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ABSTRACT 

The equations of two-dimensional motion of a flexible inextensible 

cable are linearized by a small-perturbation approximation and sinusoidal 

time dependence is assumed.   The simplified equations are integrated nu- 

merically by the Kutta-Merson method.   Separate computer programs, 

OMWAY and OMFLO, have been written for the Quadrant 1 and Quadrant 

II cable-towed-body problems and are listed in the appendixes. 

ADMINISTRATIVE INFORMATION 

This research was supported by the Naval Air Systems Command and by   the 

General Hydromechanics Research Program under SR 009 0101, Task 0102 sponsored 

by the Naval Ship Systems Command Code 03412B. 
■ 

INTRODUCTION 

Accurate prediction of the motion of cable-towed-body systems is essential for 

their rational design and for simulation of their operation.   For the simplest of these 

systems, a single body towed by a cable attached to a towing ship, adequate represen- 

tations of the towpoint motion, the dynamic behavior of the cable as it is affected 

by the tension at its two ends and by hydrodynamic and gravitational forces, 

and the motion of the towod body are needed.    If only steady-state motion is 

considered where the entire system is in steady rectilinear translation, analysis is possible 

by numerical integration of the differential equations that describe the cable configur- 

ation and tension. The case of steady-state motion of an inextensible tow cable in the 

plane described by gravity and the direction of translation has been solved numerically 

by Cu thill,1    The tow speed and the tension and angle at the towed-body end of the 

cable are prescribed and the viscous force on the cable is represented by functions of 

cable angle based on experimental data.   Integration of the two simultaneous first-order 

nonlinear ordinary differential equations for the cable tension and angle as functions of 

distance along the cable is performed by the Kutta-Merson method. 

The unsteady two-dimensional motion of the same system was considered by 

Whicker.2    Instead of prescribing tension and angle at the towed-body end of the cable, 

tiie equations of motion of the body become a boundary condition for the equations 

of motion of the cable.   The cable equations are four first-order nonlinear partial 

'ReferaioM an lifted on page 46. 



differential equations for the tension, angle, and two velocity components as functions 

of time and distance along the cable.   Unless the restriction to an inextensible cable is 

relaxed, the mathematical classification of these equations is parabolic since two are 

hyperbolic and two are parabolic.   Consequently they cannot be solved by the method 

of characteristics. 

The next section of this report describes the system of inextensible cable 

equations given in Reference 2 and a particular way of representing the viscous force 

on the cable.    Then two important simplifying approximations are introduced: the 

unsteady dependent variables are assumed to be small perturbations of the steady-state 

variables, and their time dependence is assumed to be sinusoidal.   The first of these 

permits the linearization of the unsteady equations; the second changes them from 

partial to ordinary differential equations with distance along the cable as independent 

variable.   The digital computer programs used to integrate the equations are described 

in the next section and are listed in Appendixes B and C. 

Thus the accuracy of the analysis reported here rests on the validity of four 

main assumptions: (1) that the motion of a real cable can be represented by the 

solution of the equations of motion of an inextensible cable, (2) that it remains in a 

vertical plane, (3) that it consists of small excursions from a steady-state configuration, 

and (4) that these excursions are sinusoidal in time. 

EQUATIONS AND BOUNDARY CONDITIONS FOR TWO-DIMENSIONAL CABLE MOTION 

The two-dimensional motion of an inextensible cable is described by four 

nonlinear first-order partial differential equations in which independent variables are 

distance along the cable s and time / and dependent variables are the cable angle 0, 

tension T, and normal and tangential velocity components U and V. For the case 

where the motion is in a plane containing gravity and 0 is measured from the hori- 

zontal the equations are those derived in Appendix A which are 

J£_V_H   = _ J0. [1] 
ds ds bt 

ds       ds 

[dU d<t>-\ d<t> (ltx,-ir-" irr -T * -ft + wcos* 
[31 
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and 

l'[lr*0*m-+]---FtJ-*nn* -(4) 

where M is the cable mass per unit length, pX is its added mass (in water) per unit 

length, w is its weight in water per unit length, and FL and Fc are the normal and 

tangential components of the viscous force per unit length acting on the cable.   These 

equations were also derived by Whicker1 for the case of X=0. 

Two cable-towed systems are considered in this report: in one a surface ship 

in a seaway is towing a deeply submerged body, and in the other a deeply submerged 

submarine is towing a float which is slightly beneath the free surface and subject to 

disturbances from its seaway.   The two configurations are shown in Figures 1 and 

2.   In either configuration the (mean) towing direction is to the right and the origin 

of coordinates is at the center of mass of the towed body with x in the (mean) 

towing direction and y up.   For the two configurations 0 lies between 0 and ir/2 and 

between ir/2 and tt so they are known as the Quadrant I and Quadrant II configurations 

respectively.   The cable is of length L and the quadrant choice of 0 causes the towpoint 

to be located at s=L in Quadrant I and s=—L in Quadrant II.   More detailed discus- 

sion of these quadrant conventions is provided by Springston.3 

In the Quadrant I problem the cable motion is excited by the effect of the 

seaway on the towing ship so the boundary conditions at s=L are the motion of the 

towpoint; the boundary conditions at the bottom are provided by the equations of 

motion of the body tethered by the cable.   In the Quadrant II problem the towpoint 

is on a deeply submerged submarine and the towed body is subject to time-varying 

forces due to the seaway.   Therefore the boundary conditions at 5=0 are the equations 

of motion of the tethered body subject to these forces; the other boundary conditions 

are that the point s=-~Lhe in steady rectilinear translation.   Thus each problem has 

kinematic boundary conditions at one end and dynamic conditions at the other, and in 

either problem the excitation is due to the action of the seaway; this excitation is 

through the kinematic boundary conditions in Quadrant I and through the dynamic 

boundary conditions in Quadrant II. 

In both problems the steady towing speed is c.   In the Quadrant I problem the 

towpoint velocity components in surge and heave, positive forward and up, are c + c^ 



(0 and en  (t) and are assumed to be known.   Therefore the kinematic boundary con- 

dition for Quadrant I is 

U{L.t) sin 0(1,/) + Va.t) cosjil.t) = c + cs {/) (5) 

and 

- ua.n cos 0 a.t) + va.n sin 0 a.n ■ ch u) (6) 

In the Quadrant II problem the towpoint is in steady horizontal translation at speed c 

so the kinematic boundary condition is 

U{- L.t) sin 0 (- L.t) + K(- L,t) cos 0 (-1.0 ■ c (7) 

and 

-f/(-L./)cos0(-I./)+K(-Z,(/)sin0 (-1.0=0 W 

The towed-body equations of motion used here are those of a very simple 

representation of the body dynamics.    The body is assumed to be a point of mass m 

with added masses in surge and heave ms and /n*, and weight (in water) Wg, on 

which known drag and lift forces Dg and Lß act.   No body pitching is represented, 

any body motion which is excited is undamped and the mass center of the body, 

center of buoyancy, and point of cable attachment are coincident.    In the Quadrant I 

problem  Dß and LB are taken as constants but in the Quadrant II problem they 

represent the exciting force from the seaway and are time-dependent.    If Ug and 

Vß are the horizontal and vertical components of the body velocity, given by 

Ußit) = U(ß,t) sin 0 (0,0 + V{0,t) cos 0 (0,/) 

and 

Vg U) = - U(0,t) cos 0 (0,0 + ViO,t) sin 0 (0,0 



differentiation with respect to / and substitution into the body equations of motion 

leads to the dynamic boundary conditions 

i dU dV 
(m + m,)< T- (0./) sin 0 (0,/) + — (0,0 cos 0 (0./) 

+ lC/(0,/) cos 0(0,0- ^(0.0 sin 0(0,01 j- (0,Oj=-ßa ± f (0,0 cos 0 (0,0 (9) 

and 

/   dU dV 
im +mÄ) <-g^(0.0 cos 0 (0,/) + — (0,/) sin 0 (0,/) 

+ [ £/(0,0 sin 0 (0,/) + K(0,0 cos 0 (0,01 ■^0.')}= LB-Y/BtT (0,0 sin 0 (0,/)      (10) 

with the signs in front of the Tip.t) chosen as plus for the Quadrant I problem and 

minus for the Quadrant II problem. 

In steady-state towing-cable theory the viscous force components /•>  and Fg 

are assumed to be equal to D times known functions of 0, where D is the drag per 

unit length of the cable when 0 is it 12.   Fi/D and Fc/D are known as the normal 

and tangential loading functions.   In this report it is assumed that the viscous force on 

the cable in unsteady flow can be represented by an unsteady generalization of the 

steady-state force.   D is expressed in terms of Co, the coefficient of steady-state drag 

per unit length when the cable is normal to the flow, as   D=^i-hCp where p is the 

water density and h is the cable thickness, or dimension in the direction normal to the 

plane in which the motion lies.   The unsteady generalization of this expression for D 

consists of assuming that D is given by 

U2 + V2 

D--*p   hCD (ID 

where Q) remains the drag coefficient for the cable normal to a steady flow but U 

and V are instantaneous values of the velocity components.   The unsteady generali- 

zation of the loading functions consists of replacing the functional dependence on 0 

with the same functional dependence on 0, defined by 0=tari"1  U/V since, as can be 

seen in Figures 1 and 2, this is the angle between the tangent to the cable and the 

direction of cable motion, iß clearly reduces to 0 when U and V take on their 



steady-state values of U - c sin 0 and K - c cos 0.)   Comparison of Figure 2 with 

Figure 1 shows that the positive viscous force components in Quadrant II, Fi  and 

-FQ, should exhibit the same functional dependence on TT-Ö, the acute angle between 

the cable tangent and the flow direction, that Fi  and FQ exhibit on 6 in Quadrant I. 

Since the generalized loading functions proposed in Reference 3 are used in this report, 

this requirement will be satisfied if the loading functions are given by 

^ = ,40
(A) ± VA) cos • i .4i

(A) cos 20 + B}K) sin 6 ± B2 
(A) sin 20 (12) 

and 

— -±A0      +Ai      cos 6 ±42      cos 20 ±5,      sin 0+^2      sm 20 
D ' i ' (13) 

where plus signs are used for Quadrant I and minus signs for Quadrant II.   A and B 

are constants to be determined. 

An example of how A  and B may be related to experimental data is provided 
I ■   ! ' ' '      ! 

by Fames,4 who suggests that the viscous force on the cable can be assumed to consist 

of a pressure drag, £>(!-/) sin3 6, which acts normal to the cable tangent and a       , 

'   frictional drag, Df, Which acts parallel to the flow direction or horizontal for the steady- 

state casei.   Consequently Fu = Z>(1-/)sin2 0 + £)/ sin 0 and Fg (= Df cos 0,! and A 

and Ä are given by i40
(A) =   -^. ^2(A) =   - ^ . Ä,(A) = /, .4,^ ■ / and the 

other six equal to zero.   This representation results in reasonable values at the ends of 

the   range of 0; for 0 = 7r/2,i  Fi  is D and Fc is zero, for 0 = 0, FL is zero and FG 

is Df.    Furthermore only two quantities, Cp and   /, heed to be determined from ex- 

periments.   They should be expected to be dependent on Reynolds number. 

The parameter X, the ratio of the added mass per unit length in water to mass 

per unit length for motion in the x-y plane, will be represented in the form 

.i 

.   .Ph2ir x=__ „ 
4M 

(14) 

i 



( 'where p is a constant to be determined.   Ideal-fluid theory predicts vl for bare 

round cables. 

In either quadrant the coordinates x and ^ of a point on the cable are related 

to' s and 0 by ^£ = cos 0 and   ^ = sin ^ so they are given by 
/ 05 OS 

x(s.t)'J   cosfis'.Ods' [IS] 

and 

yis.D'J' Sintis',t)ds' [\6] 

,    , To summarize, U.V, 0 and T are given as functions of s and t by solutions of 

Equations (1H4), with loading functions given by Equations [12] and [13]  (with 

appropriate signs), D given by Equation [11], X given by Equation [14], kinematic 

boundary conditions provided by Equations [5]  and [6] or [7] and [8], and dynamic 

boundary' conditions by [9] and [10]  (with appropriate signs).   Then x and y can be 

found using Equations [IS] and [16]. 

SMALL-PERTURBATION FREQUENCY-DOMAIN 
EQUATIONS AND THEIR SOLUTIONS 

Approximate solutions to the system of equations given in the previous section 

are Obtained for the case when the exciting disturbance - the towpoint motion in the 

Quadrant I problem   and the time-varying force in the Quadrant II problem - is small 

and sinusoidal in time by assuming that 0, T, U. and V are equal to the steady-state 

values plus a small perturbation term which is proportional to the cosine of ut minus a 

phase angle,   ui is constant and the magnitude and phase angle of the perturbation 

terms are functions of s found as solutions of eight linear ordinary differential equations 

obtained from the four nonlinear partial differential equations, [l]-[4].    Since the 

solutions are the magnitudes and phases of a sinusoidal oscillation they are known as 

frequency-domain solutions. 

The steady-state solutions are denoted by terms with subscript zero.    For ex- 

ample tfs.t) is given by       ' 

0(s.O■ 0o(*) + 4Mis) cos [ wf - 6^(5)] + ... 
■ 0o(s)+ 4M(5) [cos cot cos 8^(5) + sin ut sin 60(5)] + ... [17] 
= 0o(s)+ 0Ä (5) cos w/+ 0/(5) sin w/+... 

= 0o(5) + «c[01(5)e"*l+... 



where Re means that the real part is to be taken, / is the imaginary unit, and +. . . 

indicates that Quis) cos [ut - h^{s)\ is the leading term in a perturbation series for 

0(5,/) - 0o (5).   0/t   and 0/ are related to the magnitude and phase 04/  and 50 by 

$R - 4>M cos 60 

and 

0/ = 0« sin 50 

so 

and 

8<h= tan-1 — 

■ 

0,  is given by 0i  = 0/}  + /0/. 

Similarly 

TXs.t) = ToCs) + fAf is) cos lw/ - 5r(5)] + .. 

= r0(s) + «e(7'I(5)e/w'l+... 118] 

with corresponding relations between TM, 6r. T'K. 7/t and 7].    As was seen in the 

previous section, (J0 and K0 are given by 

f/o{s) = csin0o(5) [19] 

and 

V0{s) =c cos 0o(.S) 
[20] 

and satisfy Equations [1] and [2].   It is convenient to represent U in the form 

U(s,t) = c sin|0o(5) + «6(0,{s)ei0i'] \ + fielt/,(s)*?-'0"] + ... 

= c sin0o(5) + c cos0o(s) fle[0,(s)e/w/] + fielt/,(5)e-'w'] + ... 

so the expansion for U is 

8 



U(s.t)»csin t0(s) + to{(c*,(s)cost0(s) + £/,(5»c/w'| + 

In the same way 

K(j.f)»ccos0o(s) + «e| (-C0,(s)sin^o(*) +^i(*))e'u' | + 

Then if U1 = UR + lUi and Vjf and 6u are given by 

^ = V(C0ä cos 0O + i/Ä )a + (c0/ cos 0o + V/)2 

[21] 

[22] 

and 

. ,    _,    C0/COS0o+tf/ ©t/ = tan '  
C0Ä cos 0o + UK 

Equation [21]  reduces to 

Uisj) = U0(s) + C^is) cos M - ' y(5)] +... 

Similarly, Vi = VR  + iVj and Kjf   and 6^ are given by 

VM = V(-c0/i sin 0o + ^ä )' + (-C0, sin 0o + ^/)2 

and 

6K = tan" 
_, - c0/ sin 0o + K/ 

- c0Ä sin 0o + KÄ 

to give 

Vis.t) = K0(5) + VM(s) cos [«/- 8K(5)] + 

In the Quadrant I problem the excitation is due to speeds in surge and heave 

at the  towpoint, cs(t) and Cf,(t), yet it is desirable to have prescribed displacements in 

surge and hetve, as(t) and af,(t), as inputs. 

These are given by 

at(J)-a,M cosCwr-S,) 



(231 

and 

"/;(') = a/,Af cos(wr-5A) 

so cs is given by 
<,(/) = — ua,M sin (wt - 5,) 

= - uxisM (sin uit cos 6, — cos u)t sin 6,) 

= c,/} cos w/ + c,/ sin cof 

= flc'(c„e/w') 

where c,i  = csg  + /c,/ with f,Ä = tja,«  sin 8, and csi = -caa,^ cos 6,. 

Similarly, c*  is given by 

cA(0 = «<?(cA1e-'w') 
[241 

where o,i= ^Aä  + 'CHI, CHR ~ uahM sin 6h , and c/,/ = -CMHM COS 6A 

The excitation for the Quadrant II problem is due to time-varying drag and lift 

forces on the towed body.   Therefore the forces are given by 

DB   =DBO+DM cos (w/- 6D) 
[25] 

= DBo+fieWiei0it) 

and 

LB   ■ LBO - Wg + LM cos (w/ - 6L ) 

-I^-^ + fied.e'"') [26] 

where Di  and I| are zero for the Quadrant I problem and given by Z>i  - DR  + iDj 

and Li = LR  + /X/ in the Quadrant II problem where DR - Dm cos 6/j, 

Z)/ = fl)i/  sin bp. LR  = LM cos 5^, and L/ = LM sin S/r. 

Substitution of Equations [21]  and [22] into Equation [11] gives 

D = -^—^ j f2 + 2c sin 0o «* [(^i cos 0o + ^i V""' 1 + • • • 

+ 2ccos0o «• [(-c#i sin0o + K,)t''w'] +...| [27] 

= flo il+-«f'k,(.v)t'-,w'j| + ... 
c 

where Do = (p/2)c2AQ)  and c,  = t/,  sin 0o + ^i  cos 0o- 

Equations [21]  and [22] give 

10 
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Therefore 

t/^ csin0o ^ «g [(c0i cos0o -t-1/,)g/M/l ♦... 
K"c cos0o + «e K-C0, sin0o + K,)e/w/l +... 

1+fl   /c^cos^j^^V 

0O  \    csin^ / 

\ CCOS0O / 

tan0O/ 1 + «.r/ftLSÜLia + ^LÜILfoj^N ^1 +      ) 
l L\    c sin 0o ccos0o        /        J     "1 

tan 

l L\     cMn«o c cos 0o       /        J I 

and use of the Taylor expansion for the inverse tangent gives 

ö-0O + 
tan*> «, r/ftiAiüi + ^.^o-K.x .^i 

1 +tan2 0o       L\      csin0o ccos0o     / J    ' 

= 0o + fieIoi(jy'w'J+... 

128) 

where 

0. 
tan 0o        /C0! cos 0o + Ui      c0| sin 0o - ^i \ 
1 + tan3 0o \      c sin 0o c cos 0o       / 

0i + — cos0o - "-*• sin 0o = 0i + — cos0o - 
c 

Substitution of Equations [27] and [28] into Equations [12] and [13] shows 

that the expansions for the viscous-force components are 

FL'FL (Z)O.0O) + 2/^ (D0,1,0)aeU^ e'wM + ^t- (Z)o.0o) «e[ö,(J)e/wr] +.. 
rf0o 

[29] 

no 

FG = FC (Z)0^o) + 2 Fc (Do.0o) «e [-^ e-,w'] (s) r1"»! ♦•^ (/)o.0o)«e (ö.fcy""] * 
</0O [30] 

The two steady-state cable equations are obtained by substituting the steady- 

state terms in the expansions for 0, T, U, V, FL, and FQ given by Equations [17] 

11 
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1 

through [22], [29], and [30] into Equations [3] and [4]. 

Thus 
#■ 

- To -p- - Ft (Do.to) + w cos«o = 0 
as 

I 
and 

dTo 
—-Fc  (^o.0o)-w sin 0o=O ^32] 

Boundary conditions at 5 = 0 are found by substitution of these steady-state terms into 

Equations [9] and [10].   The result is 

- ßa o ±7-0(0) cos 0o (0) = 0 

and 

LBo -WB±To (0) sin 0o(O) ■ 0 

TQ (0) =VDBo2+aBo-WB) [33] 

and 

0o W) = tan '  n41 
-DBo ^^ 

DBo is positive so Equation [34]  shows that WB must be greater then LBo for the 

Quadrant I problem and less than LBo for the Quadrant II problem. 

Equations [31]  and [32], which are simultaneous nonlinear first-order ordinary 

differential equations for 0o and r0, are integrated numerically on 0 < 5 < I in 

Quadrant I and 0 > s >-L in Quadrant II, with initial conditions provided by 

Equations [33] and [34].   The integration is performed by the same Kutta-Merson 

subroutine, KUTMER, that is used in Reference 1.   Thus the results of Reference 1 are 

duplicated although it is necessary to write separate programs for Quadrants I and II and 

the loading functions are restricted to those that can be described by Equations [12] 

and [13]. 

Substitution of Equations [17]  — [22], [29], and [30]  into Equations [1]  - 

12 



[4], use of small-angle approximations to the multiple-angle formulas, subtraction of 

Equations [311 and [32], and cancellation of a mutual factor elut result in 

dUl     „   </*„ [35] 

ds        ds [36) 

- ium (Xc^, cos 0o + (I + X) ^i J = - ^o ^ - 7", •^2- - —Fi (Z)o.0o) ^i 
OS 05 C 

dFL 
- -Tr- (Do4o)9i -w^i sin0o 

«00 

[37] 

and 

-/wM(^i +Xc0, sin0o)s -T1 Fa a>o.0oKi -■—" (^o.0o)»i - ^0, cos0o [38, 

as       c a0o 

Since 0o and T0 are given by numerical integration of Equations [311 and [321 and 

appear as coefficients in Equations [351 through [38], these four linear ordinary dif- 

ferential equations must be integrated numerically.   This is also done by the subroutine 
KUTMER. 

Boundary conditions at 5 s 0 are found by substitution of Equations [17]-[22] 
into [9] and [10].   Thus 

- Mm + m,)[Ul (0) sin 0o (0) + V, (0) cos 0o (0)] = - fl, ± (7", (0) cos0o (0) 

-7-0(0)0, (0) sin 0o (0)1 

and 

- Mm +mA)[ - Ul (0) cos 0O (0) + P, (0) sin 0o (0)1 = /,, ± [ f, (0) sin 0O (0) 

+ 7-0(0)0, (0) cos 0o (0)1 

or 
r, (0) = ± (- /w|{/,(0Xmf - mh) sin 0o(O) cos0o(O) + K,(0)[m + m, cos20o (0)        [39j 

+ mh sin2 0o(O)l} + /), cos 0o (0) -1, sin 0o (0)) 
and 

13 



0!(0)" rr-TT (-iv{- V\(0)!'" + mt sina^0(0) + mn cos20o(O)] - Vx(OKm, -mh) 
7*0 (0) (401 

sin0o(O)tos0o(O)| -Dx sin0o(O)-Z,, cos0o(O)) 

with plus signs for Quadrant I and minus signs for Quadrant II.    Recall that Dx and 

11  are zero for the Quadrant I problem. 

Boundary conditions at 5 = Z, for the Quadrant I problem are obtained by 

substitution of Equations [17]  and [21]  - [24] into Equations [S]  and [6].   Thus 

Vx(L) = cs\ sin0o (^)-^icos0o (^) [41] 

and 

^iU) = c»i cos0o (D + CAisin^oU-) [42] 

Substitution of Equations [17], [21], and [22] into Equations [7]  and [8] shows that 

the boundary conditions it f ■ —£ in the Quadrant II problem are 

C/,(-I) = 0 [43] 

and 

K1(-I) = 0 [44] 

Satisfaction of the two-point boundary conditions is achieved by assigning differ- 

ent sets of initial values to the dependent variables at the lower, or passive, end of the 

cable and integrating Equations [35]—[38]  up the cable twice, once with each set of 

initial values, so that two different solutions are obtained along the cable.   Then the 

linearity and homogeneity of the lower boundary conditions and the equations permit 

linear superposition of the two solutions such that the inhomogeneous boundary condi- 

tions at the upper, or excited, end are satisfied.   This is known as a "shooting" method 

of solving a two-point boundary-value problem. 

The two sets of solutions are called the A-mode and B-mode solutions and the 

solution to the full problem is given by \ 
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UI'CA UlA +CBUlB [451 

Vt'CA VlA+CB VlB [46] 

0i "CAQIA +CB4>IB [47] 

and 

TI*€ATIA +CBTlB [481 

where the subscripts on Ui, Kj, 0,, and r, denote the solution mode and CA  and CB 

are constants to be determined below. 

In the Quadrant I problem, values of UlA(0), UlB(0), VlA(0) and VlBiO) are 

assigned and TlAiO), TlB(0), 4lAiO) and 0,^(0) are found from Equations [391 and 

[401 with plus signs and Di - Ll 
s 0.   Next Equations [351-[38] are integrated on 

0 < s < L so that both modal solutions are known on 0 < s < L.   Then Equations 

[45], [46], [41], and [42] show that CA  and CB must be given values such that 

and 

CA UxA iL) + CB UlB{L) = ex sin 00^) - chx co^0(L) 

CA VlA {L) + CB VlB{L) = e,\ cos0o(t) + chx sin^oC^) 

are satisfied.   Therefore 

CA 
{ctx sinMD-c/n cos^pq)] VxB(L)-[ctx COS0O(I)-K CJH sin»o(Z,)l UlB(L) 

UlA{L)VtBa)-UlBiL)VlA(L) 
49] 

and 

•  _ [ cs\ cos0o(I) + CM sin0o(I)l UiA (L) - [ c,i sin0o(Z,) ~ Chi cos0o(Z,)] VlA (L)    J50J 

'" UlA{L)VlBiL)-UlBiL)VlA(L) 
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Finally (/,.  ^i. 0i, and 7",  are found on 0 < 5 < Z, by substituting back into 

Equations {45]-[48]. 

The Quadrant II problem is solved in much the same way.    Values are assigned 

to 01^M), 0IäK), TlAi-L), and r,a(-Z,). Then Equations (43]and 144) show that UxA(-L)t 
Utai-L), VlA(-L) and VlB{-L) are all zero. (Otherwise Equations [45] and (46], with 

left-hand sides equal to zero, show that CA  and Q would be determined by conditions 

at s = -L).    Equadtions [35]-[38]  an integrated on -£ < 5 < 0 so that both modal 

solutions are known on -L < s < 0.    Equations [45]-[48]  and [39]  and [40] with 

minus signs show that, if P and Q are defined by 

P=Tl (0) - tu» {tf, (OKm, - mh) cos0o(O) sin0o(O) + K, (0)[m + ms cos20o(O) 

+ mh s;n20o(O)]| 

and 
Q - ToCO^, (0) - /w { (/, (0)[w + m s sin20o(O) + mh cos20o(O)] 

- ^.(OKm, - m/,) cos0o(O) sin0o(O)} 

with PA, PB. QA, and Qg defined with appropriate modal values of T,, 0,, (/,, and 

K|  on the right-hand side, the boundary' conditions at 5 = 0 become 

and 

CAPA +CBPB m~Dt cos0o(O) + /., sin0o(O) 

CAQA +CBQB =^I sin0o(O) + L, cos0o(O) 

Therefore CA  and C§ are given by 

CU = 
l-Dx cos4>0{0) + Li sin0o(O)] QB-WI sin»o(0)-Hi cos0o(O)] PB 

PAQB-PBQA 

[51] 

and 

C» = 
[£>, sin^p^ + Li cos0o(O)l PA -[-Dj cos^pjO) + Lj sin0o(O)] QA 

PAQB-PBQA 

[52] 

Finally C/,,  K,, 0,, and f,  are found on -L < s < Q by substituting back into Equation 

(45)-[48). 
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The analysis is completed by computing the cable configuration. This is denoted 

by x and y and is found from Equations [IS] and [16]. Equation [17] suggests that 

x and y are given by expansions of the form 

xis.t)«xofo) + «<? [x,is)eiUil] +... (53) 

and 

y is.t) ■ yois) + ««[>', (*)*■"*" 1 +... [54] 

Then if Xi « x^ + ixi, XM B VXR2 + r;2, and 6, = tan"1  it is found that 

X » Xo  + Xjtf   COS (Wt - fijt) + .  .  . 

Similarly y, = .v* + iyi. y*   -y/ya* + yf, and 5y = tan-1 — 

Substitution of Equations [17], [S3], and [54] into Equations [IS] and [16] 

and use of the small-angle approximations to the multiple-angle formulas give 

•*o 
•/' 

cos0o(j') ds' [55] 

- f' 4ti*')**•(*')a*' [56] 

y0 = J   sinks') ds' [57] 

and 

^i -/'♦.(. )cos40{s')ds' [58] 

These integrals are to be evaluated for 0 < £ < I in the Quadrant 1 problem and for 

0 > 5 > -I in the Quadrant II problem.   Because of the choice of origin, the con- 

figuration given is that seen by an observer moving with the towed body. 

After the complex-valued functions 0i, Tt. c4i cos 0O + (/,, -c0, sin 0o + 

K,, X|, and yi have been found the amplitudes and phases of the perturbation 

quantities are easily found. 

There is one redundancy in this small-perturbation frequency-domain solution to 
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the two-dimensional cable problem since there is no way of assigning a meaning to the 
time / = 0.   Consequently the phase angle of either the horizontal or vertical ex- 
citation is meaningless and may be set equal to zero. 

COMPUTER PROGRAMS 

The digital computer programs which solve the Quadrant I and Quadrant II 
problems are OMWAY and OMFLO respectively, and are listed in Appendixes B and C, 
together with sample calculations.   They are written in FORTRAN IV for a CDC 6700 
computer. 

i      Although Equations [35]-[38], [S3], [54], and the boundary conditions are 
written for complex-valued functions of s, they must be separated into real and 
imaginary parts because the integrating subroutine KUTMERi is not available in complex 
arithmetic.   However, the existence of a complex-conjugate relationship between the 
real and imaginary parts makes solution for two instead of four modes sufficient. 

Whenever possible the notation of the previous section is retained; some important ex- 
ceptions are the angle 0 which is replaced by FH, and the frequency co which is 
replaced by OM.   In general, quantities which pertain to the tqwed body start With & A 
Thus m,, the body added mass in surge, is BMS.   The cable is of thickness CH and is 
AM  segments long; each segment is of length DS.   Its mass per unit length ju is 
replaced by ULM and its added mass parameter v by AMP.    Its weight per unit length   , 
in water is WUL and the density of water is DN.    Further explanation of the program 
is provided by comment cards in the listing. > < i 

, Each program includes four subroutines.   ATA prevents the inverse-tangent 
function from dividing by a prohibitively small number if an angle is very close to     i 
± ir/2.   KUTMER performs integrations with a fourth-order Kutta-Merson method.   This 
is a generalization of the Runge-Kutta method that provides an automatic reduction in 
integration-step size when an error criterion is not met.    DAUX and DARN provide 

integrands for KUTMER; DAUX for 0o. T0, x0, and y0 ,and DARN for £/,,  K,, 4i, 
and T,.   KUTMER is not used for X| and >»i; they are calculated by a simple first- 
order integration within the main program. 

In the program OMWAY, J is an integer which increases from / = 1 at the towed 
body (s=0) to'J-N at the towpoint {s=L).    Successive data cards are used to spebify; 

l.Name of program, OMWAY. ( i 
2. Body lift BL, drag BD, and weight BW. 

3. Magnitude and phase of surge and heave of towpoint, ASM, PAS, AHM. DAH, 

u        • . .     . '     ' 



and frequency OM. 

4. Body mass and added masses in surge and heave, BM, BMS, and BMH. 

5. WUL. ULM. DS. and N. 
1     6. Tow speed C. DN. CH, cable drag coefficient CD, and AMP. 

,   7. Constants for Equation [12]  to give Fi/D0. 

8. Constants for Equation [13] to give FG/D0. 

These data are written out Do is computed and Equation [14]  is used to compute X, 

which is represented by AMC/ULM. Equations [33] and [34] are used to And To 

and 0o at /=! and UQ, VQ, fa. To, XQ, and yo are computed by using Equations [12], 

[13], [19], [20], [31], [32], [55], and [57] and are written out as functions of 7. 

Values are assigned at 7=1 as f/y^  real and V1A  zero, $14  and TjA  are found from 

Equations [39] and [40], and the A-mode solution is computed by integrating 

Equations [35]-[38] on 1 < J < N.   Then UtB is set zero and ViB is set real at 

7=1 and the A-mode solution is found in the same way.   Next  c,i and Cht are com- 

puted and the   required values of C/i  and K,  at J-N are found from Equations [41] 

and [42] and €4  and Q are found from Equations [49] and [50].    t/,,  K,, 0, and 

Tl are found along the cable from Equations [45]-[48] and their magnitudes and 

phases are computed and written out    Finally Equations [56] and [58] are used to 

find x,  and yt and their magnitudes and phases are computed and written out. 

OMFLO uses the nomenclature of OMWAY wherever possible.   J is an integer 

which decreases from /=-! at the towed body (5 = 0) to J=-N at the towpoint (s=-L). 

For performing integrations down the cable, which is done when fa. To. xo. yo. xj, 

and yj are computed, an integer K is used which is defined by K=-J and thus in- 

creases from K=l at the towed body to K-N at the towpoint. Since these inte- 

grations are made in the direction of decreasing s, the integrands computed in DAUX 

are negatives of those in OMWAY.    Uj, Vj, $j, and Tj are computed by integration 

in the direction of increasing s so an integer / is defined by I=N+1-K which increases 

from /=/ at the towpoint to /=N at the towed body.   The first three data cards 

differ from those of OMWAY and specify: 

1. Name of program, OMFLO. 

2. Steady-state body lift and drag BLO and EDO, and body weight BW. 

3. Magnitude and phase of oscillating lift and drag forces on the body, BLM, 

DBL, DBM, DBD, and frequency OM. 

These data are written out.   DQ is computed and Equation [14]  is used to compute 

X, which is represented by AMC/ULM.    Equations [33] and [34]  are used to find 
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To and $o at K-l and UQ, VQ, 00. TQ. XQ, and yo are computed by using Equations 

[12], [13], [19], [20], [31], [32], [SS], and [57] and are written out as functions 

of 7. 0o and To are relisted as functions of/, 0/^ is set real and TIA, UJA, and VjA 

are set equal to zero at /=/, and the A-mode solution is computed by integrating 

Equations (3SI—[38] on l</<;/V.   Then TIB is set real and 0/B. UJB, and V]B are 

are set equal to zero at I~\ and the 5-mode solution is computed in the same way. 

Next 0o. TQ. VIA. ViA. 4IA. TJA. UJB. VIB. 0/^, and TJB are re-listed as 

functions of K instead of /.   The required values of P and Q at Ks\ are found from 

Equations [39]  and [40]  and CA and CB are found from Equations [51] and [52]. 

^/. Vj, 0;, and Tj  are found along the cable from Equations [45]—[48] and their 

magnitudes and phases are computed and written out.    Finally Equations [56] and 

[58] are used to find xj and yj, and their magnitudes and phases are computed and 

written out. 

Representative times for a run involving a cable nine integration steps long (of 

ten feet each) are 28 seconds compilation time and 14 seconds computation time on 

a CDC 6700 computer. 

Certain modifications to the programs are easily made.   For example, the 

programs listed require angles in radians and any consistent mass-length-time units for 

dimensional quantities.    They have been adapted to treat, as input and printout 

quantities, angles in degrees, masses in pounds, lengths in feet, and speeds in knots. 

They have also been adapted to examine behavior over a range of frequencies, by 

repeating the unsteady part of the program in a DO loop, with lowest, highest, and 

incremental frequencies specified on an additional data card. 

A computer experiment was performed on the Quadrant I program, OMWAY, 

by examining the frequency range 0.01 to 0.80 hertz in steps of 0.01 hertz for 

cable lengths of 200, 400, 600, 800, 1000, and 1200 feet at tow speeds of 6, 10, and 

14 knots.   As criteria for successful performance it was required that the perturbation 

quantities must remain below the steady-state quantities.    It was found that VM, the 

magnitude of the tangential velocity, at (or very near) the towpoint was the quantity 

which failed at the lowest frequency.   The only cable length where its behavior was 

satisfactory throughout the frequency and speed ranges was 200 feet; all the longer 

ones failed but showed better behavior with increasing speed.   The 600-foot cable 

failed at 0.26, 0.34, and 0.48 hertz at 6, 10, and 14 knots while the 1200-foot 

cable failed at 0.13, 0.20, and 0.30 hertz at the same speeds.   Values for the 800-and 

1000-foot cables lie in between these and exhibit the same monotonic relation to tow 
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speed.   The 400-foot cable failed at 0.49 and 0.57 hertz at 6 and 10 knots and 

behaved satisfactorily at 14 knots. 

The next most sensitive quantity was the perturbation tension at or very near 

the ship.   It behaved well throughout the frequency and speed ranges for cable 

lengths of 800 feet and less.   For the 1200 foot cable it failed at 0.46, 0.46, and 

0.61 hertz at 6, 10, and 14 knots. 

The qualitative conclusions are that the small-perturbation frequency-domain 

analysis is valid for short cables undergoing low-frequency oscilations and that increas- 

ing towspeed can have a stabilizing effect.   Apparently as the forcing frequency ap- 

proached 0.80 hertz, a resonant region was being approached; frequencies high 

enough to be past such a region, because the inertia of the cable and body prevent 

excitation of their motion, might be beyond the range of practical interest. 
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TOWED BODY 

Figure 1 - Quadrant I Towing Configuration 

TOWING SHIP 

Figure 2 - Quadrant 11 Towing Configuration 
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APPENDIX A 

DERIVATION OF EQUATIONS OF MOTION 
Equations [1]—[4], the equations of cable motion, can be derived by considering a 

small element of the cable shown in Figure 1 or Figure 2.    If x and y represent the 

coordinates of a point on the cable then x and ^ are functions of s and / which 

satisfy 

■r"   cos* m 
[Al] 

bs 
sin0 [A2] 

— sin0 — -—- cos0 ■ u 
bt bt [A3] 

and 

•—- cos0 + — sin^ ■ V 
bt bt [A4] 

Take the derivative of Equation [A3]  with respect to 5, interchange the order of the 

s- and t-differentiations of x and y, and substitute from Equations [Al] and [A2]  to 

obtain 
bU     b  ,      v  . bx       , i0      3 , .    . by   .     bf 
~"~ = T"" (cos0) sin0 + T- cos0 T* r" (sin0) cos0 + -- sin0 -— 
dv      bt bt bs      bt bt bs 

which becomes Equation  [1] after substitution of Equation [A4].    In the same way, 

take the derivative of Equation [A4] with respect to s, interchange the order of 

differentiations, and substitute to obtain 

3K      3 x bx   .     bt       b by 80 
T~ ■ TT (cos0) cos0 - — sin0 7" + — (sin0) sin0 + •— cos0 — 
bs       bt bt bs        bt bt bs 

This, with the substitution of Equation [A3], is Equation [2]. 

The apparent-momentum vector of a segment of length 8s has components 

ß8sil+\)U, ßSsV, 0 in a right-handed orthogonal coordinate system with axes in the 

directions of U, V,   and upwards from the paper of Figure 1 or Figure 2.   Here 

M is the mass of the cable per unit length and \iK is the added mass in water for 
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motion in the direction of U.   The angular velocity has components 0,0, 90/9/ in the 

fixed coordinate system defined by the x and y axes and the direction up out of the 

paper in either figure.  Therefore the rate of change of apparent momentum observed from the 
fixed coordinate system in either figure has components along the directions of V and V equal 
to 

91/ 90 
M65(!+X) — -M6^ — and 

W 90 
ot at 

Therefore the dynamic equations of motion of the cable segment are 

uS^d +X) V~ \ ■ resultant force on 65 in the direction of U  [AS] 
I bt 9/ J 

and 

[dV 901 
—  + (I +X) t/ •— ■ resultant force on 6s in the direction of V [A6] 

The right-hand sides of Equations [AS] and [A6]  are easily computed and the results 

are, after division by 6s, Equations [3] and [4]. 
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APPENDIX B 

LISTING AND SAMPLE OUTPUT OF OMWAY 

10 

15 

20 

25 

30 

35 

40 

45 

SO 

55 

PROOMAM 0HHAYCINPUT*CUTPUT*TAPEb«INPUT*TAPE6>0UTPUT) 
OINENSION PHOI400)t  TO 1400)t  U0(400)t   VOI400)« PHRA(400)t 

* PHRBUOOlt  PHIA(400)*  PHIB(400)t   TRA(400)*  TRB(400)*   TIA(400)t 
* TIB(400)t  URA(400)t URBUOOlt  UlA(400)«  UIB(400)t  VRA(400)t 
• yRB(400)f  VIA(400)t VIBI400) tPHRUOO) t PHI (4001*  TR(400)t 
* TK400)*  UR(400>* UI(4U0)t  VMCiOO)«   VI(400)t FL(400)t  FG<400)t 
♦ DFL(400)t OFG(400)t  T(B) 
COMMON OS*WULtOtALAM0*ALAMltALAM2*BLAMlt 
lBLAM2tAGAM0tA6AM1tA0AM2tB6AMl«BbAMZ* 
2ONtULMtAPPtCtPH0tOFLtOFGtJ*T0»PHRtPHItFL»FG 
EXTERNAL OAUXtDARN 
READ (5t11) TITLE* 

♦ BL • BD * BW* 
• ASM* DAS* AHM* DAH* OMt 
♦ BMt BMS* BMHt 
♦ KUL* ULM* OS* N* 

X   ♦ C* ON* CH* CO* AMP* 
• ALAMO* ALAMlt ALAM2* BLAM1* BLAM2* 
♦ AGAMO* AGAM1* AGAM2* BGAM1* B6AM2 

C  WRITE TITLE ANO INPUT DATA 
WRITE (6*21) TITLE 

BL * BO * BW 
ASM» OAS* AHM* OAH* OM 
BM« BMS* BMH 
WUL* ULM* .OS* N 
C* ON* CM* CO* AMP 
ALAMO* ALAM1* ALAM2* 
AGAMO* AGAM1» AGAM2* 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

BLAM1* 
BGAM1* 

BLAM2 
BGAM2 

(6*22) 
(6*23) 
(6*24) 
(6*25) 
(6*26) 
(6*27) 
(6*28) 

INITIALIZE 
0» fr,5»ON»C*C#CH»C0 
AMC  •  3.141593«CH»CM«ON»AMP/«.0 
APR  «   1*0 ♦ AMC/ULM 
CXO «0.0 
CYO • 0.0 
CXR ■ 0.0 
CXI > 0.0 
CYR > 0.0 
CYI « 0.0 
JA  > N-l 

SOLVE STEADY-STATE PROBLEM 
ERR*.00001 
ERA*.001 
CALL ATA(«D*YK) 
PHOB » ATAN2(BM-BL*YK) 
TOB « SQRT(BO*BD*(BM-BL)*(BW-BL>) 
WRITE (6*31) 
WRITE (6*32) 
PHO(l) « PHOB 
T0(1) * TOB 

MULTIPLY TU FIND VELOCITY COMPONENTS 
DO 101 J ■ 1*N 
UOU) ■ C*SIN(PHO(J)) 
VO(J) ■ C*COS(PM0(J)) 
WRITE (6*33) PHO(J)* TO(J)* UU(J)* V3(J)* CXO* CYO« J 
IF (J.EO.N)  GO TO 101 
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60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

C   INTEGRATE TO FIND TENSIONt ANGU« AND CABLE CONF1GUHATION 
T(n»T0<J) 
T(2)>PH0(J) 
T(3>  ■  CXO 
TU)  «  CYO 
FIRST«.0 
ALS«FLUAT(J)<»OS 
CALL KUTM£K(4tALStT«ERRt0S*FIMSItHCXtERA«0AUX) 
T0(J«n«T(l) 
PH0(J«1)«T(2) 
CXO ■  T(3) 
CVO ■  T<4) 

101  CONTINUE 
C  SOLVE DYNAMIC PROBLEM 

WRITE (6.3*) 
WRITE (6t3b> 

C  COMPUTE V1SCOUS-FUHCE TERMS ALONG CABLE 
DO 201  J « It JA 
FLU) > D*UALAM0«ALAMl*COS(PH0UIMALAM2*COS(2.04»PH0(J))« 

• BLAM1*SIN(PHO(J))«BLAM2»SIN(2.U*PHOIJ))) 
FG«J) ■ 0*( A6AM0«AGAMl*COS(PH0(J))«AGAM2*COSI2.0*PH0(J)) 

• *BGAM1*SIN(PH0(J))«B6AM2*SIN(2«0*PH0<J))) 
OFL(J) > 0*(-ALAM1*SIN(PHO(J))-^.0*ALAM2*SIN(2.0*PHO(J)) 

• «8LAM1*COS(PHO(J))♦2.0*BLAM2*CUSf2.0*PH0(J))) 
DFG(J) - U*(-AGAM1*SIN(PH0(J))-2.0*A6AM2*SIN(2.0*PM0(J)) 

• ♦BGAM1»C0S(PHO(J))♦2.0*BGAM2*CUS(2.0*PH0 <J))) 
201  CONTINUE 
C  COMPUTE MODAL SOLUTIONS 
C  COMPUTE  A -MODE SOLUTION 
C  ASSIGN VALUES TO VELOCITY COMPONENTS AT BOTTOM 

URA(l) > 0.000001 
UIA(l) ■ 0.0 
VRA(l) » 0.0 
VIA(l) ■ 0.0 

C  COMPUTE CORRESPONDING VALUES OF ANGLE AND TENSION AT BOTTOM 
PHRA(l) •   OM*(-UIAm*(8M*BMb*SIN(PHOm)*SIN(PH0(im 

• BMH*COS(PH0(l))*COS(PH0(l)))*VlA(l)*(BHH-BMS}*SIN(PH0(in*COS( 
• PH0(1)))/I0U) 
PHIAU) > —OM*(-URA(l)*(BM«BMS*SIN(PH0<l))«SIN(PH0(l))« 

• BMH*COS(PHO(1)> «COS(PHO(1)))»VKA(1)•(BMH-BMS)«SIN(PHO(1))«COS( 
• PH0(1)))/T0(1) 
TRA(l) ■   OM*(<-UIA(l)*(BMH-BMS)*SIN(PH0(l))»COS(PH0(l)) 

• ♦VIA(1)•(BM*BMS*COS(PHO(1))«COS(PHO(1))♦ 
• BMH*SIN(PHO(lH*SIN(PHO(im) 
TIA(l) ■   -OM*(-URA(l>*(BMH-BMS)*SIN(PH0(l))*COS(PH0(l)) 

• ♦VRA(1)•(BM»BMS»COS(PHO(1))«CCS (PHO(1) )« 
• BMH*SIN(PH0(1))*SIN(PH0(1)))> 

C  FIND VELOCITY COMPONENTS. ANGLE* AND TENSION BY INTEGRATING UP 
C  THE CABLE 

DO 202  J « It JA 
T(1)«PHRA(J) 
T(2)'PHIA(J) 
T(3)>TRA(J) 
T(4)«TIA(J) 
T(5)>URA(J) 
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T(6)>UIA(J) 
Tm«VRAU) 
T(8)«V1AU) 
FIRST«.0 

US AUS«FLOATCJ)»0S 
CALL KUTMER(8tALS*TfERR«OS*riRS1tHCX«ERAtOARN) 
PHRA{J«l)>Tin 
PHIA(J*n«1(2) 
TRA(J*n«T(3) 

120 TIA(J«1)>T(A} 
URA(J*1)>T(5) 
UIA(J»l)aT(6) 
VRA(JH)BT(7> 
VIAtJ^D'TtS) 

125        202  CONTINUE 
C  COMPUTE B -MODE SOLUTION 
C  ASSIGN VALUES TO VELOCITY COMPONENTS AT BOTTOM 

' URSd) ■ 0.0 
UIBU) ■ 0.0 

130 VRB(l) > 0.000001 
VIB(I) • 0.0 

C  COMPUTE CORRESPONDING VALUES Of ANGLE AND TENSION AT BOTTOM 
PHRBCl) ■   OM*(~UIBm*(BM«ttMb*SIN<PH0(U)*SIN(PN0(in» 

♦ BMH*COS(PH0(l))*COS(PH0(im*-VIBm*(BMH-BMS)*SIN(PH0(l))*COS< 
135             ♦ PH0(1)))/10<1) 

PHIBU) »   -OM«(-URB(n»(8M»eMS»SIN(PH0<l))«SIN(PH0<l)»* 
♦ BMH*COS<PH0 (1)) »COS (PHO (1»)) «VHB (1) • (BMM-BMS) »SIN (PHO (1) > «COS( 
♦ PHoa)>)/io(i) 
TRBIl) >   0M*(-UIB(l)«(BMH-BMS)*SIN(PH0(l))*COS(PH0(n) 

140 ■♦ ♦VIB(l>*(HH«BNS*COS(PH0(l))*COt»(PH0ll))« 
♦ BMH*SIN(PH0(l))*SIN(PHO(l>))) 
TIBd) »  -0M*<-URB(l)*IBMH-BMS)*SINfPH0(lM*COS(PH0Un 

♦ ♦VRB(l)*<BM*HMS»COS<PH0(l))«COSIPH0(IM* 
♦ BMH*SIN(PH0(l))*SIN(PH0(in)) 

US C  FIND VELOCITY COMPONENTSt ANGLE» AND TENSION BY INTEGRATING UP 
C  THE CABLE 

DD 203  J * 1» JA 
T(1)«PHRBU) 
T(2)>PHIBU) 

150 T(3)>TRB(J) 
TC4)«TlB(J) 
T(5)>URB(J) 
T(6>"UIB(J) 
T(7)>VRH(J> 

155 T(8)>V1B(JI 
FIRST«.0 
ALS«FLOAT(J)«OS 
CALL KUTMEK(B*ALS*T*ERR«DS*FIKST»HCX»ERA»DARN> 
PHRB(JM)«T(n 

160 PHIB(J«n>T(2) 
TRB(J«1)-T(3) 
TIB(J«1)>T(4) 
URB(JM)«r(5) 
UIB(J*1>'T(6> 

165 VRB(J*n«T(7) 

27 
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203 
C 

C 
C 

VIB(JM)>1(8> 
CONTINUE 

SUPERIMPOSE  MODAL  SOLUTIONS 
COMPUTE  VELOCITY  COMPONENTS FORCEU  AT TOP 

CSR»OM«ASM»SIN(DAS) 
CSI»-OM«ASM«COS(DAS) 
CHR«OM*AHM*SIN(DAH> 
CHI«-OM«AHM«COS(DAH) 
UR(N) ■ CSR*SIN(PH0(N)) 
UI(N) ■ CSI*SIN(PH0(N)) 
VP(N) ■ CSR*COS(PH0(N)) 
VI(N) s CSI*COS(PH0(Nt) 

COMPUTE CONSTANTS NEEDED TO SUPERIMPOSE MODAL SOLUTIONS 
DENOMK  «  URA<N)*VRB(N) - UIA(N)*VIB(N) - URB(N)*VRA<N) ♦ 

CHR»COS(PH0<N)» 
CHl*COS(PHU<N)) 
CHR*SIN(PH0(N)) 
CHI*SIN(PH0(N)) 

♦ UIB(N)»VIA(N) 
DENOMT  ■ UIA(N)*VRB(N> 

♦ URB(N)*VIA«N) 

»VI 
ANUMK 

* UIB(N)< 
ANUMI 

♦ URB(N)*VI 
BNUMR 

♦ URA(N)*VIB(N) - UIB(N)*VRA<N) - 

- UI (N»»VIB(N) - URB(N)»VR IN) ♦ 

♦ UR (N)*VIB(N) - UIB(N)»VR (N) - 

- UIA(N)*VI (N) - UR (N)»VRA(N) • 

♦ URA(N)*VI (N) - UI <N)»VRA(N» - 

UR (N)*VRB(N) 
(N) 
UI (N>*VRB(N) 
(Nl 
URA(N)*VR (N) 

♦ UI (N>*VIA(N) 
BNUMI   ■ UIA(N)*VR (N) 

♦ UR (N)*VIA(N) 
0EN0M2  ■ DENOMR'OENOMR • DENOMl*DENOMI 
CAR  =  (ANUMR*DENOMR ♦ ANUMI*DkN0MI)/DEN0M2 
CAI  ■ (-ANUMM«DENOMI ♦ ANUMI»0tN0MR>/DEN0M2 
CBR  =  (BNUMR*DENOMR ♦ BNUMI*0EN0MI)/0EN0M2 
CBI  * (-BNUMR*DENOMI ♦ BNUMI•0EN0MR)/DEN0M2 

COMPUTE VELOCITY COMPONENTSt ANGLE» AND TENSION ON CABLE 
DO 204 J > ItN 
URCJ)  ■ CAR*URA(J) - 
UI(J)  > CAI*URA(J) ♦ 
VR(J)  ■ CAR*VKA(J) - 
VI(J)  > CAI*VHA(J) • 
PHR(J)  B CAH*PHRA(J) 
PHIU)  B CAI*PHRA(J) 
TR(J»  B CAR*TRA(J) - CAI*TIA(J) • CBR*TRB(JI 
TI(J)  B CAI*TRA(J) • CAR*TIA(J) ♦ CBI*TRB(J) 

COMPUTE PHYSICAL VELOCITY COMPONENTS ON CABLE 
URP  B  C»PHR(J)*COS(PH0Un ♦ UR(J) 
UIP  B  C*PHI(J)*COS(PH0<J>) • UI(J) 
VRP  B - C*PHR(J>*SIN(eH0(J)) ♦ VR(J) 
vIP     B     -  C»PHI(J)*SIN(PH0(jn    ♦   VKJ) 

^^PUTE  MAGNITUDE AND PHASE OF   VELOCITY COMPONENTS«  ANGLE«   AND 
TENSION ON CABLE 

UM     B     SQHT(URP*URP  ♦  UIP»UIP) 
CALL  ATA(URP«   YK) 
DU     B     ATAN2(UIP«   YK) 
VM     B     SQRT(VRP*VRP  ♦  V1P«VIP) 
CALL   ATA(VRP*   YK) 
DV     >     ATAN2(VIP*   YK) 
PHM     B     SORT(PHR(J)«PHRU)   ♦   PHI (J)»PHI (J)) 
CALL  ATA(PHR(J)»  YK) 

CAI*UIA(J) • 
CAR»UIA(J) • 
CAI*VIA{J) • 
CAR*VIA(J) • 
- CAI*PH1A(J) 
♦  CAR*PH1A(J) 

CBR*URB(J) 
CBI*URB(J) 
CBR*VRB(J) 
CBI»VRB(J) 
♦ CBR»PHRB(J)   - 
♦ CBIOPHRBU)   ♦ 

CBI*UIB(J) 
CBR»UIB(J) 
CBI»VIB(J) 
CBI»VIBU) 

CBI*PHIB(J) 
CB»»PHIB(J) 

• CBI*TIB(J) 
♦ CBR»T'/(B(J) 

28 



Ml ' 

OPH > ATAN2(PHI(J)t mi 
TM > SOMT(TR(JI*TR(Jt • TIU)*TIfJ)) 
CALL ATA(TR(J)* YK> 
DT  > ATANZITKJIt YK» 

225 WRITE (6t36) PHMt OPHt TM. OT. UM* OUt VM» OV* J 
204 CONTINUE 

WRITE (6*37) 
C  COMPUTE MAGNITUDE AND PHASE OF DYNAMIC CABLE CONFIOURATION 

DO 205 J ■ 1* N 
230 CXM ■ SQRT(CXR4»CXR*CXI*CXI» 

CALL ATAtCXR*  YK) 
OCX    >    ATAN2(CXI*   YK) 
CYM > SORT(CYR*CYR*CVI*CYI) 
CALL ATAICYR*  YK) 

235 DCY    ■    ATAN2tCYI*  YK) 
WRITE   (6*38)  CXM*  OCX*  CYM*  DCY*  J 
IP   (J.EO. N)  GO TO 205 
CXR    >    • PHRU)*SIN(PHO(J))*DS 
CXI     ■    • PHI(J)OSIN(PH0(J))*DS 

ZkO CYR    > PHR(J)*COS(PH0<J))*DS 
CYI     > PHI(J)*COS(PH0(J>)*US 

205 CONTINUE 
11 FORMAT   I  10X*    A6 / 10X*  3F10.5/  I0X* 5F10.5/  10X* 3F10.S/ 

• 10X*  3F10.5*  I10/10X*SF10.5 /  10X* 5F10.5/ 10X*  5F10.5) 
245                      21         FORMAT   (IH1*  10X* 57HSURFACE SHIP IN A SEAWAY TOWING A DEEPLY 

* SUBMEH6E0 WEIGHT/  IH-*   lOX*  A6///) 
22         FORMAT   (  IX*  8HBL ■  * F10.S*  4X*  8HBD        ■  *  FI0.5* M* 

«  8HBW >  *  F10.5 //) 
23    FORMAT   <   IX*  8HASM       >  * F10.5*  4X*  8H0AS      ■  *  F10.5* «X* 

250 *  BHAHM      > * F10.5*  4X* 8HOAH       ■  * F10.5* «X*  8H0M ■  * 
♦ F10.5 //) 

24 FORMAT   (   U* SHBM ■  * F10.5«  4X*  8HBMS      ■  *  FI0.5* 4X* 
* BHBMH      ■  * F10.S //» 

25 FORMAT ( IX* BHUUL  ■ * F10.S* 4X* 8HULM  ■ * F10.5* 4X* 
255             * BHDS   > • F10.5* 4X* 8HN    ■ * 110 //> 

26 FORMAT ( IX* 8HC    > * F10.S* 4X* 8H0N   a ( F10.5* 4X* 
♦BHCH   ■ «Ftü.S* 4X* 8HC0   ■ *F10.5* 4X« 8HAMP  ■ *F10.5//) 

27 FORMAT ( IX* 8HALAM0 > »FIO.S* 4X* 8HALAM1 > * F10.5*6X* 
• BHALAM2 > • F10.5* 4X* 8HBLAM1 ■ • FIO.S* 4X* SHBLAM2 ■ * 

260             ♦ FIO.S //) 
28 FORMAT ( IX* 8HAGAM0 > * FIO.S* 4X* 8HAGAM1 ■ * FIO.S* *X» 

♦ RHA6AM2 > * FIO.S* 4X* 8HB6AN1 ■ * FIO.S* 4X* 8HBGAM2 ■ * 
♦ FIO.S //) 

31   FORMAT i  22H1 STEADY-STATE SOLUTION) 
265 32   FORMAT ( 1H0* IX* 6HPH0(J)* 10X* 6HTOIJ) * 10X* 6HU0U> * 10X* 

* 6HVÜ(J) « 10X* 6HCAO(J)* 10X» 6HCY0U)* 10X* 1HJ //) 
33 FORMAT ( 2X* F9.6* 7X* F13.6* 3X* 21 F11.6* Sf   t   2(F13.6* 3X1* 14) 
34 FORMAT ( 17H1DVNAM1C SOLUTION) 
35 FORMAT ( 1H0* IX* 6HPHM(J)* 9X* 6H0PMU). 9X* 6HTM(J) * 9X* 

270             ♦ 6H0T(J) • 9X« 6HUM(J) « 9X* 6HUU(J) • 9X* 6HVM(J) • 9X* 6HDV(J) * 
* 9X* 1HJ //) 

36 FORMAT (     2X* 2< F9.6* 6X)* F12.6* 3X* F9.6* 6X* 2IF10.6* 5X* 
* F9.6* 6X)t 14) 

37 FORMAT ( 1H1* IX« 6HCXM(J)* 10X* 6HDCX(J)* 10X* 6HCYM(J)* 10X* 
275             • 6HDCY(J)* 10X* 1HJ //) 

38 FORMAT ( 2X* 2( F12.6* 4X* F9.6* 7X)* 14) 
STOP 
CNO 
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10 

SUBPOUTINt  ATA(XtVK) ' 
THIS SUBROUUNt PREVENTS ATAN2 fHOM DIVIDING BY ZERO MHEN 
COMPUTING THE ARCTANGENTS OF PI/4 AND 3*PI/2 
ER « 0.00001 
IF ,<AHS(X>.GT.EH) 60 TO 10 
YK ■ EH    ' 
HETUHN 
YK - X  ■ !        ''  ,        i i     ' 
HETUHN      t   •       i 
END 

i I       l 

10 

15 

20 

30 

35 

40 

*5 

50 

55 

SUBROUTINE KUTMERINtTtYOtEPStHtFIRSTtHCXiAfDAUXI 
THIS SUBROUTINE PERFORMS FOURTH-OHOER KUTTA-MERSON INTEGRATIONS 
DIMENSION Y0ll0>«Ylll0)fY2(10)tF0(10)tFl(10itF2(10) 
IF(FIRSTt20*10i20 

10 HC>H 
IPLOC»! 
FIRSTal. ' ' ' ' i ' 

20 L0C>0 
, HCX«HC ' ,       ( 
i0 CALL  DAUX(l.YO.FO) , 
39 DO «0   1*1«N ' 
40 YUn-Y0(I)*(HC/3.)*FO(l) 

CALL 0AUX<T*HC/3.tYltFl> . 
DO SO   l»l»N 

SO Yin)-Y0(l)*(HC/6.)oF0(I)*CHC/6.>*Fl(n 
CALL OAUX(T*HC/3.*Yl<Fn i ' 
00 60   I«l.N i 

60  Y1(1)»Y0(I)^HC/8.«F0(I)».375»HC»FHI) I 
I   CALL DAUXlT*HC/2.«YltF2i 

DO  70   I«l«Nr 
70  YHI)«Y0(I)»HC/2.»F0(n-1.5»HC*H(n*2.«HC»F2(n 

CALL 0*UX(1«HC.Y1.F1)    ' 
' DO BO   laltN    . , 

80  Y2<I)«Y0(II*MC/6.»F0(I)*.66666667«HC»F2tI)»(HC/6.)«Fl(n 
,     INC>0 

DO 110   IdtN / ' , 
ZZZ«ABSIYHI))-A 

IF(ZZ2)  BStH7*B7 ' 
85 ERROR-ABSI.2*(Ylin-Y2(I)>) 

IF(ERROH<A>100*100*90 I 
87 ERR0R-ABS(.2-t2*Y2(I>/YlU>) 

IF(ERROR-EPS)100«100*90 , 
90 X-12B.*ABS(HC)-ABS(H) ' 

IFU) 91*95*95 
91 MRITE(6*92) T.ERROR 
92 F0RMAT<21H RELAflVE ERROR AT T« 1P1E12.3*3HIS F10.6 i  > 

'   FIRST > 2. ' I 
REtURN 

95 HC-HC/2. 
IPLOC-2 «IPLOC ' 
LOC-2 •i.OC 

HCX«HC 
60 tO 30 

100 IF(ERR0R«64.-EPS)110.110*101 
101 INC«1 '    ' 
110 CONTINUE ' 
111 T«T»HC ' 

PO 112 I>1*N          'I,           I 
Y0<I)»Y2(I)  , 
LOC>LOC*1 
IFILOC-IPLOC)120*210.210 

IF(INC)210*130*210 ' ' 
IF(LOC-(LOC/2)*2)210*140*210 

140 IF(IPLOC-1>210*210*200   I 
200 HC>2.*HC ' 

112 

120 
130 

KUTM0050 
KUTM006D 
KUTM0070 
KUTM0080 
KUTM0090 
KUTM0100 
KUTM0110 
KUTM0120 
KUTM0130 
KUTH0140 
KUTH01S0 
KUTM0160 
KUTM0170 
KUTM0180 
KUTM0190 
KUTM0200 
KUTM0210 
KUTM0220 
KUTM023Q 
KUTM0240 
KUTM0250 
KUTM0260 
KUTM0270 
KUTM02B0 
KUTM0290 
KUTM0300 
KUTM0310 
KUTM0320 
KUTM0330 
KUTM0340 
KUTM03S0 
KUTM0360 
KUTM0370 
KUTM0380 
KUTM0;90 
KUTH0400 
KUTM0410 
KUTM0420 
KUTM0430 
KUTM0440 
KUTM0450 
KUTM0460 
KUTM0470 
KUTM04B0 
KUTM0490 
KUTM0S00 
KUTM0510 
KUTM0520 
KUTM0530 
KUTM0540 
KUTM05S0 
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60 

LOOLÖC/2 
IW.0OIPL0C/2 

210  ir(IPL0C-LOr)30t220*30 
220 RETURN 

CNO 

KUTNOMO 
KUTM0S70 
KUTNOMO 
KUTN0590 
KUTN0600 

10 

15 

20 

SUBROUTINE OAUX(Z*TXtF) 
C  THIS SUBROUTINE PROVIDES THE INTEGRANDS FOR KUTMER  WHEN IT 
,C  COMPUTES THE STEADY-STATE TENSION« ANGLE* AND CABLE CONFIGURATION 

DIMENSION TX(8)» F(8> •PHOUOV) «DFLUOO) fDFGUOO) «TO(AOO) * 
• PHR(200I* PHI(200) 
COMMON OS*MUL*D*ALAM0*ALAMltALAM2«BLAMl« 
lBLAM2«AGAM0tAGAHl*AGAM2*BGAMl*BbAM2« 
2OM*ULM«APP*C«PH0«DFL*DF6tJ*T0«PHR*PHI 
TX1«TX(1) 
TX2»TX(2) 
C1"CÖS(TX2) 
S1>SIN(TX2) 
C2>C0S(2.*TX2) 
S2>SIN(2.*1X2) 
FL"0*(ALAMÜ*ALAM1*C1«ALAM2*C2*BLAM1*S1*BLAM2*S2) 
FG> 0* (A6AH0 ♦ A6AM1 »C1 *A6AM2*C2*(1GAM1 «S1 ♦B6AM2»S2) 
IF(TX1.EO.O.) GU TO 50 
F(2)» (WUL«C1-FL)/TXI 
F(3)  > Cl 
FU)  > , Sl 

7    F(l)> (HUL*S1«FG) 
RETURN 

50   F(2)>0.0 
i  GO TO 7 

END 

10 

15 

20 

25 

30 

SUBROUTINb DARN(Z«T*F) 
C  THIS SUBROUTINE PROVIDES THE INTEGRANDS FOR KUTMER  WHEN IT 
C  COMPUTES THE DYNAMIC ANGLE* TENSION» AND VELOCITY COMPONENTS 

DIMENSION  T(8)f F(8) *PHO(*00) «UFLUOO) «DF6U00) «TO (400) « 
♦ FL(MIO)«FG(400)«PHR(400)«PHI<4UO) 
COMMON OS*HUL«0«ALAMO«ALAM1«ALAN2«BLAM1« 
IBLAM2«AGAM0«AGAM1«AGAM2«BGAM1«BbAK2« 
2OH»ULM*APP*C*HH0«DFL«DFti«J«T0«PHR«PHI«FL«F6 
C1>C0S(PH0(J)) 
S1>SIN(PH0<J)) 
IF(T0(J).EU.0.O) 60 TO 50 
F (1) *(-OM'ULM* (APP'T (6) ♦ (APP-1 .U» «C^T (2)«Cl) -T (3) • (PHO (J«l)-PHO (J) 

♦ »/0S-(T(1)»(T(5»»C1-T(7)»S1)/C>»DFLU) 
,   ♦ -2.0«FL(J)»<T<5)»Sl«T<7»«Cl)/C-KUL»T(n»Sl)/T0(J) 

Ff2)»( OM«»ULM»(APP»T(5)MAPP-1.0)«C»Tm»Cl)-TU)MPM0UM)-PH0CJ) 
♦»/DS-(T(2»*(T(6)»C1-T(8)«S1»/C)»DFL(J) 
♦ -2.0*FHJ)««T(6)«S1»T(B)*C1»/C-«UL«T(2)«S1)/T0(J) 

7     F(3)»( 0M*ULM«(T(8)»(APP-1.0)«C*T(2»»S1)»(T(1»»(T(5»«C1- 
i   ,♦ T(7)»SI)/C)»DFGUI»2.0«FG(J)« 

♦ (T(5)«S1»T<7)»C1)/C»I«UL»T(1)»C1) 
F<*)«(-0M»ULM»(T(7)»(APP-l.0)*C»T(l)»Sn»(T<2)»(T(6>»Cl- 

♦ T(8)*Sn/C)*DFG(J)«2.0*FG<J)* 
♦ (T(6)4>Sl*T(8)*Cl)/C«WUL*T<2)*Cn 

, F(5)«-0M«T(2)»T<7)»(PH0(J»l»-PHÜ(J))/DS 
F(6)« OM*T(l>«T(8)*(PH0U*l>-PHü(J))/DS 
F (7)»-T(5)•(PHO(J»l)-PHO(J> l/DS 
F(8)«'-T(6»<»(PH0(JM)-PH0(J»)/OS 
RETURN 

50   F(1)>0.0 
F(2)>0.0 

,    GO TO 7 
END 

31 
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CXN(J) OCX(J) CYMU) OCY«J» 

0.000000 o.oooooo 0.000000 0.000000 1 
•087537 -2.303692 .012449 .837901 
.056209 -1.564765 .014046 1.576827 
.049291 -.801759 .017611 2.339834 
.051531 -.302560 .023934 2.839033 5 
.052518 -.034669 .030007 3.106924 
.050056 .081509 .033937 -3.060084 
.046777 •079939 .035120 -3.0616b4 0 
•037998 -.034296 .033833 3.107297 9 
.031219 -•276547 .031098 2.865046 
.026169 -•671205 .028826 2.470387 
.024713 -1.195132 .029820 1.946461 
.027646 -1.725520 .036254 1.416073 
.033999 -2.168766 .048134 .972827 
.042539 -2.530422 .064647 .611171 
.052629 -2.841067 .085431 .300525 
•064073 -3.121891 •110618 .019702 
•076891 2.898573 •140647 -.243020 
•091202 2.647597 •176153 -.493996 
•107182 2.404798 •217931 -.736794 20 
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APPENDIX C 
LISTING AND SAMPLE OUTPUT OF OMFLO 

PROGRAM OMFLOtINPUTt0UTPUTtTAPES«lNPUT«TAPE6'0UTPUT) 
DIMENSION PH0(200)t T0(200)* U0U02)* VOI200)t PHRA(200)t 

• PHRB(200)t PHIA(200). PHlB(200)t TRAf200)t TRB(200)f TIA(200)t 
• TIB(200)* URA(200)t URB(200)t UIA(200>* UIB(200)t VRA(200)* 
• VRB(200)f VIA(200)t VIB(200)fPHR(200)t PHI(200)t TR(200)t 
• TI(200)t UR(200)t UI(200)* VR(200)t VI(200)t FL(200)t F6(200)* 
• OFL(200)* DFG(200). T(8)i QPH0(200)* QT0(200)t QPHRA(200)» 
• aPHRB(200)« QPHIA(200)f QPHIB(200)t OTRA(200)t QTRB(200)t 
• 0TIA(200)t QTIB(200)* QURA(200)t QURB(200)t OUIA(200)t 
• 0UIB(200)t OVRA(20C)* OVRB(200)t QVIA(200)t OVIB(200) 
COMMON OS*MULtO*ALAM0*ALAMlfALAM2tBLAMlt 
lBLAM2tAGAMO*A6AM1tA0AM2«B6AM1«BGAM2* 
2OMtULMfAPPtCfPH0*OFL*OFGtKfItT0*PHR*PHI«FLfFG 
EXTERNAL OAUX.OARN 
READ (Stil) TITLE« 

• BLOt BOO» BW« 
• BLM« OBL« BOM« OBD« OM* 
• BH« BMS« BMH« 
• HUL« ULM« OS« N« 
• C« ON« CH« CO« AMP« 
• ALAMO« ALAM1« ALAM2« BLAM1« BLAM2« 
• AGAMO« AGAM1« AGAM2« BGAM1« BGAM2 

WRITE TITLE ANO INPUT OATA 
WRITE (6«21) TITLE 

BLO« BOO« BW 
BLM« OBL« BOM« OBO« OM 
BM« BMS« BMH 
WUL« ULM« OS« N 
C« ON« CH« CO« AMP 
ALAMO« ALAM1« ALAM2« BLAM1« BLAM2 
AGAMO« AGAM1« AGAM2« BGAM1« BGAM2 

(6«22) 
(6«23) 
(6«24) 
(6«25) 
(6«26) 
(6«27) 
(6«28) 

INITIALIZE 
0 > O.S*ON*C*C*CH*CO 
AMC > 3.U1S9*CH*CH*ON*AMPM.O 
APP ■  1.0 ♦ AMC/ULM 

WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 
WRITE 

CXO 
CYO 
CXR 
CXI 
CYR 
CYI 
KA 
IA 

SOLVE 
ERR* 
ERA« 

■ 0.0 
> 0.0 
■ 0.0 
■ 0.0 
■ 0.0 
■ 0.0 
■ N-l 
■ N-l 
STEADY-STATE 
.00001 
• 001 

PROBLEM 

CALL ATA(BOO«YK) 
PHOB ■ ATAN2(BL0*BW« -YK) 
TOB ■ SORT(BD0*BD0 ♦(BL0-eW)«(BL0-BW)) 
WRITE (6«3i) 
WRITE (6«32) 
PHO(l) ■ PHOB 
T0(1) ■ TOB 

MULTIPLY TO FIND VELOCITY COMPONENTS 
DO 101 K » 1«N 
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60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

■ C*SIN(PH0OO) 
> C«C0S(PM0IK)) 
- K 
(6»33) PH0IK)f T0(K)f U0(K)t V0(K)t CXOt CYOt J 

.EQ.N)  60 TO 101 
FIND TENSION* ANGLE. AND CABLE CONFIGURATION 

301 

302 
C 

ANÜ TO 

UO(K) 
VO(K) 
J ■ 
WRITE 
IF (K. 

C  INTEGRATE TO 
Tdl-TOtK) 
T(2)>PH0(K) 
TO)  ■ CXO 
TU)  ■ CYO 
FIRST«.0 
ALS«FLOAT(K)»OS 
CALL KUTMEKU«ALS*T*ERRtOS*FIRST*HCXtERA*OAUX) 
TO<K«l)aT(l) 
PH0(K*1)«T(2) 
CXO    >    T(3) 
CTO « T(4) 

101  CONTINUE 
C  SOLVE DYNAMIC PROBLEM 

WRITE (6*34) 
WRITE (6*35) 

C  REVERSE LISTS OF PHO 
DO 301  I  ■  1. N 
QPHO(I)  > PHO(I) 
OTO(I)  *  TO(I) 
CONTINUE 
DO 302  I  >  1* N 
L ■ NM-I 
PHO(1)  *  OPHO(L) 
TO(I)  ■  ÜTO(L) 
CONTINUE 

COMPUTE VISCOUS-FORCE TERMS ALONG CABLE 
DO 201  I « 1« IA 
FL(I) > O*(*ALAM0-ALAMl*COS(PH0(I))«ALAM2*COS(2.0*PH0(I))« 

♦ BLAM1*SIN(PHO(I))-BLAM2*SIN(2.U*PH0(I))) 
F6(I)  > D*(-A6AM0«AGAMl«COS(PH0(n)-AGAM2*COS(2.0*PH0(I)) 

♦ -BGAM1*SIN(PHO(I))«B6AM2*SIN(2.0*PHO(I))) 
OFL(I)  > O*UALAMl*SIN(PH0(I))-2.0*ALAM2*SIN(2.0*PH0(I)) 

* ♦BLAMl*COS(PH0(I))-2.0*BLAM2*CüS(2.0*PH0(I))) 
OrOd)   •  U«(-A6AMl*SIN(PH0(I))«2.0*A6AM2*SIN(2.0*PH0m) 

* -BGAM1*C0S(PHO(I))*2.0*8GAM2*C0S(2.0*PH0(I))) 
201   CONTINUE 
C  COMPUTE MODAL SOLUTIONS 
C  COMPUTE A -MODE SOLUTION 
C  SET VELOCITY COMPONENTS EQUAL TO 2ER0 AT BOTTOM 

URA(l)  ■ 0.0 
UIA(l) ■ 0.0 
VRA(l) m  o.O 
VIA(l) > 0.0 

C   ASSIGN VALUES TO ANGLE AND TENSION AT BOTTOM 
PHRA(l)  >  0.001 
PHIA(l)  «  0.0 
TRA(l)  «  0.0 
TIA(l)     >     0.0 

C       FIND VELOCITY COMPONENTS*   ANGLE*  AND  TENSION BY  INTEGRATING UP 
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115 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

C  THE CABLE 
00 202  I > It IA 
TtD'PHRAd) 
T(2>'PHIA(II 
T(3)>TRA(n 
TI4)>TIA(I) 
T(5)>URA(1) 
T(6)>UIA(n 
T(7)>VRA(I> 
T(8)>VIA(n 
FIRST«.0 
ALS-FLOAT(1)«OS 
CALL KUTMER(8«ALStTtERRtOS*FIRST*HCXtERAtDARNI 
PHRA(IM)«Tm 
PHIA(I«l)a1(2) 
TRA(I*1)>TC3) 
TIA(I*n-T(4) 
UM(l*tlaf(fl 
UIA(IM)>T(6) 
VRA(I*1)-T(7) 
VIA(I*1)BT(8) 

202  CONTINUE 
C  COMPUTE B -MODE SOLUTION 
C  SET VELOCITY COMPONENTS EQUAL TO ZERO AT BOTTOM 

URB(l) > 0.0 
UIB(l) ■ 0.0 
VRB(l)  >  0.0 
VIB(l) « 0.0 

C  ASSIGN VALUES TO ANGLE AND TENSION AT BOTTOM 
PHRB(l)  ■ 0.0 
PHIB(l)  «0.0 
TRB(l)  > 0.1 
TIBtl)  ■ 0.0 

C  FIND VELOCITY COMPONENTS« ANGLE« AND TENSION BY INTEGRATING UP 
C  THE CABLE 

00 203  I > 1« IA 
T(l)>PHRB(n 
TftlaPMItfll 
T(3)>TRB(I) 
T(4)-TIB(I) 
T(5)*URBm 
T(6)>UIB(n 
T(7)«VRB(I> 
T(B)>VIB<I) 
FIRST«.0 
ALS«FLOAT(n*OS 
CALL KUTMER(8«ALS«T«ERR«OS«FIRST«HCX«ERA«0ARN) 
PHRRIIMIaTd) 
PHIB(I*1)«T(2) 
TRB(I«1->«T(3) 
TIBII*n«T(4) 
URB(I*1>«T(5I 
UlB(I*n«T(6l 
VRBdMl-Tm 
VIB(Itn>T(8) 
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203 
C 

CONTINUE 
REVERSE LISTS 

■' ■ -' 

170 

175 

ISO 

1S5 

190 

195 

200 

205 

210 

215 

220 

303 

30« 
C 

OF PHO t  TO « AND MODAL SOLUTIONS 
>  It N 
PHO(K) 
TO(K) 
URA(K> 
UIA(K) 
VRA(K) 
VIAdO 

PHHA(K) 
PHIA(K) 

TRA<K) 
TIA(K) 
URB(K) 
UIB(K) 
VRB(K) 
VIB(K) 

PHRB(K) 
PHIB(K) 

TRB(K) 
TIB(K) 

00    303 
QPHO(K) 
QTO(K) 
QURA(K)     > 
OUIA(K)     ■ 
QVRAOO     « 
QVIA(K)     ■ 
OPHRA(K)     • 
QPHIA(K)     > 
OTRA(K)     ■ 
QTIA(K)     > 
OURB(K)     • 
OUIB(K)     > 
OVRB(K)     > 
QVIB(K)     • 
QPHRB(K)     > 
QPHIB(K)     « 
QTRB(K)     « 
OTIB(K)     ■ 
CONTINUE 
00    304    K 
M    ■    NM-K 
PHOUO 
T0(K)     > 
URA(K) 
UIA(K) 
VRA(K) 
VIA(K) 
PHRA(K) 
PHIA(K) 
TRAUO 
TU mi 
URB(K) 
UIB(K) 
VRB(K) 
VIBdO 
PHRB(K) 
PHIB(K) 
THB(K) 
TIB(K) 
CONTINUE 

SUPERIMPOSE MODAL SOLUTIONS 
COMPUTE FORCE COMPONENTS AT 

It N 

QPHO(M) 
QT0<M) 
OURA(M) 
QUIAtM) 
QVRA(M) 
QVIA(M) 

■  QPHKAIM) 
* QPHIA(M) 
QTRA(M) 
QTIA<M) 
OURB(M) 
OUIB(M) 
OVRB<M) 
OVIB(M) 

* QPHRBCM) 
* QPHIBCM» 
QTRB(M) 
QTIB(M) 

TOP 
BDR 
601 
BLR 
BLI 
PR 
PI 
OR 
01 
PAR 

BDM*C0S(BD6) 
B0M*SIN(B0B) 
BLM*COS(DBL) 
BLM*SIN(DBL) 

- BOR»COS(PH0(l)> 
- 80I»COS(PHO(l)) 
BDR*SIN(PHOan • 
BDI*SIN(PH0(1)) ♦ 

♦ BLR*SIN(PH0(1)) 
♦ BLI*SIN<PH0(1)> 
BLR*COS(PHO<1)) 
BLI*C0S(PH0(1)) 

■ TO*'l) - OM*U(BMH-BMS>*UIA(1)*COS(PHO(1))«SIN(PHO<1)> 
♦ -(BM«BM  «)S(PH0(l))*COS(PH0(l))«BMH*SIN(PH0(l))*SIN(PH0(l)l>* 
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mi 

2» 

230 

235 

240 

245 

250 

255 

260 

265 

270 

275 

♦ VUdM 
PAI     ■    TIAIll  - OM»l-(BMH-BHS)«URA(l)*COS(PH0(l))*SIN(PHO(n) 

♦ *(BM*BNS*COS(PH0(l))*COSIPH0ll))«BMH*SIN(PH0(l))*SINfPH0(l>))* 
♦ VRACD) 

PBR    ■    TRB(l)  - OM*(«(BM»f-BMS)*UlBin*COS(PHO(in*SIN(PHOni) 
♦ •IBM*BMS*COSCPH0(l))*COSIPH0<in«BMH*SIN(PH0U))*SIN(PH0(l)))* 
♦ VIBU)) 
PBI     ■    TIBTI)   - OM»(-(BMH-BMS)«URB(n*C0S(PH0a»)»SIN(PH0mi 

♦ ♦ IBM«BMS*COS (PHO11») «COS IPHO < 1») »BMH*!»IN (PHO11)) «SIN (PHO (1)) > • 
♦ VRBtl») 
OAR ■ T0(l»»PHRAU»-OM»(*IBM»BHS»SIN«PH0U»»»SlN<PM0n»»* 

♦ BMH*COS(PH0(l))*COS(PH0<l»)>*UIA(l)-IBMH-BMS)*VIAfl)*COSCPH0(l)> 
♦ •SINIPNOd))» 
OAI  ■ T0(l»*PHIA(l)-OM*(-fBM«8MS*SIN(PH0(l)»*SIN(PHO(l))« 

♦ BMH*COS(PH0(l»»*COS(PH0U»)»*UHA(l»MBHH-BHS)»VRA<l»*COSIPH0il»» 
♦ »SINfPHOd»»» 
OBR ■ 70(1)*PHRB(1)-OM*(«(BM«HMS*SIN(PHO(1)»*SINIPHO<1))« 

♦ BNH*COS(PH0(l»)*COS(PH0(l»))*UlB(l)-(BMH-BMS)*VIB(n*COS(PH0(l)) 
♦ »SINIPHOd»)) 
OBI  •  T0(l)»PHIB(l»-OM«(-(BM*BMS»SIN(PH0(l»)»SIN(PH0(l»»* 

♦ BNH*C0S(PH0(l»»*COS(PH0(l)>»*UHBU>*(BMH-BMS)*VRB(l»»COS(PH0(l)> 
♦ •SINIPHOd»») 
OENUMR ■ PAR*QBR-PAI*QBI-PBR*UAR*PBI*QAI 
DENOMI ■ PAI*QBR«PAR*QBI-PBI*UAR-PBR*QAI 
ANUMR  ■ P R*OBR-P I»0B1-PBR»0 R*PBI«Q I 
ANUMI  ■ P I*QBR«P R»Ofll-PBI*tt R-PBR*0 I 
BNUMR  ■ PAR*Q R-PAI*Q I-P R*UAR*P I*QAI 
BNUMI   • PAI*Q R«PAR*Q I-P I*UAR-P R*OAI 
0EN0N2 « DENOMR*OENOMR • OENOMI•DENOMI 
CAR ■  IANUMR*DENOMR • ANUMI »OENOM I »/0EN0M2 
CAI  ■ l-AriUMR*OENOMI • ANUMI*OENOMR»/OENOM2 
CBR ■  IBNUMR*OENOMR • BNUMI «OENOMI »/0EN0M2 
CBI  ■ l-BNUMR*DENOMI ♦ BNUMI*OENÜMR»/0ENOM2 

COMPUTE VELOCITY 
00 204 
URIK) 
UIIK» 
VR(K) 
VI IK» 
PHRCK» 
PHI IK» 
TRIK» 
TIIK» 

COMPUTE 
URP 
UIP 
VRP 
VIP 

COMPONENTS* 
N 

ANGLE* AND TENSION ON CABLE 
■ 1* 

■ CAR*URAIK» • 
■ CAI*URAIK» * 
« CAR*VRAIK» • 
■ CAI*VHAIK» • 
> CAR*PHHAIK» 
■ CAI*PHRAIK» 

■ CAR*TRAIK» - CAI«TIAIK» • CBR*TRBIK» 
•. CAI*TRAIK» ♦ CAR*TIAIK» • CBI*TRBIK» 
PHYSICAL VELOCITY COMPONENTS ON CABLE 

C*PHR(K»*COSIPH0IK»» * URIK» 
C*PHIIK»*COSIPH0IK»» ♦ UIIK» 
- C*PHRIK)*SINIPHOIK»» ♦ VRIK» 
- C*PHIIK)*SINIPHOIK»» • VI(K» 

CAI*UIAIK» ♦ 
CAR*UIAIK» • 
CAI*VIAIK» • 
CAR*VIAIK» • 
• CAI*PH1AIK» 
• CAR*PHIAIK» 

CBR*URBIK» 
CBI*URBIK» 
CBR*VRBIK» 
CBI*VRBIK» 
♦ CBR*PHRBIK» - 
♦ CBI*PHRBIK» * 

- CBI*UIBIK» 
• CBR*UIBIK» 
- CBI*VIBIK» 
♦ CBI*VIBIK» 

CBI*PHIBIK» 
CBR*PHIBIK» 

- CBI*TIBIK» 
♦ CBR*TIBiK» 

C  COMPUTE MAGNITUDE AND PHASE OF VELOCITY COMPONENTS* ANGLE* AND 
C  TENSION ON CABLE 

UM « SQHT{URP*URP • UIP*UIP» 
CALL ATAIURP* YK» 
OU >  ATAN2IUIP* YK» 
VM • SORT(VRP*VRP • VIP*VIP» 
CALL ATA I VRP* YK» 
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OV  s  ATAN2(VIPt YK) 
PHM  =  SUHT<t»HH(K)»PHR(K) ♦ PHJ (K»»PH1 (K)) 
CALL ATA(PHK(KIt YK) 
OPH  a  A1AN2(PH1(K), YKI 

280 TM ■ SOHT(TR(K)*TH(K) * TI(K)«TI(K)) 
CALL ATA(fK(K)t YK) 
DT  « ATAN2ITI(K)f YK) 
J  «  - K 
WRITE (6.36) PHM« OPH* TM« DT« UM« DU« VM« DV« J 

2SS 204  CONTINUE 
WRITE (6.37) 

C  COMPUTE MAGNirUUE AND PHASE OF DYNAMIC CABLE CONFIGURATION 
UO 205 K « 1«N 
CXM a SUKT(CXH»CXK*CXI«CXI) 

290 CALL ATAICXR« YK) 
OCX  *  ATAN2(CAI« YK) 
CYH « SQRT(CYR»CYH»CYI»CYI) 
CALL ATA(CYR« YK) 
OCY  >  ATAN2(CYI« YK) 

295 J « - K 
WRITE (6.38) CXM« OCX« CYM« OCY« J 
IF (K.EQ. N) 60 TO 205 
CXR  a  PHK(K)«SIN(PH0(K))«DS 
CXI  a  PHI(K)»SIN(PH0(K))«OS 

300 CYR  a -PHK(K)*COS(PHO(K))*OS 
CYI  a -PHl(K)*COS(PH0(K))*0S 

205  CONTINUE 
II   FORMAT ( 10X«  A6   / 10X«. 3F1U.5/ 10X* 5F10.5/ 10X« 3F10.S/ 

* 10X. 3Fiü.5« 110/ 10X. SF10.5 / 10X« 5F10.5/ 10X« 5F10.5) 
305 21   FORMAT (1HI. 10X« 53H0EEPLY SUBMERGED SUBMARINE TOWING A FLOAT IN 

♦A SEAWAY / IM-« 13X«  A6///) 
22 FORMAT ( IX« 8HBL0   « « F10.5« 4X« 8HBO0   > « F10.5( «X« 

* BHBW   > « F10.5 //) 
23 FORMAT ( 1A« 8HBLM  = « F10.5* 4X* 8HDBL   = * FI0.5* 4X« 

310              * RHBOM  a , Flu.5. <»X« RHOBO  ■ « F10.S« 4X« 8H0M   * « 
* Fib.5 //) 

2'4   FORMAT ( IX« 8HBH   a « F10.5* 4X« 8HBMS  > « F10.5* 4X« 
* SHBMH  ■ « F10.S //) 

25 FORMAT ( IX« HHWUL  * » F10.5« 4X« 8HULM  « « F10.5« 4X» 
315              * BHOS   * t F10.S* 4X« 8HN    > • 110 //) 

■i% FORMAT ( IX« 8HC    > « F10.5« 4X. 8HDN   > « F10.5« *X« 
* 8HCH   a « F10.S« 4X« SHCD '  ■ * F10.5« *X« 8HAMP  ■ «F10.5//) 

27   FORMAT ( IX« 8HALAM0 « «F10.5« <»X« 8HALAM1 ■ « F10.S«4X« 
* SHALAM2 > « F10.S« 4X« 8HBLAM1 > , F10.5« <fX» 8HBLAM2 ■ * 

320              * F10.5 //) 
26 FORMAT ( IX« RHA6AM0 ■ « F10.5» 4X« 8HAGAM1 ■ « F10.5« 4X« 

* 8HAGAM2 a t K10.5« 4X« 8HB6AM1 > « F10.S* 4X« 8HBGAM2 > « 
* F10.5 //) 

31   FORMAT ( 22H1STEA0Y-STATE SOLUTION) 
325 32   FORMAT ( 1H0« IX« 6HPH0(J). 10X* 6HT0(J) « 10X« 6HU0(J) * iOX* 

* 6HV0(J) • IOX« 6HCXU(J). IOX« 6HCY0(J)« IOX« 1HJ  //) 
33 FORMAT ( 2X« F9.6« 7X« F13.6« 3X« 2« F11.6« 5X1« 2IF13.6* 3X). 14) 
34 FORMAT ( 17H10YNAHIC SOLUTION) 
35 FORMAT ( 1H0« IX« 6HPHM(J)« 9X* 6H0PH(J)« 9X« 6HTH(J) « 9X« 

330 ♦ 6HDT(J) » 9X« 6HUM(J) « 9X« 6HUU<J) « 9X« 6HVM(J) * 9X* 6HDV(J) * 
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335 

« 9Xt 1HJ //) 
FORMAT (     2Xt 2( F9.6f 6X)* F12.6. 3Xt F9.6« 6X« 2(F10.6f SXi 

* F9.6« 6X)t U) 
FORMAT ( INI« IXt 6HCXMU)* 1UX« 6H0CX<J)t lOXt 6HCYM(J)* lOXt 

• 6H0CV(J)* 10X* 1HJ //) 
311 FORMAT   ( IX«  21 F12.6« 4X«  F9.6*  7X)«   14) 

STOP 

36 

37 

C 
C 

10 

10 

SUBROUTINE    ATAUtYK) 
THIS  SUBROUTINE  PREVENTS    ATAN2     hROM DIVIDING BY ZERO WHEN 
COMPUTING THE  ARCTANGENTS OF    PI/2    AND    3*PI/2 

EM «  0.00001 
IF   (ABS(X).GT.EH>  60 TO  10 
YK  ■ ER 
RETURN 
YK  >  X 
RETURN 
END 

10 

15 

20 

40 

45 

50 

SUBROUTINE KUTMERCN«T«Y0«EPS«H«FIRST«HCX*A«OAUXI 
THIS SUBROUTINE PERFORMS FOURTH-OROCR KUTTA-MERSON INTEGRATIONS 

DIMENSION Y0(10l«Yl(10l«Y2(10)*FeilOi«Fl(10)«F2(10) 
IF(FIRST>20ilO«20 

10 HC>H KUTM0050 
IPLOC'l KUTM0060 
FIRST«I. KUTMOOTO 

20 LOC»0 KUTM00S0 
MCX«HC KUTM0090 

30 CALL OAUXIT«V0«F0> KUTN0100 
39 00 40 I»1.N KUTM0110 
40 Vl(Ii>V0(It*(HC/3>)*F0(I> KUTM0120 

CALL 0AUX(T*HC/3.«Y1«F1) KUTM0130 
00 SO I«l.N KUTM0140 

50 VHI»«YO(I)*(MC/6.)»FO<1)MHC/6.»»F1(1» KUTM0150 
CALL 0AUX(T*HC/3.«Yl«Fn KUTM0160 
00 60 1*1*N KUTM0170 

60 Vl(I>-Y0(Ii*HC/e.*F0(n*.375«HC*Fl(II KUTM0180 
CALL 0AUX(T*HC/2.*Y1»F2) KUTM0190 
00 70 I-l.N KUTN0200 

70 Yl(n>Y0(I)*HC/2.*F0(II-1.5*HC*Fl(I)*2.*HC*F2(I> KUTM0210 
CALL OAUX<T*HC«Yl«Fn KUTM0220 
00 80 I«1«N KUTM0230 

SO V2(II>V0<II*HC/6.*F0(n*.66666667*MC«F2(II*(HC/6.i*Fl(I) KUTM0240 
INC-0 KUTM02SO 
00 110 1«1«N KUTM0260 
ZZZBABS<Y1(III-A KUTN0270 

IF(ZZZ) 8S«B7«S7 KUTM0280 
85 ERR0R-ABS<.2*(Y1(1I-Y2(im KUTM0290 

IF(ERROH-A)100il00«90 KUTM0300 
87 ERR0RaABS(.2-.2*Y2(II/Vl(IM KUTM0310 

IF(ERROR-EPS)I00<100«90 KUTM0320 
90 X>128.*ABS<HCI-ABSCH) KUTM0330 

IF(X) 91«9S«95 KUTM0340 
91 WRITE(6«92l T.ERROR KUTM0350 
92 FORMAT(21H RELATIVE ERROR AT T> 1P1E12.3«3HIS F10.6   ) KUTM0360 

FIRST ■ 2. KUTM0370 
RETURN KUTM0380 

95 HC-HC/2. KUTM0390 
IPLOC-2 »IPLOC KUTM0400 
L0C>2 •LOC KUTM0410 

HCX-HC KUTM0420 
GO TO 30 KUTM0430 

100 IF(ERROR*64.-EPS)llO«llO*10l KUTM0440 
101 INC>1 KUTM0450 
110 CONTINUE KUTM0460 
111 T«T*HC KUTM0470 

00 112 I>1«N KUTM0480 
112 V0(I)>T2I1( KUTM0490 

L0CrLOC«l KUTMOSOO 
IF<LOC-IPLOC)120«210i210 KUTM0510 

120 IF(INC)210«130«210 KUTM0520 
130 IF(LOC-(LOC/2)*2)210tl40«210 KUTM0530 
140 IF(IPLOC-1)210«210(200 KUTM0S40 
200 HC"2.»HC KUTM0550 
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•; i 

i 
LOC-LOC/2 KÜTH0560 
IPLOC-IPLOC/Z KUTM0S7O 

210  ir<IPLOC-LOC)30t220t30 KUTM0560 
220 RETURN KUTM0S90 

60                                      END             . KUTM0600 

SUBROUTINE  DAUX(Z.TX.F) , ' 
C       THIS  SUBROUTINE  PROVIDES  THE   INTEbRANDS  FOR    KUTMER     WHEN  IT 
C       COMPUTES  THE  STEADY-STATE  TENSIONt   ANGLE.   AND CABLE CONFIGURATION 

DIMENSION     TX<8).   F(8).PH0<20Ü»»DFL(200).DF6(200).TO(200). 
5 ♦  PHR(200)t   PHI(200) ' , 

,    COMMON  DS.WUL.O.ALAMO.ALAM1.ALAM2.BLAM1. 
I lBLAH2.AGAH0.A6AMl.AGAH2tBGAMltBüAH2t i , 

?OM.ULM.APP.C.PH0.OFL.DFG.K.I.T0.PHR.PHI 
TXl»TX(l) 

10 TX2»TX(2) ' ,      , 
C1«C0S(TX2) i 

' S1«SIN(TX?) , 
C2«COS(2.«TX2) , ! 

i S2«SIN(2.*TX2) i 
15 FL*D*(ALAM0-ALAM1*C1*ALAM2*C2*BLAH14»S1-BLAM2*S2)    n 

FG=D»(-AGAM0*A6AM1«C1-AGAM2»C2-«GAM1»S1*BGAM2*S2) 
IF(TX1.EQ.0.)   GO TO SO 
F(2)»-(WUL«C1-FL)/TX1 i i 
F(3)     =     -  Cl 

20 F(*)     »     -  Si 
7   ,       F(l)a-i(WUL«Sl»FG) i 

RETURN 
50 F(2)=0.0 

GO  TO  7 ' 
25 END    ; , 

SUBROUTINE DARN(Z.T.F) 
C    i THIS SUBROUTINE PROVIDES THE INTEGRANDS FOR    KUTMER    WHEN IT 
C      COMPUTES THE OYNAHIC ANGLE« TENSION«  AND VELOCITY COMPONENTS 

DIMENSION     T(8)« F(8)♦PH0(200>«OFL(200).DF6(200)»T0(200)« 
5 »  FL(200).FG(200).PHR(200)*PHI(200) , 

COMMON DS«MUL«0«ALAMO«ALAM1«ALAM2«BLAM1« 
.     1BLAM2.AGAM0.AGAM1.AGAM2.B6AM1.B6AM2. 

2OM*ULM«APP»C*PH0«DFL«DF6«K*I«T0«PHR«PHI«FL«F6 
Cl»COS(PH0(I)) 

10 S1«SIN(PM)TI)) 
( IF(T0(l).EO.0.0)   GO TO 50 

;  F(l)«(-OM»ULM»(Ar»P«T(^)«»APP-1.0)»C»T<2)«Cl)-T(3»»(PHO<I*l)-PH0(l) 
♦»/DS-<T(1)»(T(5)*C1-T(7)»S1)/C)»DFL(I) i 
♦ -2.0»FL(I»»(T(5)»SltTI7)»Cl»/C-WUL*T(l)»Sl)/T0(I) 

15                                     F(2)«<  OM«ULM«<APP»T(5)»(APP-l.O)«C»Ta).»Cl)-TU»»(PH0(I»l»-PH0(I) 
♦>/0S-<T(2)*(T(6)*Cl-T(8)«Sl)/C)«DFLCI) 

,     ♦ -2.0*FL(I)*(T(6)*S1*T(8)*C1)/C-MUL*T(2)»S1)/T0(I) 
, 7 F(3)»( OM»ULM»(T(8)*(APP-1.0)»C»TJ2)*SI)»IT(I)»(T(5>»CI- 

♦ T(7>»Sn/C)»DFG(I)»2.0«F6tn» 
20                                   •   (T(5)«Sl*T(7)»Cn/C.WUL»T(l)»Cl) 

F(♦)■<-OM»ULM*(T(7)♦(APP-1.0)»C'T(1)»SI)♦ (T (2)♦(T(6)•Cl- 
♦ T(8)»Sn/C)«DFG(I)*2.0«F6(I)» 
♦ (T(6)»Sl»T(8)«Cl)/C»WUL»T(2J»rii» 
F(5)«-OM»T(2).Tt7)«(PH0(I*l)-PH0(I))/DS 

25 F(6)>  OM»T(l)*T(8)*(PH0(I»l)-PHO(I))/OS 
F(7)»-T(5)#(PH0(I»l)rPH0(I))/DS 
F(8)«-T(6)»(PH0(I»U-PH0(I))/OS . . 
RETURN 

50 F(1)»0.0 
30 F(2>«0.0 

GO  TO  7 ' , ' 
,       END , 

11 i ■ , 
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cxmji DCXIJ) CVM(J) OCY(J) 

o.ooooot 1    0 .000000 0.000000 0.000000 -1 
.00230« >  1 »698381 .000924 1.698381 -2 
.000941 1    2 .359663 .000656 2.359663 -3 
.000421 i    3 .063075 .000415 3.063075 -4 
.00022« ►   -2 .570909 .000287 -2.570909 -5 
.00013! »   -2 .065947 .000213 -2.0659*7 -6 
.0000S! •   -1 .693879 .000161 -1.6938 -7 
.00005! 5   -1 .387275 .000119 -1.406288 -8 
.00003! 1   -1 .163365 .000088 -1.163365 -9 
.00002« t    • .939187 .000066 -.939187 -10 
.000011 - .729205 .000052 -.729205 -11 
.ooooi: 1    • .557606 .000045 -.557606 -12 
.000011 - .457430 .000042 -.461557 -13 
.OOOOK - .418907 .000042 -.457120 -14 
.OOOOK i    "i .456233 .000043 -.5346*6 -15 
.00000« 1    mi .534252 .000046 -.673476 -16 
.OOOOK I    'i .624314 .000050 -.853303 -17 
.OOOOK i    "< .707460 .000055 -1.058458 -18 
.OOOOK *           -i .773746 .000061 -1.278290 -19 
.000011 -. .819087 .000068 -1.424606 -20 
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