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NOTATION

Chord length

Lirag coefficient

Lift coefficient
Moment coefficient
Camber

Drag per unit span
Unit vector 1n'ith direction
Drag lcading functions
Hydrodynamic forée‘
Structural force
Curvature

Lift per unit span

. Cable length

Hydrodynamic moment

M= (Ms,Mk,Mn) Structural moment

s Cable arc length ;
(s,k,n) Curvilinear coordinates

(x,v¥,2) Cartegian coérdinates

(X,Y,2) Cable geometry functions

v Free stream velocity

a Angle of attack

€, § Small parameter

6 Kite angle

(£,m) Cable cross section coordinates
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ABSTRACT

A theory for faired towcable kiting is presented. Geo~
metric relationships and equilibrium equations are derived
based on a thin elastic rod-high aspect ratioc hydrofoil
analytical model. The fairing section is characterized by
torsional and flexural rigidities and hydrodynamic 1lift,
drag, and moment conefficiente. The presence of asymmetry
(camber) also is accounted for. Predictions of towing con-
figurations are presented. It is shown that small angles of
attack (.15 degrees) can result in kite angles up to 60
degrees and catenary depth losses of 10 to 15 percent.
Remarkably small camber (.l percent of chord) 1is sufficient
to cause significant kiting. Stability criteria are developed
based on an analysis of the torsional buckling problems
assoclated with the structural rigidities. The results have
fmportant implications in the design of towcable strength
mew.vers and fairings.
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i ‘ ~ INTRODUCTION

3;« Hd

The use of cable fairing in underwater cable towed systems has been
successful in reducing hydrodynamic drag limitations on the speed/depth
performance. Generally the fairing is a symmetric airfoil shape configured ' Lo
arourd the primary tension members in a free swivelling or integrally
bonded construction. Under these circumstances, the cable may no longer
act as a "taut string" for which tension and drag are the principal forces
determining the catenary or towing configuration. Instead, the fairing is
a 1ifting surface capable of developing large hydrodynamic side forces.
Furthermore, the fairing structural rigidities introduce flexural and
torsional loading in the towing catenary. These properties have important
effects on both the steady state tracking characteristics and dynamic
response of the towed system.

Faired cable is subject to a type of lateral instability, usually
referred to as kiting. Kiting is the tendency of the cable to displace and
remain out of the intended towing plane (usually the gravity-tow velocity
plane). Previous analytical investigations, based on small perturbation/
energy intagral met:hods,l’2 resulted in criteria for stable or kite-free

1Abkowitz, M.A., "The Stability of a Faired Cable of a Tethered System in
its Fundamental Mode,” Joseph Kaye and Co., Inc., Report 73 [Sep 1967).

2Hegemoir, G.A., "Divefgence Criteria for a Faired Towcable in a Subcavi-
tating Flow," University of California, San Diego (Jun 1968).
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towing in terms of cable physical properties and towing velocity and tenaion,

Fairing asymmetries (camber) are not accounted for in these theories. A
number of digital cowmputer programs have been developed to compute general
three dimensional towing configurations with prescribed camber distribu~-
tions. However, numerical integration is difficult when torsional and
flexural loading is introduced and solutions which account for these
effects are not yet available.

In this report a new treatment of towcable kiting theory 1s presented.
A trin elastic-rod, high agspect ratio hydrofoil analytical model is used to

determnine the importance of both camber and destabilizing structural loading.

The assumption that the cable cross section length i3 much smaller than the
total scope and radius of curvature (thin rod) permits the use of small
strain beam theory. The assumption that the spanwise variation in hydro-
dynamic loading is small permits the use of two-dimensional lifting surface
theory. Both of these approximations are particularly appropriate to
integrated towlines, which are used in high speed/deep depth towing where
kiting is most severe.

The governing equations of force equilibrium and geometric compati-
bilivy are derived with particular emphasis on the role of the fairing
angle of attack. By systematically ordering terms, it is deduced that the
curvatures and towing catenary may be computed considering only tension and
11ft/drag loading. This is illustrated for several selected hydrodynamic
loading functions.

The importance of the amplitude and distribution of camber is
assessed and identified as a primary cause of kiting. It is shown that
the chordwise locations of both the tension and hydrodynamic centers are
crucial to the degree of camber induced kiting.

Further analysis considers the structural instability of a fairing in
a towing catenary. Solutions in terms of known mathematical functions are
derived for a selected set of cable end constraints. It is shown that under
certain circumstances, torsional and flexural rigidity can substantially
affect the spanwise twist distribution and resulting hydrodynamic side
loading. This theory may be extended to more general cases. Conclusions
are drawn which have important implicatioas in the design of fairing and
cable strength members.

GEOMETRIC RELATIONSHIPS

Consider a cable-body towed system advancing at constant speed, V,
through otherwise undisturbed water, As a result of hydrodynamic, struc-
tural, and weight loading the cable forms a three-dimensional continuous
arc from the body to the towing platform. The spatial configuration of the
cable is defined in terms of a cartesian coordinate system (X,y,z) moving

3Dillon, D.B., "The Configuration and Loading of a Torsionally Elastic

o SR &

Faired Cable," Hydrospace Challenger, Inc., TR-4557-0001 (Oct 1973).

AWang, H.T., "A FORTRAN IV Program focr the Three Dimensional Steady State
Configuration of Extensible Flexible Cable Systems,"” Naval Ship Research
and Development Center, Report 4384 (Sep ;974).




with the cable with origin at the body. The x-axis i{s parallel to the free
stream, positive into the flow; y is directed oppoaite tn the gravity
vector; and -z completes the right hand system. If 8 denotes arc length
measured from the origin, then the geometry of the cable arc can be
specified parametrically as [X(8), Y(8), Z(8)] in terms of the trail

angle, ¢(s), and the kite angle, 6(s8), defined in Figure 1l.

FREE STREAM V

GRAVITY
VECTOR

>
e
z

Figure 1 - Geometry of Cable Arc Element é
‘ ' .-.“::a
A
The displacement-angle rrlationships are \ﬁ
dXx ‘
R el 3 1
Is cos ¢ ‘ (1) R
.y
dy
P sin ¢ cos O (2)
daz
_—= ] : 3
1S sin ¢ sin ( ),
A unit vector, és, tangent to the arc is given by
és =& cos ¢ + ey sin ¢ cos 8 + &, sin ¢ sin € 4)
and the curvature of the arc, ﬁ, is
dés . d¢\ /[ aé : 5 48\
| K e \—?in ¢ I + éy kfos ¢ cos @ s - sin ¢ sin Eg}
de dé
+ éz (cos 6 sin ¢ 45 * cos ¢ sin © a—g—) ‘ (5)




It vill be convenlert to obtain relat:onships in terms of curvilinear
coordinates (s,k,n), where n is normal to the cable arc {n the 9 plahe and
k is normal to the ¢ plane. Observe that drag forces act only in the ¢ plane
while hydrodynamic lift forces act in the k direction. In the abgence of
kiting, the ¢ plane is the gravity-tow velocity pltane evervwhere along the
cable. Unit vectors in the k and n directions are given uy

éx x-sq
g = Lol = @ (-sin 0) + @& cos {
k st b y z
- - - . ! - S . - .
g =& x & =& sin s + & (=cos » cos N) « & _(-cos ¢ sin §
n s k X y( ¢ ) ?,( 'b \)

1,

and the corresponding components of curvature Kk and Kn by
. . do
}\k = ek . K= gin ¢ ds ' (6)
. = _ ~d¢ -
Ky = &, '}K " ds e

The twist (change in rotation about the s-axis per unit length‘s) at
any location along the cable is related to the kite angle and, «, the local
angle of attack between the fairing chordline and the flow (4 plane), as

illustrated in Figure 2.

Qﬁ)ﬁ‘ “ek

™ ;
Q\ﬂcﬁp/ -
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Figure 2 - Fairing Section Angle of Attack




‘The total twist, 1, may be written as

&
R
""\é ! . N
o T = =da + @ EEEL
i ds n * ds
S | T ®
’ ds T " ? 35

Note that for a vertical cable (¢ = 90°) or a cable without kite (6 = 0)
the twist angle is simply -a.

FORCE AND MOMENT EQUATIONS

! The steady state loading on the cable consists of hydrostatic,

hydrodynamic, and structural forces and moments. To simplify the analysis,

| hydrostatic loading is neglected. Thus the cable is assumed to be

" aeutrally bouyant and to have no hydrostatic couple exerted on thes fairing.
1f F(s) and M(s) are the structural force and moment at any cross

section along the cable, then by considering a small element, As, and taking

the limit as As - 0, the equations of static equilibrium may be written as

—+f=0 (9)

dﬁ - g - .
?ﬂ;-+ e, x F+a@d=20 (10)

7 where £(s) = (fs,f ,fn) and m(s) = (ms,mh,mn) are the hydrodynamic force
- ‘ and moment per uniE leggth. These are the classical equations for the
{ ;, loading of a thin rod. Assuming that ﬁ, f, and i can be expressed as
Lo functions of the cable angles ¢, 8, and a, equations (9) and (10) are

G six ordinary differential equations for the varisdles F(s), ¢(s), al(s),

dT

st —— - FK -~ FK +f = 0 (9)(a)
dF, |

ki 4= - F K +TK + f =0 (9> (®)
dF_

n: gt 4 PR, +TK +E =0 (9) (e)
dM

gf—-—jvwﬁﬁizﬁﬁw%{( TN 0 (10).(ay
ds nn s

5Hildebrand, F., "Advanced Calculus for Applications," Chapter 6, Prentice-
Hall, Inc., New Jersey (1962).
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ki g5 - MK+ MK -F +m =0 ‘ (10) (b)
dM_ 4
n: —d“s— + M.kKS + MSKn + Fk + mn = (0 (lO)(C)
where F = (T,F..F), = (M .M M), and K= 1 + 2 Here, tt
kP n’? sk 'n’? s ds ° ’ 1€

following identities for tne derivatives of unit vectors have been used:

dé‘g
—— = + K
ds ekKk en n
dé
k
= @ + K
ds es en ]
dén
ds = -esKn - ékKs

The hydrodynamic loading is approximated using high aspect ratio
hydrofoil theory. Since the fairing chord length, C, is extremely
small compared to the characteristic length of spanwise 1ift and drag
variation, vortex wake induced effects on cable loading are minimal. Thus,
the force and moment are functions of the local orientation to the free
stream, V, and the section characteristics Cd(a), Ci(a), and Cm(u). For
csumall angles of attack,

d(2) - (€Y o/ ViC (11)
x =0
dcC
2 () ~(dal> ‘ 0/2V2C . (12)
a =0 .
dc_ ‘ ,
m(a) ”(55") ‘ o/zvzc2 . a » (13)
a =0

where d, £, and m denote drag, lift, and moment per unit span length.
The flow velocity component normal to the cable, Vé’x . én = V sin ¢, is
assumed to be the "effective velocity" in producing lift, Thus

f = [-d6,(#), 2(a) sin’ &, -d6 (9] (14)

= [m(a) sin2_¢, 0, 0] v (15)

.
§

E
:
“d
?J

g e e

where 6g(¢) and 6 (¢) are hydrodynamic drag loading functions. In recent
years, theoretica? and experimental analyses of these functions have been
conducted for a varilety of fairing shapes and constructions. Two reviews

v
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5 of this subject are given in references 6 and 7. For purposes of analyzing
towline kiting, several representative functions have been selected. These
are introduced later in this report.

Since the section chord is much smaller than the radius of curvature,
the cable behaves as a thin rod. Except posslbly near attachment points,
the strains will be small and it can be assumed that the stress-deformation
relationships follow the elastic laws for the materials.® Thus, the
structural moment, ﬁ, can be expressed in terms of curvature and twist by
elementary elastic beam theory. For a symmetric integrated towline the
properties of the materials and cross section shape needed for the analysis
are shown 1n Figure 3 and Table 1.

In terms of curvatures Kl and K2, M may be written as

- =z . S e T

‘ M= &Gt + & [-T . (67 - &) - ELjKp] + &;E1pK; (16)

! _where s is chosen to be along the elastic axis (shear center). An
‘ equivalent form of equation (16) in (s,k,n) components, linearized in a,

is
% ' ' ﬁ = 68 -G—J— T+ é‘k[(ﬂ(k(ﬁz - -‘E‘il) - -ﬁlKn - T(ET - ES)] (17)
+ 2 [EIK, - “_Kn(E'fz - EI)) + aTgp) ‘
1
Equations (9), (10), (14), (15), and (17) form the problem for ?5

a kiting towline. Subject to appropriate boundary conditions at. the towed
body (s = 0) and the towing platform (s = L),Jthe equations can, in
principle, be solved for sttuctural loading, F, and configuration ¢, 6,
and a.

KITING WITH A CONSTANT ANGLE OF ATTACK

'{ ‘ The six equations (9) and (10) can be reduced to four by solving for
¢ the shear forces F, and Fj in (10) (b) and (10)(c) and substituting into
i (9)(b) and (9)(c). This ylelds three force equations, :

d aM

. dT . s o -
N o @ttt Ria T Kegs (oot $) () (KM + Kytty) (18

d

1 6casarella, M. J. & Parsons, M., "Cable Systems Under Hydrodynamic Loading," .

MTS Journul Vol. 4, No. 4 (Jul-Aug 1970).

7Folb, R., "Experimental Determination of Hydrodynamic Loading for Ten Cable
Fairing Models," SPD R&D Report 4610 (in progress)

]

t
!
.

8Love, A.E.H., "A Treatise in the Mathematical Theory of Elasticity,”
Chapter 18, Dover, New York (1944).
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TABLE 1
Definitions of Cable Structural Coefficicnts
Coefficient Symbol F)rmula
Torsional Rigidity &y 1) - €5)2 + n2]dA
g ARFEA
Chordwise Flexural Eil F(E)(E - Cs)sz“
Rigidity AREA .
Lateral Flexural Efz J(E) (nz)dA
Rigidity AREA .
Tension Center 0, &) J(E) (£)dA
AREA
7 (E)dA
AREA 8
Shear Modulus C | eeee- —
. Elastic Modulus E —————e

STRENGTH
MEMBER

TENSION CENTER

AIAI/SHEAR CENTER

|
A___——f=’<=:;;IRING
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Figure 3 - Fairing Cross Section
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TKk + fk = (cot ¢)(Kk)(a;—-- Kkﬂncot ¢ + "a

a (dM ) (19)
+ - s M K + MkKk cot ¢
'dMn
, » S
mn i fn Koot ¢)(Kk' (da s n ) >
de ' ) (20)
ds ( KkM cot ¢ + KkM
and the twist moment equation
dM
- MK - MK +m =0 (2D
nn s .

To compare magnitudes of the various terms, the tension, T, is scaled by
tension at the body, T,. An appropriate length scale for s 18 T /d.

It will be seen that this length is a measure of the radius of cirvature
at the towed body. 1he non-dimensional force equations (18), (19), and
(20) are

_3_24. 6 = 0(e) o (22) r
do lsin2¢ :
T sin ¢ e + - = 0 (e) (23)
d¢ - -
: ﬁldz E_I'zdz
where the expression 0(e) denotes terms of order 3 3 and
— To To
GJd
—3 - Generally, for those circqmstances in which kiting occurs,
T
o

these parameters are several orders of magnitude less than the terms on the
left hand sides. Thus, over most of the cable span, the 0(e) terms can

be ignored. This amounts to assuming that structural rigidity is ignored
or that the cable is flexible. Except for small regions near the cable

[ IOS——

ends;—this—ts—a—vatid—approximationrindetermiming—sotutions—for—¢; 65 —amd
T. ' ¥ '

Equations (2i) and (23) (with right hand side set to zero) are
identical to the two-dimensional (planar) towing equations for a flexible
cable, provided that the drag loading function assumptions (equations (11)



