CINCINNATI UNIV OH DEPT OF MECHANICAL AND INDUSTRIAL=-ETC F/G 13/10
A REPRESENTATION OF FLUID FORCES FOR USE IN FINITE SEGMENT CABL==ETC(U)
SEP 80 R L HUSTONs J E KAMMAN NOQO014=76=C~ 0139

UNCLASSIFIED UC-MXE-090180-9-0NK
’J
mguw

AD=A090 181

|IIIII|IIIII|IIIII|IIIIII|IIII||IIII|||||IIIIIII|I|II||I|IIIIII|IIIII :




\

— R, - e " T “—-—\v——«-—w;.._ - ol

q /—/ﬁl .

o /

! 3 r | .
L T 99-51 sy REL,
S P ATT YWV OstaPatered)

REPORT DOCUMENTATION PAGE BEF O e I RUCTIONS v

2. GOVT ACCESSION NQJ 3. RECIPIENT'S CATALOG NUMBER

bNR{UC-IjEEnO@OlBO-Q -ONR ' AD-A0904K1

TATLE fad Schuitle) ... 5. TYPE OF REPORT & PERIOD COVERED

A Representatioa—d} fiuid Forces for Use in .
Finite Segment Cable Models . { Technical 6/1/79-8/31/80

6. PERFORMING ORG. REPORT NUMBER

3. AUTHOR(e) = 7 [ 8 CONTRACT GR GRANT NUMBER(3)
Ronald L. Huston ) g i 'ﬁb

 Janes " arman o] yne-ze-c s

3. PERFORMING ORGANIZATION NAME ANO ADDARESS . QGRAM ELEMENT, PRQJECT, TASK ‘

. . AREA & WORK UNIT NUMBERS

University of Cincinnati p
Cincinnati, Chio 45221 122303

1. CONTROLLING OFFICE NAME AND ADORESS 12. REPORT OATE
ONR Resident Research Representative 9/1/84a

1. W

)

Ohio State University

4
14. MONITQARING AGENCY NAME & ADORESS(!f different lrom Controlling Ollice)

Office of Naval Research
Structural Mechanics Code
Department of the Navy
Arlington, VA 22217

ECURITY CLASS. (of thle répury

1Sa, OECLASSIFICATICN/ OOWNGARADING
SCHEDULE

18. DISTRIBUTION STATEMENT (of this Report)

Distribution of this report is unlimited,

17. DISTRIBUTION STATEMENT (of the sdetract entered in Block 20, I dillerent lrem Report)

8. SUPPLEMENTARY NOTES

19. KEY WORQCS (Continue on reverse side |l necessary and ldentily by block number) 1

Cable Dynamics, Fluid Forces, Finite Segment Modelling, Multibody Systems

\

20. m\?FACT (Continue on reverse side It necessary and identily by block number)

The finite segment modelling of a long flexible cable is discussed, An
equivalent force system representing the fluid and gravitational forces
exerted on a typical cable segment is determined, The fluid forces include
inertia, drag, and hydrostatic (bouyancy] forces, Applicatiton of the results

in computer algorithm development is also discussed,
L

DD ,/5%™, 1473  £iTion oF 1 NOV 63 15 0BsSOLETE
$/N 9102- LF- 014- 6601




A REPRESENTATION OF FLUID FORCES
IN FINITE SEGMENT CABLE MODELS

Ronald L. Huston
James E. Kamman

/
_i:::ZT

i e Aty i

~ Department of Mechanical and Industrial Engineering
University of Cincinnati
Cincinnati, Ohio 45221

, Technical Report for Office of Naval Research
S Contract N00014-76-C-0139




ABSTRACT

The finite segment modelling of a long flexible cable is
discussed. An equivalent force system representing the fluid and
gravitational forces exerted on a typical cable segment is determined.
The fluid forces include inertia, drag, and hydrostatic (bouyancy)

forces. Application of the results in computer algorithm development

is also discussed.




INTRODUCTION

The objective of this report is to develop expressions for the
fluid forces on a submerged segment of a finite segment cable model.
It is expected that these expressions, when used with the computer
algorithms of a chain Tink model, will provide a comprehensive yet

efficient simulation of submerged cable dynamics.

There has been an increasing interest recently in the dynamics of
submerged cables. This interest is due to the significant, and often
deleterious, effects of the fluid forces on cable motion and cable
dynamics in a wide range of towing and mooring configurations.

This interest, in turn, has stimulated the development of a number of
procedures for modelling and studying cable dynamics for a variety

of applications. References [1-38]1* provide a brief summary of

some of these procedures. In a review of these procedures, Choo and

Casarella [10] suggest that a promising approach to obtaining an

accurate analysis of large displacement, unsteady, three-dimensional
motion, is the finite segment (that is, rigid 1ink) modelling of the

cable,

Independent of these modelling procedures in cable dynamics,

there have also been many recent significant advances in finite seg-
ment modelling of other mechanical systems -- particularly "multibody

systems.” A multibody system or "chain system" (sometimes also called

*Numbers in brackets refer to References at the end of the report.




"open-chain" or "cpen-tree" systems) is defined as a set of rigid
bodies arbitrarily assembled such that adjacent bodies share a common
point and such that no closed loops are formed. Figure 1. presents a

sketch of such a system.

The interest in general chain systems stems from the fact that
they are excellent models of many physical systems such as manipulators,
cranes, robots, biodynamic systems (for example, human body models),

chains, and cables.

The advances in the modelling and analysis of such systems are
due to a large extent to corresponding advances in computational
technology and in computer hardware. But, beyond this there have also
been significant advances in the procedures for developing the
governing dynamical equations of motion of these systems. One of the
most promising of these procedures is based on using Lagrange's form
of d'Alembert's principle to obtain the equations of motion (See
References [36-4a1.). This principle, as exposited by Kane and others
(42-44] is similar to Lagrange's equations in that non-working internatl
constraint forces between ﬁhe bodies of the system, are automatically
eliminated in the analysis. Also, the principle leads directly to
the correct number of governing equations (that is, one equation for
each degree of freedom). However, unlike Lagrange's equations, the
principle does not require the differentiation of lengthy scalar
energy functions. Instead, it uses vector derivatives which can be

calculated by vector multiplication. Such calculations are ideally
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Figure 1. A General Chain System
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suited for conversion into computer algorithms. Indeed, in References

[36-40] ,explicit exprassions and algorithms for obtaining the coefficients

of the governing dynamical equations are presented.

This approach is directly applicable in the modelling and analysis
of cable dynamics. However, to develop a cable model, that is, a link ;
or finite-segment cable model, it is necessary to have expressions
for the fluid forces acting on the cable segments. Hence, the emphasis
of this report is the analysis of these fluid forces and the develop-
ment of analytical expressions for them -- in a format suitable for 3
their direct incorporation into multibody computer models as described

in References [38-40,45,46].

The balance of the report is divided into six sections. The
first of these provides the assumptions and the basis of the analysis
used in the sequel. The next section describes the fluid inertia
forces transmitted to the cable and generated by acceleration of the
cable segments. This is followed by two sections describing the normal
and tangential drag forces and the weight and bouyancy forces on the

segments. The final section contains some concluding remarks.
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PRELIMINARY CONSIDERATIONS

NOTATION

a,b,c - Coefficients defined by Equations (32), (33), and (34).

gG - Acceleration of the mass center G of a cable segment in
an inertial reference frame R.

3y - Acceleration of the fluid relative to G in R and normal to
the cable segment axis.

2y - Normal component of the acceleration of the fluid relative
to the cable segment.

gp - Acceleration of a typical point P of a cable segment in an
inertial reference frame R.

gw - Acceleration of the fluid in an inertial reference frame R.

WG _ Acceleration of the fluid relative to the cable segment at G,

) the mass center of the segment.

aW/P - Acceleration of the fluid relative to the cable segment at

- a typical point P,

A,B,C - Fluid force coefficients of Equations (1), (2), (3), and (4).

B - Bouyancy force on a submerged right circular cylinder.

§N - Component of B normal to the cable segment axis.

QT - Component of B parallel to the cable segment axis.,

Cy - Added mass coefficient.

CN - Normal drag coefficient.

CT - Tangential drag coefficient.

d - Diameter of the cylindrical cable segment.

f - Fluid force per unit length exerted on a cable segment.

EM - Resultant added mass force passing through the mass center of

B e vy -y o T b e et T g en s T PR AT A e -8 e . PR
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Resultant fluid and gravitational force passing through the
mass center G of the cable segment.

Resultant normal drag force passing through the mass center G
of the cable segment.

Resultant tangential drag force passing through the mass
center G of the cable segment.

Gravity constant.

Mass center of a typical cable segment.

Vertical unit vector.

Length of a typical cable segment.

A unit vecter parallel to the cable segment axis.

A typical point on the cable segment (See Figure 3.).
An inertial reference frame.

Normal Reynolds number (See Equation (8)).

Tangential Reynolds number (See Equation (9)).

Torque of the couple of the equivalent fluid and gravitational
force system.

Torque of the couple of the equivalent added mass force system.
Torque of the couple of the equivalent normal drag force system.

Torque of the couple of the equivalent tangential drag force
system,

Cable segment volume.

Velocity of the mass center G of a cable segment in an inertial
reference frame R.

Velocity of the fluid relative to G in R and normal to the
cable segment axis.

Normal component of the velocity of the fluid relative to the
cable segment.

Velocity of a typical point P of the cable segment in an
inertial reference frame R,
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Velocity of the fluid relative %o ths cable segment at G,
the mass center of the segment.

Tangential component of the velocity of the fiuid relative
to the cable.

Velocity of the fluid in an inertial reference frame R.
Resultant weight force on the cable segment.

Coordinate of P relative to G.

Defined by Equation (40).

Angular acceleration of a typical cable segment.
Viscosity of the fluid.

Mass density of the fiuid.

Mass density per unit length of the cable.

Angular velocity of a typical cable segment.




CABLE MODELLING

Consider a finite segment model of a cable as shown in Figure 2.
The segments are rigid cylinders connected at their ends with spherical
pins. The model is thus a chain simulation of the cable. As mentioned
earlier, recent developments in the analysis of multibody system
dynamics has led to computer formulations of the governing equations
of motion of such chain systems. These formulations have the option
of accomodating models with segments of different and varying lengths.
The shorter segments can then be used to model the cable in those
regions where the cable has a small radius of curvature. This can be
accomplished by computing the angle between the cylinder axis of the
segment and the direction of the resultant force vector transmitted
across the segment joint. 1If this angle exceeds an arbitrarily selected
value, the segment length can be reduced. (Recall that for a light
flexible cable, the resultant force at a cress section is nearly
tangent to the cable.) This scheme can also be used to optimize the

number of segments in the model.

FLUID FORCES ON THE CYLINDRICAL SEGMENTS

Consider a typical segment of the cable model as shown in Figure
3. Using results of Webster [35], the fluid force f per unit length

at a typical point P may be expressed as:

£ = A +BlY Iy, + Clv v, (1)
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Figure 2. A Finite Segment Cable Model




Figure 3. A Typical Cylindrical Cable Model Segment
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wnere YN is the normal component or the fluid velocity relative to

the cable segment at P, 2y is the normal comoonent of the fluid accelera-
tion relative to the cable segment at P, yT is the tangential component
of the fluid velocity relative to the cable segment at P, and the coef-

ficients A, B, and C are:

A= ch(W/4)d2 (2)

B = Cy0(d/2) (3) |
and %

C = Crp,,(d/2) (4) ?

where p is the fluid mass density and d is the diameter of the cylindrical
segment. CM, CN, and CT are coefficients dependent upon the Reynolds
number of the fluid flow past the cable segment. These are usually

determined experimentally and the reported results may vary slightly.

Webster [35], for example, records them as:

Cy = 1.0
0.0 for R, <0.1
0.45 + 5.93/(R,)% for 0.1 < R_ < 400
C, =
N 5

1.27 for 400. <R, <10

0.3 for R, > 10°

W\




1.88/(Re)% 7% For 0.1 < R - < 100.55

0.062 for ReT > 100.55
where the Reynolds numbers ReN and ReT are defined as
Re = pdlYN’/u (8)
and

Rer = pdl¥rl/ (9)

where u is the viscosity of the fluid.

Of these coefficients CN’ the normal drag coefficient is undoubt-
edly the most significant in affecting cable motion. It is also the
‘ most widely studied in the Titerature (See for example, References
' [47-54]}.) The variation of CN with ReN is often depicted graphically as

in Figure 4. A linear curve fit of this graph leads to the expressions:

1.45 + 8,55 (R))70+%0 for 1 < R < 30
1.0 + 4(R))72 for 30 < R_ < 100
2.25 - 0.45 Tog(R,) for 100 < R, < 1000
Cy = ¢ 0.90 for 1000 < R, < 4000 (10)
1.05 + 0.54 Tog(R,) for 4000 < R, < 15000
1.21 for 15,000 < R, < 150,000

0.3 for 150,000 5_Re
(EN
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Figure 4. Normal Drag Coefficient (References [47-54]).




As mentioned above, these expressions are of slightly different form

& than those in Equation (6).

In Equation (1), the first term is due to the acceleration of the
fluid relative to the cable segment. It is sometimes called the "added
mass force" (See References [55-57]). The second term is the “drag force."
The third term, the "tangential drag force," is tangent to the cable
segment and it is generally smaller than the other fluid forces. The
effects of each of these forces is examined in more detail in the
following sections of the report. It is assumed throughout the analysis

that the coefficients A, B, and C of Equation (1) are constant, or at

least "slowly varying" along the length of the cable segment. Also,

e Az - o

the fluid is assumed to be incompressible.
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ADDED MASS FORCES

RELATIVE ACCELERATION OF THE FLUID NORMAL TO THE CABLE

To determine the force system exerted on a cable segment due to the
added mass forces, it is necessary to develop a description of ays the
normal component of the fluid acceleration relative to the cable segment :

in terms of the ambient motion of the fluid and in terms of the motion

of the cable segment. To do this, let G be the mass center of a typical ]
cable segment as shown in Figure 3. Let x Tocate a typical point P
relative to G and Tet L be the length of the cable segment. Finally, let

n be a unit vector parallel to the axis of the segment as shown. Then )

x is positive if the vector GP has the same sense as n.

Let ay represent the acceleration of the fluid in an inertial

reference frame R. (Usually ay will be zero.) Then, at point P the

acceleration of the fluid relative to the cable segment may be written as:

9N/P - QN - éP . (1)

where gp is the acceleration of P in R. 3p may be expressed in terms of

s the acceleration of G in R, as:

P/G (12)

(1]
"

74
+

3]

where gp/G is the acceleration of P relative to G in R. However, since

P/G

both P and G are fixed on the cable segment, a may in turn be written as




P/G

a

-

= aX(xn) + wx(wx(xn)] ‘ (13)

where a and w are the angular velocity and the angular acceleration
of the segment in R. Since Qs in Equation (1), is the component of gw/P

perpendicular to n, it may be written as:

WP _ (/P L oy (14)

3y = @

By substituting Equation (13) into (12), (12) into (11), and finally
(11) into (14), ay becomes
W/G

=a - XgXQ - XQX(QXQ) - (

W/G
ay = 4 a *n

n)n + x(w - n

where gN/G is gw - gG, the acceleration of the fluid relative to the

~

cable at G in R, and 92 is W+ ow. Let aeN be the acceleration in R of

this fluid relative to G perpendicular to the segment axis. Then, aq, is

agy = 278 - (@€ - i (16)

Hence, from Equations (15) and (16), ay may be written as

=gy - xaXn - xwX{wXn) + x(w - g)z - szn (17)

-~ -

N




RESULTANT ADCED MASS FORCE AND MOMENT

The added mass force at a typical point P of the cable segment is

hay.

be represented by an equivalent force system consisting of a single force

Let the set of added mass forces acting on the entire cable segment

Fy

IM are given by

passing thrcugh G together with a couple with torque TM' Then FM and

F lezA (18)
= a, dx 8
Mo N
and
. ILIZ (19)
= [ xnxAa,dx
~-M -L/2 =N

By assuming that A is independent of position along the cable segment

and by substituting from Equation (17) into Equations (18) and (19),

EM and IM become, upon integration

e

Fu = Alagy (20)
and
Ty = -AL/12)0a = (2« m)n + (g + n)nXy] (21)




ORAG FORCES

RELATIVE VELOCITY OF THE FLUID NORMAL AND TANGENT TO THE CABLE SEGMENT

To determine the drag forces exerted by the fluid on the model
segments, it {s necessary, from Equation (1), to have expressions for Vy
and YT' the normal and tangential components of the fluid velocity
relative to the segment at a typical point P. These velocities may be
obtained by using the same procedures outlined in the foregoing section
of the report. Specifically, let y“ represent the fluid velocity in R.
Then, at P the velocity of the fluid relative to the segment may

be expressed as

WP WP (22) H
where yp is the velocity of P in R, Yp may be expressed in terms of YG, _
the velocity of G in R as %

YP . yG + YP/G (23)

P/G

is the velocity of P relative to G in R, However, since P
\P/G

where y

and G are both fixed on the cable segment, may be written as

VP/G = wixn (24)

-

where, as before, w is the angular velocity of the cable segment in R.

/P

Since YN is the component of yw perpendicular to n, it may be written as

‘ kt
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PP P (25)

~ -

Yy ©
By substituting Equation (24) into (23), (23) into (22), and finally
(22) into (25), Vy becomes

vy = WE - (/8 L mn - uien (26)

=N

W/G ; W G

s V' - V2, the velocity of the fluid relative to G in R,

where V
Let YGN be the velocity of the fluid relative to G in R perpendicular

to the cable segment axis. Then YGN is

oy = W8 - (V8 (27

Hence, from Equations (26) and (27), Vy finally becomes

N Von - wXxn (28)

Similarly, since V; is the component of yW/P parallel to n, it

may be written as:

/P

Vp = (V n)n

Using Equations (22), (23), and (24), this may be written as

Vo = (v - n)n = Vot

.




where yGT is the velocity of the fluid relative to G in R parallel to

the cable segment axis.

Finally, in Equation (1), it is necessary to have expressions for

the magnitudes of yN and yT. From Equation (28) the magnitude of yN

may be written in the form
¥yl = (@ + bx + x?)* (31)

where a, b, and c are

2

2= Yon - Yoy = (Von) (32)

b= ~2Vgy - wxn (33)
and

¢ = (wxn) « (wxn) = (gxg)2 (34)

Similarly, from Equation (30), the magnitude of V; may be written as

Vel = ¥yl (35)

ER PP PO 29




NORMAL CRAG FORCE AND MOMENT

The normal drag force at a typical point P of the cable segment is
BlyNIyN. Let the set of normal drag forces acting on the entire cable
segment be represented by an equivalent force system consisting of a
single force EN passing through G together with a couple with torque

IN‘ Then, f and IN are given by:

L/2
=B [ [VylVy ox

-L/2

-n
]

and

L/2
= B [ |V lxnxv, dx
-L/2

1—

. (37)

Consider first EN' From Equations (28) and (31), Fy may be

written as:

L/2
Fy = B [ (@ + bx + cxz)li (YGN - wXxn)dx (38)
-L/2
or
L/2 L/2
Fn = BVan [ (@a+bx+ cxz)%dx - Buxn [ x(a + bx + ox?)%dx (39)
' -L/2 -L/2 :

The integrals in Equation (39) may be evaluated in closed form. In

(57) it is found that by letting X be defined as

71




X =a+bx+ cx2 (40)

the first integral may be evaluated as

L/2

[ X%x = ((cL + b)/4cIX| + [(cL - b)/4cIX?] ,
-L72 L/2 -L/2
k) Lt , b
X + +—g
+ [(sac - b2)/8¢¥ 4 0g( xblL/Z 22— (41)
o=t T

Similarly, the second integral in Equation (39) may be evaluated as:

L/2

[ xXix = (1730)x%72] - (1730)%%/?] - blcL + b)/8ctIXY]
-L/2 L/2 -L/2 L/2
+ [b(b - cL)/8c2]X%|
-L/2
Gy ety b
- [b(dac - b2)/16c>/ 2] 10g(— L2 2 2CE (42)
e’ 'TT_ 2c%
Finally, for the purpose of evaluating IN’ it is useful to also record
the result:
L/2 i
[ Px%ax = (1/8)((L/2) - (5b/6c)1X2] + (1/8c)1(L/2) + (5b/6c)1X>/ 2]
-L/2 L/2 -L/2

+

[(56% - dac)/16¢21(1(cL + b)/4cIX®|  + [(cL - b)/4c] X%
L/2 . -L/2

L
xlﬁ! .p-L'_c_..+._b_g

3/2 L/2
1
Mog( g s, 5,

)} (43)

+

((4ac - bz)/8c

[p———

e T

Hence, from Equations (39), (41), and (42), Fy may be written as

22

‘ - -




P er——

\ Bluxn(1/3¢) (2] - X33 )1(b/2c)uxn
- - -L/2 L/2 -

-n
"

+

TSP e (SR
’GN L/2 4C 'L/2

5 b
2 Xz + Tt 5o
s og (o RIS (42)

+

Next, consider IN' From Equations (37), (28), (31), and (40),

T

Ty may be written as:

L/2
Ty=8 / xX nX(VGN - uXxn)d (45)
-L/2

By expanding the vector product IN becomes:

L/2 L/2
T, = Buxlg [ x(fx - Bl - (wend] [ X (46)
B2 R V7.

By using Equations (42) and (43}, IN takes the form

(/30%2] - (17333

T [
-GN L/2 -L/2

= BnxV

~N

_ bleL + b) X%+ b(-cL + b) el

8¢ L/2 8¢ -L/2
b
Lc b
b(dac - b%) XlLj2 t =3 * 25
- 77 109 T, 5, )
16¢ X2 = 7 * %=

3/2

(47)

+ Bl(wem)n - w1{(1/4c) ((L/2) - (5b/6¢)IX™ 7] /5

+ (1/80)1(L/2) + (5b/8c)1%372)  + (562 - ac)/16¢ 1[°§Zb Xt
‘e L/2
b
L s ke b
e Nl Cean T, b_

X
Bz =T




TANGENTIAL DRAG FORCE AND MCMENT

The tangential drag force at a typical point P of the cable segment

is given by the third term in Equation (1) as: CIyT[yT. Hence, let the

set of tangential drag forces acting on the entire cable segment be

replaced by an equivalent force system consisting of a single force ET

passing through G together with a couple with torque IT' Then ET and

T, are given by

el (43)
= C V|V dx 48
-T “L/2 JTHT
and
fL/Zl l (49)
T =C V| xnxV. dx 49
-T “L/2 STILLT
Consider first ET' By substituting for Vs from Equation (30},
ET becomes

= CL|V

Fr erl¥er

Consider next IT'

parallel to n. Hence, the vector product is zero and therefore TT becomes:

(50)

From Equation (30) it is seen that VT is

(51)

PR




WEIGHT AND BOUYANCY FCRCES

Consider finally the weight and bouyancy forces acting on the cable
segment. The weight forces* may be represented simply by the single
vertical (downward) force W passing through the mass center G as shown in
Figure 5. 1If Pe is the mass density per unit length of the cable segment,

then W may be expressed as

W= -o gLk (52)

where k is a vertical unit vector and g is the gravity constant.

The bouyancy forces are not quite as simple as the weight forces.
The bouyancy forces are due to the hydrodynamic pressure forces exerted
on the cable segment. These forces are normal to the surface of the
segment and they increase in magnitude linearly with the depth. For a
submerged cylinder, the bouyancy forces may be represented by the single
vertical force B passing through the geometric center G of the cylinder
as shown in Figure 5. However, since the cable segment represents a
finite segment modelling of a continuous cable, the ends 1-and 2 of
the segment are not exposed to the fluid. That is, they are "shielded"
from the fluid forces by the adjacent joining cable segments. Therefore,
the hydrostatic forces on the cable segment are all normal to the ségment

axis. If the force B is represented by components QN and §T perpendicular

*These are the only non-fluid forces considered in the analysis. They

are included in the analysis because of their close association with

bouyancy forces.




Figure 5. Weight and Bouyancy Forces
Acting on the Cable Segment




and parallel to the cable segment, then the resultant, equivalent hydro-
static force on the cable segment may be represented by the single

force BN passing through G. (This is also seen by noting that the
hydrostatic forces on the ends of a submerged right circular cylinder
are parallel to the axis of the cylinder and, hence, may be represented
by the component §T') The vertical force B of Figure 5. may be expressed

in the form (See, for example, Reference [49].)
B = -pgVk (53)
where p is the mass density of the fluid and V is the volume of the

submerged segment. Hence, since EN is the component of B perpendicular

to the segment axis, it may be represented as:

(o]
/]

By = 8 - (B« nn = nx(Bxn) (54)

or

Lo
[l

By = -ognx(kxn) (55)

TR W e tan 4% g gy



CONCLUSICNS

To summarize the foregoing results, the force system exerted on a ]
segment of a finite segment cable model by the fluid inertia, drag, and ?
hydrostatic forces, together with the gravitational forces, may be
represented by a single force F passing through the mass center of the
cable segment together with a couple with torque IT’ Fand T are

given by the expressions

Fe by ¥ FytFp+ By + W (56)

and
' IT =Twt Y (57)

where Fy, Fye Fps §N’ W, Ty, and Ty are given by Equations (20), (44),

(50), (55), (52), (21), and (47) respectively.

Equations (56) and (57) are in a format which may be directly converted
into subroutine algorithms for use in finite segment computer codes
(such as UCIN-SUPER [46)) written specifically for multibody dynamics
analyses. That is, given suitable initial conditions for the kinematics
of the cable segments together with the segment physical and geometrical
parameters, and the fluid properties, the Reynolds numbers and drag

coefficients can be determined. This, in turn, determines Fand T

which may then be used in the governing equation algorithm. Upon




numerical integration, the kinematics at the end of a short time
interval is determined. The above process can then be successively
repeated until the time history of the cable motion and dynamics is

known.

Reports on the development, validation, and application of such

computer algorithms and codes are currently being planned and prepared.
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