + ', sin 49a)

Vrt :•(C+xW -i )sin 0 + ('w - •) co5"=-r sin 0 + ýr cos (4%b

where X*, c + iw - i and r = ;w -"

If one-half of the drag forces acting on the cable segmentb above and below the node are

summed, the following equations are obtained for the resultant forces Dnx. Dny. Dx'. and

Dty acting on the rode

Dnx Dna cos . +4 Dnb cosOb (5Oa)

Dn i n0 +'!D iin Ob 0(b)
Dny =-Daina Dnb O

Dt - D sina -- Db sin Ob (50C)

D,,. = DU cos. +" )osb I , Od,

where

DI I

Dt(a~b = N T d(ab) .aibb) Mab I a.b I

vrn(a.h) = xr co0. b) + s. sin 0 ,a.b)

v:(a.b) ",r in OWa.b) I + cos Ofa.b)

26



INTERMEDIATE BODIES

The magnitude and direction of the added inertia and drag forces for an arbitrary body

depend, in general, in a complex manner on body shape and orientation relative to the flow.

The modeling of intermediate bodies in previous cable st-idies has ranged from the very simple

to the very complex. At one extreme, the presence of intermediate bodies has been neglected

altogether, leading to a cable-only system. At the other extreme, some studies have paid very

careful attention to a particular body, often the lower body of the system, and approximated

the rest of the cable system in a simple manner.

After careful review of previous studies, formulations were selected for the present study

which although relatively simple, can model most bodies of interest for sonobuoy systems.

They are also applicable to other cable systems where the bodies are relatively small and/or

conform to the shape limitations given below.

CONSTANT COEFFICIENTS

Inorti Forces

The inertia forces in the x- and y-directions are expressed as the virtual mass times the

acceleration in these directions, where the virtual mass is the sum of the mass of the body

M. and the constant infinite fluid added mass. Thus, the virtual masses MBVx and M,,y

which appear in Equation (43) are given by

M9vx = MB +KxPVB (51a)

MBVy =MB +Ky pVB (51b)

where Kx, K are respectively the added mass coefficients for motions in the x- and

y-directions and V. is the reference volume, usually the volume of the body.

Drag Forces

Two formulations are used to describe the drag forces. In one. the drag comporents

SD.x and Dy are taken to have the form

Dax "PC DAX v it 452a)

Dy I PCDAy 452b)
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where CDAX. C DAY are respectively the drag areas in the x- and y-directions and

Vr = v/xr2 + is the resultant fluid velocity relative to the body. This approach has been

used by Walton and Polachek3 and is exact for the case of a sphere. In this case, where

CDAX = CDAY = CDA' the resultant drag DB is parallel to the resultant fluid velocity vr

--* -• --. I .- * -•) I -

DB =DaBx +DByJ = 7PCDAvrr r 2 r ) CDA VrVr

This approach may also be used to approximate the drag for other blunt shapes for which the

drag areas for different flow directions do not differ greatly, e.g. near-cubes or circular

cylinders with length to diameter ratios of approximately I.

In the second approach. DBx and DBy are taken as proportioncl to the squares of the

components of the relative fluid velocities in these respective ,Jirections

Dax = I'PCDAX i r Iii TI53a)

DBy =yr r (53b)

This is a good approximation for long cylinders or thin disks with axes parallel to the x- or

y-directions. In these cases. where there is a large difference between the drag areas, the drag

in one direction is essentially pressure drag whereas the much smaller drag in the other

direction is essentially due to fluid friction.

In the present program. the choice of whether to use Equation (52) or (53) to compute

the drag is determined by the value of the ratio CDAx/CD Ay. It was somewhat arbitrarily

decided that in the range

0.5 < CDAx/C DAy < 2.0 (54)

Equations 152a) and (52bh would be used to compute DBx and D.y. Outside this range.

Equations 453a) and (53b) are used to compute DBx and DBy"

VARIABLE COEFFICIENTS FOR CIRCULAR DISK

When a body is executing dynamic oscillation% such that it periodically traverses its own

vlscou% wake. the added ma,,, and drag coefficients are more coriectly expressed as functions

3't Walton. T.S. and Ii. Polachek. "Calculation of Transent Motion of Submerged Cables." Mathematical
Tables and Other Aids to Computation. Vol. 14. No. 69. pp. 27.46 hJan 1960).
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L
oi the dynamic motion. Drag coefficients are usually obtained for steady flow and added

mass coefficients are often computed for an inviscid fluid. The reviews by W egel' and

Holler35 show that nearly all of the measurements of the dynamic coefficients for various

bodies have been conducted for dynamic oscillation in one direction only and in the absence

of any steady-state fluid velocity. Thus, the results from these studies should be used with

caution in the present case where the cable system will generally undergo dynamic motions in

both directions in the presence of a steady-state current profile.

For the particular case of a circular disk, which is commonly used in sonobuoy systems

to damp out the motions of the lower acoustic units, the user may either employ the constant

coefficient approach (described previously) or have the program internally compute the

dynamic added mass and drag coefficients for the direction normal to the disk plane. as based

on the experimental relationships given by Holler. 35 The coefficients are related to the

dynamic motions as follows3M

B 2.2 (55a)CDAn 4 .Y

MBVn = MB + 1.2ypd = M + MA (SSbl

=Y F- for 0.077 < < 3.84

= 3 84 - !.96 for > 3.84

= -7 = 0.278 for P < 0.077

where n = direction normal to the disk plane, either x or y

MA = added mas;

ni = the velocity and acceleration. respectively, of the disk in this direction.
either (X. x) or (ý, )

The above formulas show how the drag area and the aided mass vary with 0. which is a

measure of the ratio of relative magnitudes of the velocity and acceleration. At low values of

•, where the accelkra.ion is much higher than the velocity te.g., during the initial instants of

34Wiegel. R.L., "Oi-eanographical Engineering." Pientice Hall, Inc., Englewood Cliffs, NJ.. (1964),
Chapter It.

3 511oiler. R.A.. "ilydrodynamic Effects of Harmonic Acceleration." Naval Air Development Center
Relxpt AE-"120 (Jan 1Q72).
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F,
F

a body starting from rest), the formulas show that CDAn has a high value and that the added

mass is given by MA = p d3 /3, the potential flow result. At the other extreme of high values

of 0. where the velocity is much higher than the acceleration, the added mass has a high value

and the drag area is given by CDAn .2wdsteady-state

The added mass and drag in the direction tangent to the disk plane, which are much

smaller, are computed by the constant coefficient approach outlined previously.

DESCRIPTION OF COMPUTER PROGRAM

Program CABUOY consists of a main program and six subroutines.

MAIN PROGRAM

The main program accepts input data for the cable system, surface waves, current profile.

and the initial conditions for the dynamic calculations. If a surface buoy is present, input

data are read in by Subroutine BUOY, described below. Data may be entered in either

English or metric units. A detailed description of input instructions is given later.

The program is currently written to accept up to 50 cable segments and 41) intermediate

bodies. This number can be conveniently increased by changing a few DIMENSION and

(OMMON statements, but it should be noted that dynamic calculation% for more than 50

nodes are likely to require prohibitively large amounts of computer time.

The main program pnnts out the input data and then calls on various subroutine% to

:alculate the ocean wave spectrum, certain constants for the surface buoy, the steady-state

configuration of the cable system, and finally the dynamic motions of the .wstem at prescribed

time intervals. The output from the steady-state and dynamic calculations are ailo printed by

this program.

SUBROUTINE STAT

This subroutine defines the five steady-state differential equation-. I I to (5). for tile cable.

SUBROUTINE DYNA

"I his subroutine defines the dynamic differential equations, 36) and (37). for each of the

M node%. For case% where a buoy is present. this subroutine also defines the three diflerential

equations of motion for the surface buoy, namely (23 to (25).
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SUBROUTINE CUR

This subroutine furnishes the steady-state current profile relative to tile cable system.

For a free-floating cable system. thi. would be tile actual current profile minus the drift

velocity of the cable sysmem. For a given value of the vertical distance y. this subroutine

linearly interpolate% between the input velocities which are read in as a function of y. For

Scases where the given %alue of y is greater (less) than the largest (smallest I value of y which

is read in. the subroutine takes the velocity to be the value at the largest (smallest) algebraic

value of y which is read in.

SUBROUTINE SPECT

Trhi %,ubroutine is employed when the user wishes the program to internally generate the

surface wave components. In this case. the subroutine defines the amplitudes of the surface

wave components, by using the Pierson-Moskowitz energy sea spectrum. Equation ( 18).

Provision is !eft at the end of the subroutine for implementing other forms for the sea

spectrum.

SUBROUTINE BuOY

This subroutine is used when i surface buoy is present. After reading input data for the

surface buoy, the ,ubroutin,- calculates the various buoy geometrical and added inertia

coefficients which appear in Equation.; t27) to 135). It concludes by calculating the steady-

%latae pitch angle of the buoy. in the absence of any dynamic excitation due to surface waves.

SUBROUTINE ITERA

"1his subroutine is used for boundary value cases when iteration schemes are required to

obtain the steady-state configuration of the cable system. It contains iteration schemes which

Are applicable for free-floating cable systems and a cable of given length moored in a given

ocean depth. Proviston i, made at the end of the subroutine for implementing iteration

schemes for other applications.

SUBROUTINE KUTMER

lh:, subroutine uses the Kutta-Merson method to numerically integrate the ste.idy-state

differential equations defined in Subroutine STAT and the dynamic difierential equations of
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motion defined in Subroutine DYNA. The subroutine automatically reduces the integration

step size until specified error criteria are met.

INPUT INSTRUCTIONS

READ STATEMENTS

Input data are entered into the program by means of the following READ statements

contained in Program MAIN and Subroutine BUOY. These statements are given numbers

simply for identification purposes.

MAIN Program

READ (5,1) NCASES Card I
DO 1000 MC-- 1. NCASES

READ(5,301) TITLE Card 2
READ (5,j) NSM, NSW, NCAB, NCUR, ITER, MTRC Card 3
READ(5,2) (FSM(K), K= 1.NSM) Card 4
READ(5.2) (AXSM(KW. K= I. NSM) Card 5
READ(5,2) 1AYSM(K). K= 1,NSM) Card 6
READ(5.2) (FIDSM(K),K=I.NSM) Card 7

READ(5,2) (ASW (K), K= 1. NSW) Card 8
READ(5.2) (FRSW(K), K= 1NSW) Card (
READ(5.2) (FIDSW(K).K=1.NSW) Card 10
READ (5.2) RHO. SUBM. TWX, TIY. CDASX. AMC. AFAC. TMIN Card I I
READ (5.2) TINVI. DTI. TOTT, DT2. DIR. TBH. TBYMX Card 12
READ(5,3) (FI-C(K). K I, NCAB) Card 13
READ(5.2) 1DCI (K). K 1, NCAB) Card 14
READ(5,2) (CDN(K).K 1.NCAB) Card! 5
"READ (5.2) (CDT . K =I. NCAB) Card 16
READ(5,2) (WC(K). K= 1. NCAB) Card 17
READ(5.4) (CM (K). K= INCAB) Card 18
READ(5,3) (TREF(K),K=1.NCAB) Cardl9
READ(5.5) (C I(K).K=1.NCAB) Card 20
READ (5.2) (C2 (K). K= I, NCABI Card 21
READI(5.2) (C'INT (K), K 1. NCAB) Card 22
READ(5.2) 1WBD(KW. K , NCAB) Card 23
READ(5.2) (CDABX (K). K= 1. NCAB) Card 24
REA1)(5.2) (CDABY (K) K= 1, NC(AB) Card 25
READ(5.2) (XMBV (K). K= I. NCAB) Card 2t)
READ (5.2) (YMBV'(K). K =1. NCAB) Card 27
READ (5.3) (YY 1. 1 =1. NCUR) Card 28
READ (5.3) (C'K (1). I= 1, NCUR) Card 29
READ (5.2) (PHID 11. 1 = 1. NCAB) Card 30
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READ(5.3) (TENI (I). 1 I ,NCAB) Card 31
READ(5.2) (XPI(i),i=I.NCAB) Caid 32
READ(5,2) (YPI(i), =I.NCAB) Card 33

1000 CONTINUE

The corresponding FORMAT statements are:

I FORMAT (2413)
2 FORMAT (8F10.4)
3 FORMAT (8F102)
4 FORMAT (8F10.6)
5 FORMAl (8F 10.0)

301 FORMAT (20A4)

Subroutine BUOY

READ (5.1) Ci)ASY, WAS, RWY. RTX. RTY. YCG. BIN (ard 34
READ (5.1) XSI. ZETI. SYDI, XPSI. ZTPI. SYPDI Card 35

The corresponding FORMAT statement is:

I FORMAT (8FI0.4)

DEFINITION OF INPUT VARIABLES FOR MAIN PROGRAM

NCASES Number of cases. NCASES ; I

TITLE Title

NSM 2  Number of surface motion components. I < NSM < 20

NSW3  Number of surface wave components. I < NSW < 20

NCAB Number of cable segments, 2 < NCAB < 50

NCUR Number of cur-.ent profile points. 2 < NCUR < 10

MTRC MTRC < 0 if input data are entered in Engli,,h units: MTRC > I ii input
data are entered in metric units

ITER Iteration index

FSM(K)2  NS%1
M SM Z AXSM(K)*cos(-2ir FSMIK)*t + FIDSM(KI*ir IO.1AXSM(KICk

k =i

AYSMNIK) 2  NSM

F)MK = E -AYSM(K)*sin (-2n* FSM(K)*t + FI)SM(K)*irI80.FIi)SM(K)l

NSN%

ASW(K) 3  Xsw = Z ASW(K)*cos(- 2i* FRSW(K)*t + FIDSWiK)*r"l8O.)
k~3
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FRSW(K) 3  NSW

S=F, -ASW(K)*sin (-2ir' FRSW(K)*t + FIDSW(K,*lr/180.)
F!DSW(K)3  S =

RHO Fluid density in slugs/feet 3 (kilograms/meters 3)

SUBM4  Submergence of top point of cable below free surface in feet (meters)

TWX4  Horizontal force acting at top of cable in pounds (newtons)

TIY Vertical component of tension at top of cable in pounds (newtons)

CDASX4  Drag area of surface buoy perpendicular to the x-axis in feet 2 (meters 2 )

AMC Added mass coefficient of cable: AMC = 1.0 :or round cabie

AFAC Cross-sectional area of cable = AFAC*wd 2 *4; AFAC = 1.0 for round cable

TMIN Minimum algebraic tension which can oe supported b, c tble in pounds
(newtons)

TINVI Initial time interval in seconds for dynamic calculatioas

DTI Time step in seconds for which printout is desired for 0 < t < TINVI

TOTT Total time in seconds for which dynamic calculations are desired

DT2 Time step in seconds for which printout is desired for TINVI < t < TOTT

DIR DIR < 0. if initial conditions are prescribed at the bottom (towing cable
case): otherwise DIR ;; 0

TBH Applied force in pounds (newtons) on lower weight., body NCAB-i. in x-
direction

TBYMX Maximum absolute value in pounds (newtons) of tension in cable just below
buoy: for buoy-cable system, set TBYMX equal to a large number. say. 99999

FLC(K) Length of Kth cable segment in feet (meters)

DCI(K) Diameter of Kth cable segment in inches (centimeters)

CDN(K) Normal drag coefficient of Kth cable segment

CDT(K) Tangential drag coefficient of Kth cable segment

WC(K) Weight in fluid in pounds/foot (newtons/meter) of Kth cable segment at the
reference cable tension

CM(K) Mass of Kth cable segment in slugs/foot (kilograms;'meter) at the referer e
cable tension

TREF(K) Reference tension in pounds (newtons) of Kth cable segment

C I IKK). C2(KW Tension = TREF(K) + Cl (K)*EC 2(K) + CINT(K)*i: for hnearly elastic

CINT(K) material. CI(K) = AE and C2(K) = I

WBD'K) Weight in fluid of Kth body in pounds (newtons)

CDABX(K)6.

CDABYiK )6  Drag area of Kth body in feet 2 (meters 2 ) for flow in (x.y) directions

XMBV(K) 6. Virtual mass 4mass + added mass) in slugs (kilogramI of Kth body in Ix.y)

YMBV(K) 6  directions
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r'
YY(I) 7  Value of y in feet (meters)

CCK(I) Value of current in knots (meters/second) at y = YY(l)

PHID(l) 8  Initial value of 0 of Ith cable segment in degrees

TENI(I) 8  Initial value of tension of Ith cable segment in pounds (newtons)

XPI(I) Initial value of i of Ith node in feet/second (meters!second)

YPI(I) Initial value of j' of Ith node in feet/s.econd (metersisecond)

DEFINITION OF INPUT VARIABLES FOR SURFACE BUOY

CDASY Drag area for y-direction in feet 2 (meters2

WAS Weight in Air in pounds (newtons)

RWY Vertical distance of wind loading center of pressure from buoy center of
gravity YCG in feet (meters)

RTX, RTY (x. y) distance of cable attachment point from YCG in feet (meters)

YCG Submergence of center of gravity below the free surface under the action of
its own weight in air WAS and the vertical component of the steady-state
tension (-TIY) in feet (meters)

BIN Moment of inertia in air about YCG in slug feet-2 (kilogram meters )

XSI. ZETI. Initial values of (x. i. ,) in (feet. feet. degrees)( meter,, meters. degrees).
SYD!9 where " is the vertical displacement of the center of gravity from its

equilibrium value YCG

XPSI, ZTPI. Initial values of (i. •. i) in (feet/second. feet isecond., degrees!second)

SYPDI (meters/second. meters/second. degrees/second)

EXPLANATORY NOTES

I. ITER = 0, no iteration (prescribed initial steady-state conditions)
I. free-floating cable system
2. moored cable with given length in given depth
3. iteration scheme to be programmed by user

2. For 1000. < FSMI) < 2000.. the program makes the prescnbed surface motion

components equal to the surface wave components by setting AXSMIK) = AYSM(K)

= ASW(K). FSM(K) = FRSW(K). and FIDSM(K) = FIDSW(K) for K = I to K = NSM:

the program automatically sets NSM = NSW.

Fo- 2000. < FSM( I) < 3000.. the program accepts input data for a spar buoy and

considers AXSM(K) to be the cross-sectional area of the buoy in feet 2 (meters-) at depth

AYSM(K) feet (meters' below the free surface. AYSMI I) = 0. and AYSM(NSM) = tota:

draft under the combined action of buoy weight in air and the vertical component of the



steady-state tension. NSM should be an odd number. The input values fo: Fr.DSM(K) may

take on any values such as. say, 0.

For FSM( 1) > 3000.. the program accepts input data for a spheroidal buoy and considers

AXSM(1 ) to be the radius of the buoy cross section at the free surface and AYSM I) to be

the total draft. The rest of the input values of AXSM(K) and AYSM(K) as well as all of the

FIDSM(K) may tak- on any valucs. e.g., 0.

3. For ASW( I> 1000., the program computes the amplitude of the ASW surface wave

c•mponents by using the Pierson-Moskowitz sea spectrum. In these cases. the program

considers the significant wave height in feet (meters) to be (ASW( I D - 1000.) and FRSW( !

and FRSW(2) to respectively be the lower and upper frequencies of the spectrum in cycles

per second. The program internally gener..tes the phases of the wave components by consider-

ing thiem to be uniformly separated by 360!NSW degree-.. The phase of the lowest frequency

component. in degrees. is taken to be the input value of FIDSW(I).

4. For the case of a surface buoy (FSM( I >,- 2000.). the program calculates the drag acting

on the surface buoy due to the ocean current by taking the value of the ocean current SUBM

feet (meters) below the free surface. Thus. 0 < SUBM < total draft.

The total horizontal force at the top point of thw cable TIX = TWX

+ 0 '2,p* (DASX* CCF iSUBMN* ABS WCCF (SUBMm. In cases where there is no surface

buoy (i.e.. prescribed surface motion). TWX and/or CDASX may be set eqtial to zero. For

cases of a surface buoy. TWX represents the wind loading on the buoy in pounds Inewtons).

5. For free-floating and towing cables where the last (K = NC'AB) cable connecting the lower

weight to the ocean bolttom is fictitiou%, read in a value for ('I (NCAB) leis than 0.0001

pounds (0.0004 newtons). In these cases. the program sets DCI(NCAB = CI)N(NCAB)

= CDTINCAB) = W(NCABH = CiN('AB) = ('INTN('AB) = 0. FLONCAB)

= 2 FL('(N('AB- I). and (2(NCAB) = 1.

6. If C(DABX(K) is negative, the program consider% the body to be a circular disk with

plane perpendicular to the x-axis and calculates drag and added mass forces by using ihe

formulation given in Equation (55). In these cases. CDABXK) is the negative of the actual

drag area and XMB%'(K) i% the mass Inot the virtual mass) of the disk. In these cases.

(I)ABY4 K) and YMBV4K) should be po-,itive and retain the definitiors given previousl%.

Similar remarks anply if ('I)ABY(K) is read in as a negative number except that the plane of

the disk is now perpendicular to the y-axi,.

7. When ITlR = 2. the porgram takes YYN('CUR) to be the ocean depth.

9. For I PIII) 1) 1 ; 3•0.. the program takes the initial value% tit the angle : :Cnsion ot

each cable segment to correspond to their respective steady-state value% at the midpoint ot
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each segment. These steady-state values have been previously calculated by the prcgram.

This approach will minimize transient dynamic effects. In these cases, input values for the

remaining PHID(K) as well as all of the TENI(K) may be arbitrary, e.[ '.

9. For SYDI > 360., the program sets the initial value for buoy inclination 4 equal to the

steady-state value of 4, which has previously been calculated by the program. This will tend

to minimize transient dynamic motions of the surface body.

PROGRAM STORAGE AND TIME REQUIREMENTS

On the CDC 6700 currently in use at the Center, the program requires L memory of

approximately 47,200 octal words to load and 33,700 octal words to execute. Compilation

time is approximately 23 seconds. Execution time for a particular case depends on a large

number of factors, the most important of which include the tefisin-s..train relation of the

cable, the number of cable nodes, the frequencies of the exciting surface waves and the

prescribed surface motion (if any), and the amount of time over which the dynamic motions

are desired. Table 2 shows the computer execution time ET and cost for all of the sample

problems presented in the following chapter. A computer priority (CP) of P2 indicates over-

night priority whereas P3 is the standard daytime priority at the DTNSRDC Computer Center.
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TABLE 2 - COMLUTER EXECUTION TIMES AND COST
FOR ALL THE SAMPLE PROBLEMS

C1 Total
lb ET Cost

Prob. NCA8-1 (4.45N) C2 sec CP $

1A 4 2.4 x 101  1.0 61.7 P2 9.93

iB 4 2.4 x 102  1.0 57.8 P2 9.56

iC 4 2.4 x 103 1.0 62.4 P2 9.99

1D 4 2.4 x 104  1.0 85.0 P2 12.00

1E 4 2.4 x 105 1.0 250.0' P2 28.00'

1F 4 2.4 x 103  0.5 1000.0' P2 100.00'

IG 4 2.4 x 103  2.0 55.2 P2 8.93

2A 1 2.4 x 103 1.0 9.3 P2 5.15

28 2 2.4 x 103  1.0 25.1 P2 6.60

2C 4 2.4 x 103 1.0 62.4 P2 9.99

2D 8 2.4 x 103 1.0 180.00 P2 20.00°

2E 15 2.4 x 103 1.0 600.0' P2 60.00'

3A 4 2.0 x 101 1.0 90.0"* P3 15.00*
3B] 4 2.0 x 101 1.0 100.0"" P3 16.00""
3C 4 2.0 x 101 1.0 100.0"" P3 16.00"

4A 4 2.0*g 82.6 P3 14.27

48 4 .... 74.2 P2 11.10

4C`' 4 "" 100.0' P3 16.00'

* Extrapolated to 50 sec of dynamic motion
"Extrapolated to 20 sec of deployment time

" Six surface wave components
See Figure 11

SAMPLE PROBLEMS

Input cards are listed for the four sample problems presented to illustrate use of the

program. Representative portion% of the program output are listed for one of the cases of

Problem I. but ,,nly ,ome final result% are shown for the other three problem-.

PROBLEM 1 - UNIFORM CABLE WITH VARIOUS TENSION-STRAIN RELATIONS

Problem: Compute the dynamit: behavior of a cable sti~pended from an ocean platform in

the presence of a uniform current of I knot in the + x-direction for different values of the

elastic constants C1 and C, appearing in Equation (47)
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Cl
lb

Case (4.4 5 N) (2

A 2.4 x 10 1.0

B 2.4 x 102 1.0

C 2.4x 10 1.0

D 2.4 x 10 1.0

E 2.4x 105 1.0

F 2.4 x 103  0.5

G 2.4 x 10 3

The fixed surface motion, surface wave. cable, and lower body parameters are as follows:

Surface motion = surface wave:

number of components

frequency 0. 1 cps

amplitude in x- and y-directions 10 ft (3.05 m)

phase angie 0 deg

Cable:

length 1000 ft 1305 m)

diameter 0.2 In. 10.509 cm)

normal drag coefficient 1,

tangential drag coefficient O.:.

weight in fluid 0.01 lb ft WO 14(1 N m)

mass 0.001 slugs'ft 10.0478 kgsmn

reference tension 25 lb (I 11 .2 N)

internal damping coefficient 0

Lower weight:

weight in fluid 20 lb 189 N)

drag area in x-direction 0.3 ft2 10.02"719 mi

drag area in y-direction 0.3 ft2 1O.0279 mi2

virtual mass in x-direction 1.0 slugs t14.6 kg)

virtual mass in y-direction 1.0 slugs (14.6 kgi

Fluid density: 1.94 slugs ft3  1000.6 kg'm3in

Represent the cable by four equal segments. not including the fictitious cable segment

below the lower weight. Dynamic motions are desired Ior a total of five c% des of the surface

motions, i.e. 50 sec. For the initial interval if 10 sec. print out the transient motions every
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0.25 sec. For the final 40 sec, increase the printout interval to 1.0 sec. Let the Lable start

from rest with the initial angle and tension of each segment equal to the steady-state values.

Solution: The data cards for this problem are listed in Table 3. The cards which are the same

for all the cases are listed at the top of the table. The cards for the title and the elastic

contants Cl and C2. which differ for each case, are listed at the bottom of the table. The

symbol b denotes a blank in this and subsequent tables which list data cards for the sample

problems. Also, Column I, 11, 21, 31, 41, 51, 61, and 71 have been indicated since most of

the data start in these columns.

TABLE 3 - INPUT DATA FOR SAMPLE PROBLEM 1

1 11 21 31 41 51 61 71

Card 1 bbl

Card 3 bblbblbb5bb2bb0
Card 4 0.1

Card 5 10.0

Card 6 10.0

Card 7 0.

Card 8 10.0

Card 9 0.1

Card 10 0.

Card 11 1.94 0. 0. -50. 0. 1.0 1.0 0.

Card 12 10. 0.25 50. 1.0 -1.0 0. 99999.

Card 13 250. 250. 250. 250.

Card 14 0.2 0.2 0.2 0.2

Card 15 1.4 1.4 1.4 1.4

Card 16 0.02 0.02 0.02 0.02

Card 17 0.01 0.01 0.01 0.01

Caid 18 0.001 0.001 0.001 0.001

Card 19 25. 25. 25. 25.

Card 22 0. 0. 0. 0.

Care 23 0. 0. 0. 20.

Card 24 0. 0. 0. 0.3

Card 25 0. 0. 0. 0.3

Card 26 0. 0. 0. 1.0

Card 27 0. 0. 0. 1.0

Card 28 0. 10000.

Card 29 1. 1.
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TABLE 3 - (eonfinuedi

1 11 21 1 31 41 51 61 71

Card 30 999. 0. 0. 0.

Card 31 0. 0. 0. 0.

Card 32 0. 0 0. 0.

Card 33 0. 0. 0. 0.

Card 2 bbb PROBLEM IA. CI = 24. C2 1

Card 20 24. 24. 24. 24.

Card 21 1 1. 1. 1.

Card 2 bbb PROBLEM lB. C1 = 240. C2 = 1

Card 20 240. 240. 240. 240.

Card 21 1. 1. 1. 1.

Card 2 bbb PROBLEM IC, Cl = 2400. C2 = 1

Card 20 2400. 2400. 2400. 2400.

Card 21 1. 1. 1. 1.

Card 2 bbb PROBLEM 1D, C1 = 24000. C2 = 1

Card 20 24000. 24000. 24000. 24000.

Card 21 1. 1. 1. 1.

Card 2 bbb PROBLEM 1E. CI = 240000. C2 = 1

Card 20 240000. 240000. 240000. 240000.

Card 21 1. 1. 1. 1.

Card 2 bbb PROBLEM 1F. C1 = 2400. C2 = 0.5

Card 20 2400. 2400. 2400. 2400.

Card 21 0.5 0.5 0.5 0.5

Card 2 bbb PROBLEM 1G. Cl = 2400. C2 = 2

Card 20 2400. 2400. 2400. 2400.

Card 21 2.0 2.0 2.0 2.0

Table 4 %how% tile tir,'t six and the ljt two page%, of the cvmputer output for Problem
IDI). Fle page% which have been left out .impl• cont.ain output for the d% namic motion% for

intermedklate time interval,.. T.ahlc 4 %fhow. that the fir,,| p:ge of tIe output Iit% ta I.-!& of

coi,.'rion Irom lUgh%,h it nmetric unit., rhe ,ewcond page lit% the input daLtai. For the

prr''nt case ot a ,,u'pended cable. %ihere the imntial conditionw, arc knoun at the lower Ib)dy.

to integration% aire pertormed for the .i . -'tate %Ltf onliguratlon '.ee ',ection on r I;!il Value

(a'.l,). I lie reult,, or the,," two integratiofl% are given in the ne\t to page%. Ile remainder

0l the outpul i, .1 limting of the dynamic di,,placement%. \eloctte'.. and .acceleration,, of the

'.urt.ace wa~c%., upper cable point. and each node .it the pre%,:nbed time interval-. The output

,l',o li'.t,, the .ngle. .angul.ir ,,elocity. cnlion. %,train. and ,,tr.in rate of each cable ,,egment.
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Figure 5 shows the tension in the upper cable segment for 0 < t < 20 for Cases I A to

IL, where CI increases from 2.4 x 10 lb (1.07 x 102 N) to 2.4 x 105 lb (1.07 x 106 N). As

would be expected, the figure shows that tension fluctuations increase with increasing values

of Cl. At the highest value of Cl = 2.4 x 105 lb (1.07 x 106 N). Figure 5 shows that the

tension is zero at t = 0.25 sec (i.e.. the cable in slack) and then jump% to a value of 89.47 lb

(398.1 N) at t = 0.5 sec. This sudden jump in tension after a slack condition is often referred

to as "snap loading." At the other extreme, the tension shows a peak-to-trough fluctuation

of less than 2.5 lb (11.1 N) at the lowest value of C 2 4 . 10 lb (1.07 x 102 N).

701

89.47 -,--o- C1 = 2.4 x 105 LB

60 --o-- C1 = 24 x 104 LB

"--- C1 = 24 x O3 LBO

--- C1 = 2.4 x 102 LB

50 - -C I= 2.4 x10 LB

z 40

10

0 2 4 6 8 10 12 14 16 18 20
TIME (SEC)

Figure 5 - Tension in Upper Cable Segment
for Various Values of Cl

Table 2 indicates that the computer execution time remain,, it approimnatel.• 0 %ec for

(.ie,, IA. I B. and IC f, r which CI < 2.4 x 103 lb 11.07 \ 104 Ni..At higher .tluee of' CI.

(.ases ID and I E. execution time Increase% with increasing C I. Lxecution time also increases

kith decreasing value% of C(2. Case IF. The reason-- for these :ncreas.e may be most

..onmeniently explained by considering Lquation 01 \•hith ,hoy,' that for a- given %alue ol

50



(T - TO). t decreases with increasing values of Cl and decreasing values ot C2. Small values

of e, in turn. mean that the x- and y-displacements must be calculated with greater precision.

leading to smaller integration time steps.

PROBLEM 2 - UNIFORM CABLE REPRESENTED BY VARIOUS NUMBERS OF SEGMENTS

Problem: Solve Problem 11) with the single exception of representing the cable by the following

number of nodes. NCAB-!: 1. 2. 4. 8. and 15. Consider the nodes to be equally spaced.

Solution: The data cards for this problem are listed in Table 5. Cards I and 4 to 12. which are

identical to those for Problem I D. are omitted. Also om;:ted are Cards 14 to 33 which are simi-

lar to those for Problem I D with the exception ihat the number of entries depend-, on N(AB.

TABLE 5 - INPUT DATA FOR SAMPLE PROBLEM 2

1 11 21 31 41 51 61 71

Card 2 bbb PROBLEM 2A. NCA3-1 = 1

Card 3 bblbblbb2bb2

Card 13 1000.

Card 2 bbb PROBLEM 2B. NCAB-1 = 2

Card 3 bbtbblbb3bb2

Card 13 500. 500.

Card 2 bbb PROBLEM 2C. NCAB-1 = 4

Card 3 bblbblbb5bb2

Card 13 250. 250. 250. 250.

Card 2 bbb PROBLEM 2D. NCAB-1 = 8

Card 3 bblbblbb9bb2

Card 13 125. 125. 125. 125. 125. 125. 125. 125.

Card 13 bbb

Card 2 bbb PROBLEM 2E. NCAB-1 = 15

Card 3 bblbblb16bb2

Card 13 66 667 66.667 66 667 66.667 66.667 66.667 66.667 66.667

Card 13 66.667 66.667 66.667 66.667 66.667 66.667 66.667

Figure o sho%&s how (tie steady-state location of the lower weight varies with N('AB-l

The I-.sult, ,are poor for NC(AB-I < 2. good for NCAB-I = 4. and converged for NCAB-l 1> 9

Figure 7 shows the velocities x. and v. of the lower unit at t = 4 and 10 for various values

of N'AB-I. I he result% sugge-t that a minimun of four nodes is required to obtain maminum

5i



x (FT)

700 710 720 730 740 750 760 770 780 790 800

610 -

620-

630-

, 640-

650-

15 2

660 - 4

670 8

680

Figure 6 - Steady-State Location of Lower Weight
for Various Numbers of Nodes
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velocities with accuracies to within 10- 20 percent. The magnitudes of the computed

veloities generafly increase with increasing number of nodes.

Table 2 shows the manner in which the computer execution time ET increase% with thl

number of nodes. The execution times are approximately proportional to NCAB squairI

ETc (NCAB)
2

PROBLEM 3 - DEPLOYMENT OF SUSPENDED CABLE IN CIRCULATING
WATER CHANNEL

Problem: Compute the deployment of an initially vertical cable, suspended in the l)TNSRI)('

Circulating Water Channel. to its final steady-state configuration in the presence of channel

flow speeds of 1. 2, and 4 knots (0.515, 1.03. 2.06 m's). The fixed cable and lower body

parameters are as follows:

Cable:

length 12 ft (3.66 m)

diameter 0.12 in. (0.305 cm)

normal drag coefficient 1.4

tangential drag coefficient 0.02

weight in fluid 0

mass 0.0002 slugs/ft (0.00957 kg/m)

reference tension 2 lb (8.9 N)

C1  20 lb (89. N)

"C, I .

internal damping coefficient 0.

Lower weight:

weight in fluid 2 lb (8.9 N)

drag area in x-direction 0.05 ft2 (0.004(5 M2 )

drag area in y-direction 0.05 fti (0.00465 mi

virtual mass in x-direction 0.1 slugs 41.46 kg)
virtual mass in y-direction 0.1 slugs (1.46 kg)

Fluid density: 1.94 slugs/ft 3 (1000.6 kg/mi3

Represent the cable by four equal segments. not in-Juding the fictitious cable ,egncnt

below the lower weight. Take the total time interval to be 20 sec. For the initial initci.tl ol

I sec. printout of the transient cable configuration is desired every 0.1 sec. For the flnal 119

sec. increje the printout interval to 0.2 sec. Let the system start from rest with the 111i1i.tl

tension in each cable segment equal to 2 lb (g9. N).
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"Solution: The data cards for this problem are listed in Table 6. The cards which are the

same for all the cae." ::ra listed at the top of the table. The cards for the title and the current

mag,,itude which differ for each case are listed at the bottom of the table.

TABLE 6 - INPUT DATA FOR SAMPLE PROBLEM 3

1 11 21 31 41 51 61 71

Card 1 bbl

Card 3 bblbblbb5bb2

Card 4 0.1
Card 5 0.

Card 6 0.

Card 7 0.

Card 8 0.

Card 9 0.1

Card 10 0.

Card 11 1.94 0. 0. -.15. 0. 1.0 1.0 0.

Card 12 1. 0.1 20. 0.2 -1. 0. 99999.

Card 13 3. 3. 3. 3.

Card 14 0.12 0.12 0.12 0.12

Card 15 1.4 1.4 1.4 1.4

Card 16 0.02 0.02 0.02 0.02

Card 17 0. 0. 3. 0.

Card 18 0.0002 0.0002 0.0002 0.0002

Card 19 2. 2. 2. 2.

Card 20 20. 20. 20. 20.

Card 21 1.0 1.0 1.0 1.0

Card 22 0. 0. 0. 0.

Card 23 0. 0. 0. 2.

Card 24 0. 0. 0. 0.05

Card 25 0. 0. 0. 0.05

Card 26 0. 0. 0. 0.1

Card 27 0. 0 0. 0.1

Card 28 0. 100.

Card 30 0. 0. 0. 0.
Card 31 2. 2. 2. 2.

Card 32 0. O. O. O.

Card 33 0. 0. O. 0. _ _
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TABLE 6 - Icontinued)

1 11 21 31 41 51 61 71

Card 2 bbb PROBLEM 3A. V =1 KNOT

Card 29 1.0 1.0

Card 2 bbb PROBLEM 3B. V = 2 KNOTS

Card 29 2.0 2.0

Card 2 bbb PROBLEM 3C. V 4 KNOTS

Card 29 4.0 4.0

Figures .,. Q. and 10 show the configuration of the cable nodes at various times during

deployment for current% of I. 2. and 4 knots (0.515. 1.03. 2.06 m/s). repectively. These

figures show that approximatel% 9 %ec are required to reach the steady-,tate configuration.

x IFT) t FTI

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7

S1 X - EXACT STEADY STATE
X - EXACT STEADY STATE CONFIGURAT;ON

CONFIGURATION
2 2

3 3

4 4

5 54

7 7

8 1

1?4
t -8.15 '

12q 6 1 2,

,05 1 t_ __t_ __t_0

13 I.I I 1 1 I i

Figure 8 - Configuration of Nodes at Figure 9 - Configuration of Nodes at
Various Times during Deployment. Various Times during Deployment.

C = 1 Knot C = 2 KnotsI 55
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S• X =EXACT STEADY-STATE

S1 Ix "•CONFIGURATION

4

5 -

It-4

7

9go- t-2_

10-

11 t.1

12 t,05

Figure 10 - Configuration of Nodes at Various Times
during Deployment. C = 4 Knots

In .,ll three ca-tes. the final deployed configuration modeled by the four nodes wa, in close

ivi,',mcnt with the exact configuration calculated by using the differential equations (I) to

151 It I,, otf interest to note that because of its large inertia, the lower weight characteristically

L.og, during the initial instants of deployment.

l.iblc 2 shows that the computer execution time for a total of 20 sec of deployment

time. ,v•lich is well in excess of the 8 sec required to reach the steady-state configuration, is

.p•1pr%)\ilntely 100 sec.

PROBLEM 4 - COMPLETE MOORED BUOY-CABLE-BODY SYSTEM

Pitibkem" (omputc the dynamic motions for the moored buoy-cable-body system. with

1i,,,w~tder as shown in Table 7.
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TABLE 7 - PARAMETERS FOR MOORED BUOY-CABLE-BODY SYSTEM

-- -Wind Load 4.5 lb (20.03 N)

4.8 ft0.6m X Y•CG=3.7 ft 0.13 m)

Fluid density = 1.99 slugs/ft 3 (1026 kg/m 3 )
L 90ft(274.5 m

Lo= 900 ft (2Spheroidal Surface Buoy

Waterplane radius 0.53 ft (0.162 m)

Cable 1 Draft 5.3 ft (1.62 m)

Weight in air 38 lb (169.1 N)
Moment of inertia 1.8 slug ft2 (2.44 kg m2 )

Body 1 Submerged x-drag area 3.15 ft2 (0.293 m2

Submerged y-drag area 0 22 ft 2 (0.020 m2 )
1500 ft(457.5 m)

Body 1 Body 2 Body 3
Lo= 900 ft (274.5 m) Weight in fluid. lb (4.45 N) -40.0 10.0 15.0

x-drag area, ft 2 (0.0929 m 2 ) 0.44 0.18 0.70

Cable 1 y-drag area, ft2 (0.0929 m 2 ) 0.44 1.95 0.08

x-virtual mass. slugs (14.6 kg) 0.73 0.55 1.92
Body 2 y-virtual mass, slugs (14.6 kg) 0.73 2.75 1.35

Lo =500 ft C0152.5 
m)Cae2

Cable 1 Cable 2

Diameter. in. (2.54 cm) 0.15 (.25L=200 ft
Normal drag coefficient 1.4 1.4

(61.m) Cal2
Tangential drag coefficient 0.02 0.02
Weight in fluid, lb/ft (14.6 N/m) 0.04 0.02

Mass, slugs/ft (47.84 kg/m) 0.0015 0.0013
Reference tension, lb (4.45 N) 0. 100.

C1 lb (4.45 N) 22.000. 1.600.

C2  1.0 1.5
Internal damping coefficient, 0. 0.

lb sec (4.45 N sec)

Current Profile: Depth Current

(ft) (knots)
(0.305 m) (0.515 m/s)

0. 2.50

500. 1.30

10'0. 0.50

1500. 0.50
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The upper body is a buoyancy bag, the middle body is a damping disk, and the lower body

is an acoustic unit. Consider the following three cases:

Case A. Use the formulation contained in the program for a spheroidal buoy. Let tile surfacL

wave be composed of a single component with frequency = 0.1 cps. amplitude = 7.5 ft

(2.29 m), and phase = 0 degrees.

Case B. Same as Case A except that the buo, y is read in as a spar buoy. modeled by I I

cross-sectional areas as a function of depth from 0 to 5.3 ft (1.62 m).

Case C. Same as Case A except that the surface wave amplitudes are to be calculated by

using the Pierson-Mosk,•witz sea spectrum for six components. Take the significant wave

height as 15 ft (4.58 mi), the range of frequencies from 0.04 to 0.28 cps. and the phase of

the lowest frequency component equal to -60 deg.

For all three cases. model the cable by 4 nodes, with three of them corresponding to

the three intermediate bodies and the extra node 200 ft of cable below the surface buoy.

Compute the dynamic motions for SO sec. For the initial 10 %ec, print out the dynamic

motions every 0.1 sec. For the final 40 sec, increase the printout interval to 0.5 sec. Let

the system start from rest with the initial angle and tension of each segment equal to the

steady-state values. Let the initial x-displacenment of the buoy center of gravity be 7.5 ft

( 2.2.9 ml.

"Solution: The data cards for this problem are listed in Table 8. Again, cards, which are tile

same for all the cases are listed at the top of the table. The cards for the title surface buoy.

and surface waves, which differ for each case, are listed at the bottom of the table.

Figure I I shows the pitch angle , of the surface buoy for all three ca, for

20 < t < 40. P,,-rhaps the principal feature is the companson of tile rcull lor the same

surface buoy treated as a spheroidal buoy and as a spar buoy. The figure Ahow,, that when

the spheroidal buoy formulation was used. pitch results were about I to 2 deg higher than

those obtained from the spar buoy formulation. This discrepanc:y i, due to tile difference in

the added inertia terms for the two formulations (compare Equations 127 _, 12. 32 and

"Table 1 1.

The figure also shows that result,, for the single frequency cases 4A and 44 e\hibit a

periodic behavior with a period of 10 sec: the results for the nhiltifreumiencv case 4C shovu a

more random behavior.

Table 2 shows that the execution times for the singie-frequency cases 4A and 4B were

approximately 80 sec. This time was increased to 100 sec for Ca,,e 4C. where the program

must calculate six components to obtain the surface wave.

59



I.TABLE 8 - INPUT DATA FOR SAMPLE PROBLEM 4

1 11 21 31 41 51 61 71

Card 1 bbl

Card 11 1.99 0. 4.5 -100. 3.15 1.0 1.0 0

Card 12 10. 0.1 50. 0.5 1.0 0. 99999.

Card 13 200. 700. 900. 500. 200.

Card 14 0.15 0.15 0.15 0.25 0.25

Card 15 1.4 1.4 1.4 1.4 1.4

Card 16 0.02 0.02 0.02 0.02 0.02

Card 17 0.04 0.04 0.04 0.02 0.02

Card 18 0.0015 0.0015 0.0015 0.0013 0.0013

Card 19 0. 0. 0. 100. 100.

Card 20 22000. 22000. 22000. 160. 1600.

Card 21 1.0 1.0 1.0 1.5 1.5

Card 22 0. 0. 0. 0. 0.

Card 23 0. -40. 10. 15. 0.

Card 24 0. 0.44 0.18 0.70 0.

Card 25 0. 0.44 1.95 0.08 0.

Card 26 0. 0.73 0.55 1.92 0.

Card 27 0. 0.73 2.75 1.35 0.

Card 28 0. 500. 1000. 1500.

Card 29 2.50 1.30 0.50 0.50

Card 30 9999. 0. 0. 0. 0.

Card 31 0. 0. 0. 0. 0.

Card 32 0. 0. 0. 0. 0.

Card 33 0. 0. 0. 0. 0.

Card 34 0.22 38. -4.8 0. 1.6 3.7 1.8

Card 35 7.5 0. 999. 0. 0. 0.

Card 2 bbb PROBLEM 4A, SPHEROIDAL BUOY, SINGLE WAVE FREQUENCY

Card 3 bblbblbb5bb4bb2

Card 4 3500.

Card 5 0.53

Card 6 5.3

Card 7 0.

Card 8 7.5

Card 9 0.1

SCard 10 0.
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TABLE 8 - (continued)

Ii 11 21 31 41 51 71

Card 2 bbb PROBLEM 4B, SPAR BUOY, SINGLE WAVE FREQUENCY

Card 3 bllbblbb5bb4bb2

Card 4 2700.

Card 4

Card 5 0.883 0.852 0.812 0.757 ).687 0.600 0.498 0.380

Card 5 0.247 0.097 0.

Card 6 0. 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Card 6 4.5 5.0 5.3

Card 7 0.

Card 7 0.

Card 8 7.5

Card 9 0.1

Card 10 0.

Card 2 bbb PROBLEM 4C, SPHEROIDAL BUOV, SIX WAVE FREQUENC!C-S

Card 3 bblbb6bb5bb4bb2

Card 4 3500.

Card 5 0.53

Card 6 5.3

Card 7 0.

Card 8 1015.

Card 9 0.04 0.28

Card 10 -60.
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30

o SPHEROIDAL BUOY. NSW 1, CASE 4A

18 o SPAR BUOY, NSW = 6. CASE 4B

o SPHEROIDAL BUOY, NSW = 6, CASE 4C

3U 26-

00

o 40

o 0

20 0

0

18 LJ
20 22 24 26 28 30 32 34 36 38 40

TIME (SEC)

Figure iI - Pitch of Surface Buoy
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