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CHMAPTER 1

INTRODUCTION AND PURPOSE

Obs=ervations (references 2, 3, 4, 7, 16, 29, 30) show that vortices
are often shed periodically into the water flowing past a submerged
cable and produce time-varying reaction forces on the cable. If the
cable is movable, perhaps being flexible, it will be forced into
vibration, and this motion in turn may modify the shedding phenomenon.
The cable vibrations might also be coupled in various ways to
acoustically sensitive parts of a system associated with the cable.

The first purpose of this report is to discuss and trace the energy
transformations which occur in the water and cable, and thereby make
order-of-magnitude estimates of the relative importance of the various
mechanisms operating. Since the specific system considered is one in
which the cable is anchored at its lower end and put into tension by
a movable buoyant submerged case attached to the upper end, there are
two main types of motion to be considered: gross oscillatory motion
of the case and cable at low* frequencies and higher frequency
vibratory motion of the cable. The first we shall call "gross
flutter," and the second "cable strumming." These main modes can
interact - chiefly by the gross motions' producing a fluctuating -
relatively slow modulation of the higher frequency vibrations, and by
the higher frequency transverse vibrations producing a significant
alteration of the 5.0ss drag on the cable. 1In this report, as far as

possible, we restrict ourselves to consideration of “cable strumming"
only.

Both types of motion generally are forced oscillations produced by
periodic forces of similar hydrodynamic origin but different i.
frequency, amplitude, and region of application. When resonances
occur, the two types can be distinguished by their restoring-forcs
mechanisms - gravity for the gross case and cable motion, and cable
tension for the cable strumming phenomenon. Otherwise, the
distinction can be made by reference to the main regions of applica-
tion of the hydrodynamic forces -~ the case surface for gross flutter,
the cable surface for strumming.

*In this report, less than five Hertz.
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The physical phenomenon of fundamental importance in producing
these forced motions is the generation of systems of vortices in the
water surrounding tne cable and case. Vortex generation is still a
subject for basic research, since the specific laws describing the
reaction forces on the obstacle inducing a vortex are not known or
understood in many important details, nor are the actual flow fields
computed for all relevant situations. A quantitative relation, first
pxoposed by Strouhal, between certain kinematic variables: shedding
frequency £, flow speed U, transverse dimension of obstacle d, and
the Reynold's number of the flow when a 'Karman vortex street' is
produced, has been known for nearly a hundred years (references 12,
l4a, 20b, 27) - but despite several studies, a complete derivation
from first physical principles does not seem to exist (references 20b, !
21, 25)*., One of the difficulties in understanding lies in the fact

{ that the vortices are produced under flow boundary conditions which

are spatially symmetric and constant in time, yet the vortex flow

around the obstacle has a different symmevry and is periodic in time,

Moreover, the vortices appear 'automatically' even without unsteady

motion of the obstacle through the fluid. Thus "Strouhal flow"

results from an instability in uniform constant flow. A seccnd

difficulty arises when unsteady, sometimes periodic motion of the

obstacle occnurs - this motion interacts with the forcing flow field

and modifies it - a nonlinear phenomenon. Our energy estimation pro-

cedures applied to this phenomenon lead us to make a conjzature con-

cerning the relation of the amplitude of such periodic cable motion

to the vortex generation mechanism. A second purpose of the report }

is to sketch in the final section a new plausibility argument for

the Strouhal relation itself for steady uniform flow and thereby

propose for a later report an extension and detailed examination of

the theoretical study of the model on which the argument is based. 1
The developments of the model and logical context were stimulated by

discussions between the writer and Dr. D. Sallet. |

Because the transverse high frequency vibrations of the cable
('cable strumming') produce concomitant longitudinal cable vibrations
or wave motion, noise of double** the Strouhal frequency can be com-
municated to acceleration sensitive acoustic pickup elements attached
within the buoyant case (references 2, 5, 6, 16, 30). Both transverse
3 and longitudinal motions can be analyzed in terms of traveling waves

. N e,

*There are many excellent semi~empirical numerical and mathem=atical

studies of vortex motion and separation phenomena. Some are listed

under references 29, 31 and in references contained therein.

**As in MELDE's experiment, reference 20a. An additionzl mechanism

not discussed herein, has just been uncovered by recent theoretical

F work, and will be reported later. It is due to coupling of trans- .
verse modes of vibration.

.
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along the cable which carry the noise energy to the mine case.
Acoustic isolation of such elements is thereby indicated to eliminate
this noise. This might be accomplished by introducing a lossy rope
connection between the cable and case, and this indeed has been
found to be a practicable solution to an annoying problem in some
applications (referctnce 2). Consequently, in a later report, it is
proposed to discuss more detailed analyses and data relating to the
acoustic filtering properties of such a lossy connector. In the
last section of the present report, however, to satisfy z tird aim,
we present an indication of the kind of results to be expected from
an analysis of filtering processes in the system.

Another effective method for reducing the strumming noise or the
gross oscillations is by disruption of the characteristic vortex
flow field, but methods for acrcomplishing this will not be discussed
here (reference 26).

In summary, the general aim of the report is that it serve as an
introductory review and help give direction to further discussions
of some of the physical mechanisms operating in a moored mine system-
all related to cable strumming. The result is that we are led to
point out some areas in which further research investigations are
needed - both experimental and theoretical.

o~
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CHAPTER 2

SPECIFICATION OF THE SYSTEM, SOME NOTATIONS,
AND THE BASIC PHENOMENA OF INTEREST !

ek uee n

Figure 2.1 shows a configuration akle to be assumed momentarily by
the case and cable in a flow field of gpeed U, 1In practice, the flow
velocity may not be constant either in magnitude or direction and will
vary with depth. The cable, of equilibrium length L, and radius Ry,
will in general be curved; and the case may be moving iu translation
and vibration, so that its axis is generally not along the cable
direction at the point of attachment 'C' The other end of the cable,
of course, is anchored at the origin 'A'. We assume the case to be a
smooth circular cylinir of length L, and radius Rz.

A s g s e

Now the study of the gross cable and case motion or "gross flutter"
is not the subject of this report; it is being and has been treated
elsewhere (references 1, 1G, 13, 17, 23, 24, 28). We consider here
only certain overall equilibrium characteristics of the gross configu-
ration described in terms of a constrained model of the cable-case
displacements and shall neglect entirely any sideways, low-frequency
flutter motion of the case and calle and concomitant transient gross
oscillation of the case around its center of mass. This is not unreal-
istic, since some methods and devices now under consideration may
effectively damp out or eliminate these gross motions. That is, except
for high frequency strumming motion, the case and cable will be assumed
to have nearly taken on an "eguilibrium" configuration as in Figure 2.2
in which the cable is curved but lies in a vertical plane except for
acoustic vibrations; and the case is similarly motionless with its
axis in the plane of the cable and the vertical; this plai.* also con-
tains the constant flow vector. Appendix II contains details of the
derivation of an equilibrium configuration summarized and discussed at
the end of this section.

R

These simplificatiuns allow us to concentrate attention on the
cable strumming phenomenon, of main interest in this report.
Energetically speaking, strumming will be seen to be capable of
extracting a significant fraction of the available energy in the
ambient flow field and, thus, may be of the same order of magnitude
in eneryy as the more obvious gross flutter phenomenon. We shall
usually use a subscript, '2' to denote "case" guantities, and ‘'0' or ’
'l' to denote "cable" quantities, so that, for example, the area

4
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1
presented by the cylindrical case normal to its axis -~ its side ;
aspect area -- is g

3y = 2RL, (2.1)

while the cross-section or base area of the case is

= 2
a2 r(RZ) .
The net buoyancy of the case is the displacement buoyancy B, decreased
by the weight of the case, W, - Similarly for the net weight of the
cable. Rates of working by forces will be denoted by dotted W's: W,
r~tes of heat addition by Q, and rates of kinetic energy change by K.

A transverse displacement of the cable from equilibrium is called
Yy, with a maximum value y,; the frequency of transverse vibration,
almost equal to the unperturbed Strouhal vortex shedding frequency
will be denoted by £; Kinematic viscosity of the water is denoted by

v= p/my where m, is the water density and u is its viscosity. The
letter c will denote the phase speed of waves with appropriate sub-
scripts differentiating the medium or the mode. That is, ¢ denotes
the speed of transverse waves along the cable, for example. A
complete listing of notation is given in Appendix I.

The quantitative distinction between strumming and flutter can be
made more explicit as follows. Water streaming past the cable with
speed Uy normal to it results in the shedding of a sequence of
vortices from alternate sides of the cable with a frequency £, where

fR
2 —L =5, (Re;) (2.2)
Uy
and the Reynold's number is
U, R
= 9.1 1
Re; = 2-— (2.3)

The universal function, Sgr bas the value zero until the Reynold's num-
ber for the flow reaches the value 50. It then increases sharply to

a value near 0.2 and remains nearly constant until the Reynold's
number has a value about 107, beyond which point S, increases rapidly
as a completely turbulent wake is produced at higher Re values, This
behavior of the combination
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called Strouhal's number, has been known for a long time ~-- and is
described by Rayleigh (references 19, 20b). It is also sketched in
Figure 2.3.

Now vortices are also generated by the flow past the long cylindri-
cal case, according to the same general law -~ but the shedding
frequency is much lower, since the case radius Ry, must now be inserted
in the Strouhal relationship: and R, is much greater than R;. More-
over, this phenomanon setz in at a much lower stream speed because
the Reynold's number for the case iz proportional to R,. There is
some possibility that the vortex gernerated from the case is a
continnous helical one, rather than a series of vortices shed from
alternate sides of the case. (See FigureAII-l in Appendix II.)

When a vortex is generated and carried downstream, the associated
transient reaction of the water on the generating object contains a
component at right angles to the stream and to the axis of the object.
This is a time dependent "lift" force; since vortices peel off on
alternate sides, the lift force alternately changes its sense of
application.

Now one sees that if the cable is flexible, those vortices which
are shed from it tend to produce a transverse vibration -- cable
"strumming”. If the case and cable are also free to move with a gross
sideways motion, the vortices shed from the case tend to produce a
"gross flutter" vibration at right angles to the stream velocity.
Clearly, the fundamental flutter vibration frequency would be much
lower than the strumming vibration frequency of our system. As we
have emphasized in the foregoing, constraints are assumed to be built
into the system which entirely inhibit the build-up of gross flutter
vibrations.

These constraints, although not very large, sexve to simplify the
equilibrium shape of the case and cable. If the ambient flow speed
of the water past the cable is very small near the bottom where the
anchor is attached to the cable, then the cable is nearly straight
over a length L, in this neighborhood, although it is tilted from the
vertical through an angle ¢6, as in Figure 2.2. The value of ﬂb, of
course, depends on the flow and drag conditions and on the case
buoyancy - so it is found by the procedure described in Appendix II.
Over the section of the cable, beginning at point 'B' and extending
to the case at 'C', the cable is curved upwards in a circular arc of
length Ly subtending an angle (#, - g,), and having a radius R. For
the purpose of this report, this simplified shape is an adequate
assumption ~ one can, of course, treat more complex situations where
the flow conditions are more varied ~ esither by an extension of the

8
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analysis in Appendix II or by some other sta:.lmrd procedures
(references 1, 15, for example) applicable to moored mines.

The tilt angle @, of the case is equal to that of the upper end of
the cable under the case loading and drag conditions assumed. Hence,
the angle §of Figure AXI-2 is zero. Angle ﬁb may be found once the
net buoyancy, N,, of the case, the average flow spzed U, past the
case and the drag numbers A' and A" are known. If R, 1s the case
radius and L, is its length, and m, is the density of water while

C' and C" are drag factors for the case side and end areas
respectively then:

By = mog(Ry) 2L,

, = Case Weight (2.4)
A' = moC ! R2L2
| | . ” 2

Typical values of some of these and of manv other parameters are
given in the Table 4.1 of Chapter 4. Figure AII-3 of Appendix II
shows a graphical construction for ., the tension T, in the cable
at the case, and for Dz, the total drag on the case.

On the other hand, the graphs of Appendix II also yield values for
the cable tilt @, (at its lower end), the tension T, at the anchor
given the cable dimensions and parameters and the average speed U
} of flow past the cable. These are graphs corresponding to the

condition L, = 0, so that there are different flows over case and
cable but no region of zero speed near the bottom. It is easy to
£ind a gsimilar solution for the case where there is a region of zero
flow speed over the lower part of the cable.

These results are samples only useful as a reference for the cable-~
i strumming energy-transformation estimation procedures given in the
next sections., Similar calculations of shape response values for
other flow and system parameter input values can be made using the
Computer Program H 21032*%* which also yields values of the dip and

*Internal memorandum "A Basic Program for the Calculation of Case
] and Cable Equilibrium Configuration."

10
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horizontal displacement of the upper end of the cable, its radius of
curvature, the shear S, at the anchor, and the total cable drag
force Dy. This concludes our discussion of the moored mine system

in equilibrium. This system is to be subjected to cable strumming
effects.

We now pose the question, how much of the kinetic energy contained
in the stream "incident" on the cable goes into strumming, and how
is it subsequently partitioned?

To answer it we first trace qualitatively in the next section
various dynamical acoustic and thermal dissipation or energy conver-
sion processes occurring in the system.

11
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CHAPTER 3

OUTLINE OF ENERGY TRANSFORMATIONS

If water streams past a strictly stationary obstacle, impervious to 3
water, the only way for energy to be transferred from it to the '
obstacle or the reverse is by radiation or heat conduction across the { ’
surface layer in contact with the obstacle, or by induction of elec-~
tric currents. None of these energy transfer methods is of any
importance to us in the context of the present report - except that
ultimately, of course, all energy dissipated in the case and cable
appears as heat conducted away into the water streaming past it. We
shall assume that the small temperature differences established in
certain processes have a negligible effect on those mechanisms of
energy transfer which do mechanical work. That is, work is done and

energy thereby transferred only by forces acting on moving parts of
our system, as considered in the sequel.

We have already ruled out considerations of the gross fluttex
motions of the case and cable - alithough these, of course, influence
or modulate the forces responsilile for cable strumming. Strumming in
turn influences the gross motiung and configurations by, for example,
modifying the effective cable diameter and thereby the overall drag.*
Nevertheless, it seems preferable in this report to separate the two
gets of phenomena in the way we have previously specified and suppress
considesration of the possible flow of energy from cable vibrations
into gross cable or case motions resulting from modification of the
overall flow streams. Nor shall we consider the converse possibility.

With this limited objective what remains to be considered? 1In the
work-energy flow diagram of Figure 3.1, the processes and estimates
of magnitude labelled (B), (¢), (D), (B), (®, (&), (H), (I}, (L) and
] M) are the relevant items for us. Each one will be discusued

} *It has been necessary to estimate the drag increase effect and use . }
it in the previous sections in order to obtain a more realistic d
estimate of the cable and case equilibrium shape. It was done by f

p using appropriate values for C' and C". See references 1, 4, 10, 11. N .
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individually, and most to a certain extent quantitatively in the next
section, together with a presentation of numerical estimates of its
values.

—h e % B

In the remainder of this section, we shall trace the relevant :
physical processes through the system beginning with (I), the initial . ;
flow of water upstream toward the moored system, and ending with the i
downstream flux of water and vortices conveyed away in it. The !
Process (I) furnishes us with a handy energy-source~rate figure as a :
reference magnitude. Consider the area of the cable and case presented
perpendicular to the flow. The amount of kinetic energy K carried per
second across this area is an estimate of the energy available to
produce motion of the system (i.e., gross flutter and strumming). o
Naturally, there must be other later transformations of this enerxrgy ‘
ending in complete dissipation in heat or a convective transfer away
with the stream, since the mine and cable motion generated presumably
does not grow in amplitude without limit.

Hence, as an upper limit* for Process (I), we have the number

T e e

K(I) = 30 (2R,L;U;3 + 2R,L,U,%)  ~2136 in-1b/s (3.1)

7 N

of energy units available for U, = U2 = ] knot. (See Chapter 4.)
First some of this energy ordinérily goes into kinetic and potential
energy of the grogs motion of the cable and case.

e A e

This transformation is accompanied by the modification of the flow
past the case in the formation of a series of vortices, as explained ; \
earlier, which then produce an alternating force - chiefly lateral
(references 9, 10, 13, 16, 17, 22, 24, 31) - effective in moving the
case altexrnately back and forth sideways, i.e., across the strean.

The case then can drag the cable sideways with it. However, this
motion and the subsequent trans. ormation of the associated energy is
to be suppressed in the remainder of this report. Its chief effect on
cable strumming is to modulate the spz {4 of flow past the cable, and
to make it non-uniform along its lengtu. Heace, the frequency spec-
trum of the strumming vibrations will be shifted and enriched. There
i may also be some other transient non-linear flow interaction with -
those vortices which produce the gtrumming, possibly significant at
least near the case. A second portion of this available energy simply
remains in the water, part of it being rotational in the associated

P e

- T g

{ *Since we are not at this point taking dip or tilt of the system into
uccount.
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vortex flow pattern and some is converted to heat, process (M); it is
all conveyed downstream with the mass transfer of water. .. third
portion is transformed into a series of long vortices shed along
portions of the cable, with the resulting pressure forces producing
alternating sideways motions - Process (F) - of the cable - i.e.,
strumming. These forces press on the cable and effect a transfer of
energy to it by doing 'lift' work called Process (H). Energy can
then either be removed from or delivered back to the water, modifying
the vortex pattern nearly at the characteristic¢ Strouhal cable fre-
quency, Process (B); some of this, too, is then lost in heat, Proceszs
(L) . The remaining kinetic energy in the water subsequent to Process
(B), is conveyed downstream with the rest of the flow pattern. If
some of the partly conveyed vortices pass near hydrophones (not tor
likely with a nearly upright case), pressure variations can add via
Process (E) to the noise picked up otherwise through the water from
acoustic radiation, mentioned later as Process (D). This part o¢f the
energy becomes ultimately dissipated in heat or electrical signals -
the remainder is carried away downstream.*

Let us return to trace other energy fluxes of interest, those stem-
ming from the strumming of the cable - Process {F). It is helpful to
think of the forced transverse motion of the cable as resolved into
systems of 'tension' and 'bending waves' along the cable, traveling in
both directions. As we shall see, associated longitudinal compression
and rarefaction waves are also generated, too. (Process (C)).

Even if some characteristic normal mode of transverse motion is
excited, as a resonance vibration, one can resolve this motion into
such traveling waves. One reason that it is useful to introduce this
conception is because it will ultimately help surmount the difficul-
ties presented by the non-uniform equilibrium tension in the cable,
the cable curvature, and possibly other non-uniformities which might
be introduced in its density and elastic properties. A second reason
is that one can simply and most naturally use for each mode the
universal relation for all periodic waves

A\ = ¢ (3.2)
to estimate the associated wavelength, in turn useful in helping make

the required energy estimates. More explicitly, one recalls that:
(1) transverse wave motions in a flexible cable obey one kind of

*Another mechanism 'collapse' of the vortex system mechanically, i.e.,
macroscopically, as distinct from viscous decay\ inco heat, might
occur as a result of ’'collision' with obstecles) Acoustic radiation
might be produced thereby, but its magnittde is\not estimated herein.

15

P 4
L WPy P




>

el s S e
r )

NOLTR 72-77

'wave equation' with a wave speed depending on the square root of the
tension divided by the linear density, (2) transverse bending waves
obey a second kind of 'wave equation' whose wave speed is fregquency
dependent. i.e., dispersive, and depends on the cable bending modulus,
and (3) transverse waves are also coupled to a longitudinal stretch
or compression which can propagate as waves whose speed depends on
the Young's stretch modulus of the cable. It is our aim in the next
section to try to estimate roughly the coupling between some of these
modes and thereby make a first quantitative estimate of the energy
partition between them. It suffices here to point out that the
processes under discussion are labelled (C) on Figure 3.1.

Now if waves of these types are traveling along the cable, they
carry energy which can be transmitted t« other parts of the system.
One path is along the cable to the anchez, It is very difficult to
estimate the energy transmitted to the anchor and lost there because
of the uncertainty and complexity in the boundary conditions at this
attachment. Perhaps a best first approximation would be to say that
the connection is perfectly rigid so there is a complete reflection
of the energy at point 'A'., However, in the last section, there is
a further discussion of this process. The situation at the case can
be quite different, however. 1Indeed, it appears that many of the
strumming difficulties encoantered in past field tests stemmed from
the transmission of acoustic wavezs of longitudinal type along the
cable to the case bottom. These vibrations were then transmitted
into and through the steel case plate structure -~ perhaps setting up
some local elastic plate resonances -~ and ultimately affecting the
hydrophones which were sensitive to accelerative motions of their
bases. The complexity of this 'loss' mechanism is such that more
theoretical work should be done on it to supplement experiments which
seem to be required. .

Two practical approaches have, in the past, lessened the difficul-
ties with the noise transmitted to the hydrophones via this route.
The hydrophone pickup elements were themselves isolated acoustically
from their mounts, and a 'lossy' rope linkage about six-feet long was
sometimes inserted between the upper cable end and the point of
attachment 'C' to the case. Optimizaticon of these means was not
completely Aautermined, however, and further tests are indicated -
described in the last section.

The cable bending waves are completely reflected at the case, in
view of the type of flexible attachment previously posited Yor the
system. However, the time varying direction of the tension T, due to
the transverse flexural waves can produce a transient shearing force
which might be effective in producing a transient couple on the case.
However, the case and water masses and moments of inertija ars 50 very

16
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[P

large that a1 significant energy transmission via this manner seems
] highly unlikely; our first rcugh estimate is, therefore, zero for
| this as a loss mechanism.

[ T R

There remain two further phenomena to be taken into account. They
are labelled (G) and (D) on Figure 3.1. Because {he transversely
vibrating cable acts like an acoustic line source, we must estimate
how much energy per second is likely to be radiated into the water -
Process (G). As a result, these pressure waves through the water can
also reach the acoustically sensitive element of the hydrophones
mounted in the case - Process (D).

L It is important to acknowledge again at this point the assistance
and stimulus given to the present study by previous NOL studies.*

We have extended some of the estimates appearing there, added others,
' and refined several points., Ou- effort has, of course, been concen-

trated on extending only the knowledge about the cable strumming
phencmena.

*See references 2, 9, 10, 1ls, 22, 24, 30. In reference 16, Process (E)
r is examined and found ineffective in noise production. We do not
] repeat this calculation here.

17




NOLTR 72~77 ‘

CHAPTER 4

ORDER OF MAGNITUDE ESTIMATES OF SOME WORK-ENERGY
TRANSFORMATION RATES

INTRODUCTION

" In the following formulation-sketch of the rates of energy transfer
and transformation, almost every estimate indicates a need for more
experimental and theoretical studies of the process considered.

There are also some processes mentioned in the preceeding chapter for
which no formulation is presented in this one. Several of these, too,
should be investigated more completely before one can say he has a
complete understanding of the physical acoustic and hydrodynamic
behaviour of moored mine systems. It is perhaps a little startling
to realize that such an apparently simple mechanical system has such
a variety of phenomena ~ much of it incompletély understood -~ ussoqi-
ated with it. 1Indeed, this is pointed out in some recent publiciticis
by Bertaux (reference 1) of the Woods Hole Oceanographic Institute
which describe some excellent engineering and development work carried
out, successfully, to solve particular problems encountered in a
variety of situations. One hopes that by analyzing the phenomena
associated with the strumming behaviour in more detail, whethzr or not
it constitutes an existing engineering probiem, future even more
imaginative and useful systems can be planned and enginecered.

e s el e N it | ATt SRR, B s s 8T M A A

In writing down the formulas descriptive of the processes considered
in the succeeding discussicn, very crude approximations are used .
although each is based on valid physical principles. There is no '
overall self-consistent theory yet developed for the curved cable sys-
tem immersed in a flow field as described in previous sections, which
includes all the puzzle pleces we are trying to fit together. Conse- :
quently, it is difficult or impossible as yet to give confidence i
level estimates cr even uncertainty limits to the numerical values |
computed from ouvr formulas. Each formula could have been written
with a corresponding dimensionless proportionality constant of order i

of magnitude unity. Further investigations would presumably lead to B
L an accurate evaluation of it. 4

We are forced by the complications resulting even from the simple
b curved cable model described in Chapter 2 and Appendix II, to make ﬂ

some simplifying assumptions and, thus, arrive at the simple )
i formulations of this section. That is, we assume that

18
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B, =0, =v=5=7

so that the cable is approximated nominally, by a rigid straight line.
Moreover, we take Ly = 0 and make L1 = ALy = Ly likewise, Ul = U2 = U,

Next, we 'lump' the distributed drag, weight, and buoyancy loads
together and apply their resultant at the center of mass of the case.
This clearly entails a small error for the effects of buoyancy and
weight, and a larger one for the drag. Consequently, the tilt of
the case for a given speed (obtained from elementary equilibrium
considerations) is far larger, by a factor of about two, than it
ought to be. The magnitude of this error can be easily noted by
comparison of the nominal tilt value @ with the ﬂz values calculated
1 by the method of Appendix II from the more accurate picture described
in Chapter 2.* Similarly, we use a nominal tension value, T (equal
f to that acting on the case) for calculation of transverse wave effects.
Obviously, bending waves are completely suppressed in this model.

However, as far as orders—of-magnitude are concerned, most of the

energy transformation phenomena associated with cable strumming are
quite insensitive to the angle @ (foxr small values); the curvature of
the cable is likewise assumed to be irrelevant in making these
estimates. It is on such an elementary, but quite physical, basis
that we are able to formulate and then evaluate numerically, definite
expressions for the various energy-work-rate processes of this and
the preceding sections.

Numerical values are given in inch-pound (force)- second units;
see Table 4.1 for typical parameter values for the system.* In this
system, it may be useful to the reader to know that

1 in-1b = ,113 joule, or
1 in-1b/s = .113 watt.

A force of one pound equals 9/2 newton approximately.

i *Indeed, this is the reason for making the detailed analysis of the
equilibrium configuration. See Figure AII-5.

**A1so see BASIC Program H22032 to obtain results for other input

B values.
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AVAILABLE ENERGY (Process (I)) :
It is an easy matter to estimate the kinetic energy in the water o
flowing up to the case and up to the cable - which must, of course, ‘
be diverted in flowing past these objects. These energies can be
considered to be available for transformation (via 1lift and drag
forces) into other forms. As a conservative lower limit, we take,
for the energy flux up to the case, the projected area normal to the2
flow velocity of speed U,, times the kinetic energy density 1/2 mg Uy
then to determine the rate at which this energy is available to be
transformed, we multiply by the flow speed U,. As discussed pre-
viously, an unknown empirically détermined factor, somewhat greater
than unity and closely analogous to engineering lift and drag coeffi-
cients could have been introduced to get a more exact estimate of the
volume of water affected - but we shall ignore this for present rough
{ estimation puarposes. :

This is typical of the kind of estimation procedures we use in the
remainder of this section. It leads to calculsble expressions -
which in turn lead to numerical values of orders of magnitude which
are obviously inexact but which should be useful in heightening one's
intuitive physical feeling for the relative importance of each
phenomenon considered.

Thus, we find

kX o= 3p. .

for the average flow past the casze. Similarly,

(1) k, = moUlsﬁl(L-Z) (4.2)

} is the average rate of kinetic energy flow past the cable, since Z
is the dip of the upper cable end.

It is also important to establish the Reynold‘s numbers for these
flows since in this way, one determines which of the Strouhal vortex-
shedding regimes is applicable. For the case

U2 2

Rgy = 2 cos @y (4.3)

where » is :hez?znematmc vxsceaxty of (zea)} water,

~2.3 % 1073 /8. (Reference l4b.} For the cable, on the average.
U R i

-~ S *‘;&
Rep = 2 == cos ¥, ; (4.4)
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In the remainder of this section, for definiteness, we shall choose
typical values for various parameters, listed in Table 4.1, underlined,
in order to present calculated magnitudes of quantities.

Thus, we find, as listed in Table 4.1, not underlined,

3

Rel = ,725 x 10 (4.5)
R _ = 1.64 x 10°
e2
for a flow speed of one knot (20 in/s).
Likewise on this basgis
kl = 1135 in-lb/s
(1) . (4.6)
K2 = 769 in-1lb/s

are the available energy rate values (lower limit) for flow past the
cable and case.

Note that the larger portion might conceivably be transferred to
the system via the cable. However, it remains to consider in detail
how such transformations could take place, i.e., by doing work in an
appropriate fashion.

HEAT PRODUCTION (Processes (L) and (M))

It ig instructive and important to estimate the order of magnitude
oif the various available loss mechanisms - including heating of the
water by means of shear and viscous stresses for in this way, reason-

able egtimation of vibration amplitudes must be made {lacking a more
detailed theory).

The shear stress set up in laminar flow past the cable is of order
of magnitude

L (4.7)
2

4.65 x 10°° 1b/in

so that the total shear force on the water along the entire cable
affected is roughly

270 RlLl = ,489 1b. (4.8)
22
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This assumes a velocity gradient of the order of Ul/ZRl. This illus-—
trates, among other more important matters. che insignificance of this
as a drag mechanism in comparison with the "vortex~induced" drag which
can also be laminar (ft is turbulent at higher Reynold's numbers.)
However, the loss rate from the cable by heating the water is

N .
N ehel e

e .

é 207R U_ L. cosy
(™) 1 111 (4.9)
= 8.77 in~1b/s.

' y
B R VL 1T U

Vibration of the cable can add to this loss mechanism by increasing
the relative speed, but it is guite small, at least for an amplitude,
¥o+ Of vibration (strumming) of .0l inch adopted to obtain a first
estimate of amplitude dependent quantities. For certain reasons dis-
~mssed later, we also calculate values for y, = .04 inch.* Then, if

3 £ is the Strouhal frequency of the order of 38.5 Hz, we have a typical
{ maximum velocity component due to vibration of magnitude

2nfy, = 2.42 in/s. (9.68)* The corresponding estimate for the heat
dissipated is

2
(L) Op = myr 2rEyel L L, = .0713 in-1b/s  (1.14)%
o 2 1
(4.10)
This is formulated analogously to the previous expression except for
the factor 1/2 inserted because of the vibratory nature of this
velocity component.

I s T Gt R L

RS e G e N N

TRANVERSE (LIFT) FORCE (Process (H))

The cable expariences a force on it, transverse to the ambient flow
direction, every time a vortex peels off. This sheddiag phenomenon,
described in much more detail in Chapter 5, results in a displacement
: of the aft~flow~stagnation point through an angleAd from its normal ]
; position in steady laminar £low. Sez Figure 4.1 (a) and (b). The
result is the establishment of a concomitant net non~zero circulation
about the cable, resulting in a Kutta-Joukowski type of 1lift force
(references 16, 22).

g, ® i

It is extremely important to determine, for cable strumming, the 4
magnitude of this force, and remarkable that a detailed, correct
theoretical description has been so long in appearing. In the next
section, we give an outline of a theoretical argument, which furnishes
an estimate of the value of the Strouhal number; it also bears promise

& et oM

*Values of quantities coxrresponding to a strumming amplitude
p Yo = .04 inch are given in parentheses immediately following the
. values for y, = .0l inch for ready comparison.
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X~SECTION

(@) IN STEADY LAMINAR FLOW, THE AFT STAGNATICN POINT
IS DIRECTLY OPPOSITE THE FORWARD ONE AND IN LINE
WITH THE FLOW VELOCITY U,

(b) IN UNSTEADY LAMINAR FLOW THE AFT STAGNATION POINT

MOVES AROUND THE CABLE X-SECTION AS A VCRTEX IS
FORMED AND PEELS OFF,

FIG. 4,1
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of leading to a detailed physical theory of such lift forces (as
distinct from theories based on the Karman vorte» street description
which is strictly applicable to free-field flow conditions).

Our estimate of the lift forces at this juncture, however, like
those of previous authers, utilizes the Kutta-Joukowski formula -
strictly valid only for steady flow conditions. This is

F = mgT Ul(ALl) cos ¢ (4.11)

where T is the circulation estimated to be

r =2 U;R,A0 cos ¢ (4.12)

and AL; is the length of cable over which each vortex peels off. It
might be called a vortex "coherence length".

The amplitude of motion of the stagnation point is a certain fraction
2> of m radians. That is,

A0 = Zrx¢ (4.13)
and estimates have been given for 2 of about 0.1 (references 16, 31).

Now if 4L; = L. =L, then we find

1
Fp o= 31.6 1b (4.14)

a sizeable sideways force. Multiplication by the strumming velocity
amplitude (2rfy,) again yields the work rate

W, =F_ - 2xfy
(H) L L ° (4.15)

76.5 in-1lb/s (306)

(maximum) estimated done by the lirft forces in producing cable strum-
ming vibrations and vortices during differing phases of the phenomenon,
of course. One guesses that the increase in the drag force associated
with cable strumming is of the same order of magnitude as Fy.

ENERGY TRANSFER ALONG CAELE BY WAVES AND AWAY FROM IT BY CONVECTION:
(Processes (F) and (B))

We think of the transverse motion produced in the cable by the vortex
shedding as composed of waves along it; such waves move with the speed

25
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of kinematic transverse waves ~ primarily transmitted by the tension
forces in the cable. Hence, they travel with the speed

= X
oy = — = 6.16 x 10° in/s (4.16)
wi
w(Rl)

. (m+mg)

for a nominal tension of 213 pounds. They can also be transmitted as
elastic bending waves - but these depend on the presence of shear

force gradients, suppos~d to be very small. The transverse wave
motion can be described by

Y = yoh [2rf(t - x/qrﬂ (4.17)
where h ~1 so that the transverse velocity associated with it is

9y = (22fy,)h’ [fo(t - x/qr)]

where we suppose h'~ 1 also.

(4.18)

Associated with this wave motion are energy densities, in the cable,
in the adjacent water. Their magnitudes are of the order

2 ~
1/2 m'aty' =1/2m (21rfyo)2

= ,215 x 10 in~-1b/in~ (3.44 x 10 )

in the cable and

2~ -2. .3 "'2
1/2 m, ’atyl T .0274 x 10  in-1b/in" (.43® x 10°°)  (4.20)

in the water. One should think of this second energy density in the
water as arising from the modification in the vorte £low structuce

produced by the transverse motion of tne cable. Of course, like the
cable motion itself, both kinetic energies appear because of the lift

force exerted on the cable by the water, and conversely on the water
by the cable.

} Now if the wave produced on the cable travels off to the cable ends
and is dissipated completely, there will be no transverse motion left--

the strumming will die away. This does not always happen, of course,

and is the subject for later discussion in Chapter 5. This rate of

} energy transmission along the cable has a magnitude

2
Kp = 1/2 m(2e£y,)~ »(R))? ¢

(F) = ,0899 in-1lb/s (1.44) (4.21)

Y
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approximately......not very large. However, when the flow structure
of the shedding vortices is modified »y the motion or the cable and
the vortices move awav, or are conveyed away into the water, energy
can be dissipated this way at a much higher rate. Assuming a typiccl
convection velocity equal to the projected flow speed U; cos ¢, we
find

(® K,

2 .
1/2 m (2rfy ) UlALl(LRl) cos ¢

16.4 in-1b/s (263)

(4.22)

3

|
for the estimate of this loss rate.

ACOUSTIC RADIATION (Processes (D)and (G))

The cable strumming phenomenon seems to have caused a certain num-
ber of problems because pressure waves generated by the vibrating
cable can be picked up directly as noise on hydrophones nearby. It
behooves us to make estimates of the pressure field and radiated
power generated in this way.

The standard expression for the power radiated from a circular
cylinder vibrating transversely to its length (reference 12) in a
medium whexe the sound speed is Sy (for water, cg = 6 x 10- in/s)

2
P k (27fy ) AL
(@) W 1 (4.23)

.180 x 10™° in-1b/s (2.87x107°)

if AL, = L = L, and where k _is the radiation resistance per unit
lengtﬁ of %he cable (1b—s/in2):

2 -
k =1/2 mo(aig) (rRlz) Co = 8.51 x 10 12, (4.24)
%

The acoustic waves emanating along the cable spread out and impinge

on the sensitive hydrophone pick-up area
ay ™ 4 inz.

The waves received from different portions of the cable combine
according to their received phases, and these, as we shall see, depend
on the ratio of the speed of the transverse waves along the cable to
the sound speed in water -~ and the cable-case configuration in relation
to the hydrophone.

———
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Let us assume the hydrophone is in the case near the upper cable :
end. This means that the radiation direction is nearly along the 5
cable, so that v in the next formula is zero. According to Morse,
the (complex) velocity amplitude in the water from the cable motion
depends on the distance r from the nth radiating 'loop' to the
point in question by the formula

. N b <o i[k'(rn'cot) - 3”/4] (4.25)
Y= 3 3 cos n e J
n=1 Moo néfr |
where
2 2
k' = 2rf/cg , (b/mycg) = 1/2 (%gg) - (2xfy, )Ry (4.26)

and F¥ = number of loops vibrating. Hence, the power received at the
hydrophone case bottom is, with cos?n = 1:

w2
(D) Py = ay 1/2 meeo || (4.27)
Altogether, since
c
T
Yy = 4F (2n-1)
- A - C
L, = ¥ 5% = §oF (4,28)
and AT = CT/f
is the wavelength, we find _
£y, \2 3 N o1y
_ 2= i) 2x£fR] l
Py = w"N my I %o co (LyRy) ay ;l
/
N 2 N )
= 7.95 x 10~13 IEI in-1b/s (1.27 x 10 +% ‘ZI )
1l 1
} for £ = 38.5 Hz, N = 451 (i.e., L; =L = 36 x 103 in).
4
28
}
#
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Tit this expression

Nyo N/, 2
E' = ircp(2n-1) /2c ‘
|1§ i (e O/ omol , (4.30)
is less than 2N - 1 = 901.* Since one in-1b/s 2 .11 watt,
~10 . ~-10
(D) PH < 7.16 x 10 in-1b/s ~ .79 x 198 watt (4.31)
(1.15x1078) (.12x10°9)

is felt to be a crude but very conservative upper bound.

LONGITUDINAL STRAINS AND WAVES (Process (C))

Melde's experiment shows that there are longitudinal waves associ-
ated with transverse ones on a string, and conversely. For standing
waves, the frequency of the longitudinal ones is double that of the
transverse ones.

If we have a vibrating loop, or a traveling transverse wave under
tension, there is a longitudinal strain associated with this sideways
deformation of amount

s8-8
€ = o (4-32)

%o

where s is the modified length of the segment of cable normally of
length 8- If

v(x) B y, sin (27fx/cq) (4.323)

is the shape of the transverse wavelet (wavelength A = cT/f), then

for a quarter wave,
¢h/4 2
s-s, %172 (y') dx. (4.34)
J

(o]

Consequently, we have the estimate

7

¢ = (rfy_foy)? = .387 x 107 (€.19x107) (4.35)

for the associated strain under our approximate conditions.

*However, the number of coherently vibrating loops or half-wavelengths
is a highly uncertain quantity.
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If the whole cable underwent such a strain, it would correspond to
a deformaticn of

2

eL = .139 x 1072 in (2.33 x 1079). (4.36)

1
;
;
}
|
:?’:
%

This may be contrasted with the stretch of the cablie under a uniform
tension of 213 pounds. Since Young's modulus is about

E, = 18 x 10% 1b/in?

for steel cable, we have
T ¥1.74 x 1073 (4.37)

or a strain thousands of times as great as the "acoustic" one. The
static deformation is similarly greater and equal to 63 inches (or

5 feet). Clearly, the only way for the cable strumming to affect the
case and its contents is by the transmission of waves - either
through the water as we have already considered, or along the cable
and through the case end~plate. The power which might ke delivered
this way to the end of the cable is

2 2
= €
Pc 1/2 Ec 1R1 Cq

1.43 x 10”2 in-1b/s = 1.57 x 10~° watt (4.38)

~

' (c)

(3.67 x 1073) (.404 x 1073y
This is 10,000 timeﬁ larger than the conservative maximum estimzte
for acoustic waves through the water.

SUMMARY: THE STRUMMING AMPLITUDE V.

It is instructive to recall the major estimation formulas. This
alds in comparing their numerical magnitudes and in demonstrating
which physical factors are of most importance in the phenomenon. But 4
of even greater significance, we are able to "derive" a relationship J
between the amplitude of strumming y,, the Strouhal frequency £, and 4
the flow speed U; and the parameterZ governing the magnifiude of
] the 1lift force.

Reference to the flow diagram of Figure 4.1 again shows that the
vortex lift work rate (Process (H)) can be considered as the main
input to the cable system.* The resulting energy flow is then

1 *Since we are not considering the gross low frequency motion. Also, .

Process (E% is calculated in reference 16 and found to yield negligible
pressure eiffects.

|
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partitioned into Processes (B) and (L) and (F). Process (F) in tuzrn
acts as input to Processes (G) and (C), and the transfer processes -
not calculated - resulting in enexrgy loss rates to the anchor and in
the other directicn to the case. The acoustic filtration process
discussed later deals with the associated phenomena.

Diagramming these, we have the scheme shown in Figure 4.2. This is
not a complete sketch, but it does illustrate what we are aiming at.
That is, numerically, Processes (F) and (L) arc small and almost
n2gligible compared to (B); and Processes (C) and (G) can certainly
be accounted for by the energy flow via (F). Moreover, all the energy
flow from (H) to (F), (B), (I.) seems accounted for. Consequently, we
should have the equality: (H) = (B) + (L) + (F), or

rle+(m/rno)qTrR12 (4.39)
2R,AL;U; cos ¥ ]

cos ¥ U1z = fy0 1+

The factor in square brackets has the value 1.0l, independently of
y.. Hence we see that, energywise, the strumming amplitude y,_is
limited by its relation to £, U, and 2.

That is, we must have:
cos ¥ Uz > fy, . (4.40)

The numerical estimates we have given were based on two assumed
values for Z and y,, which clearly might now be modified - y, might
be four times as great, or ¥ might be one-fourth as large., If the
latter were true, the magnitude of the work Process (H) would be
reduced by a factor of four, and all other estimates wculd remain
unchanged on the other hand. The corresponding values for y, = .04
have been listed as parenthetical alternatives in the preceding dis-
cussion. We assume these are the appropriate values until further
investigations are made.

This relation (4.40) is similar dimensionally to the static Strouhal
relation - but it has dynamic implications important in the considcora-
tion of the mechanisms which are instrumental in helping limit the
maximum amplitude.

It is interesting to comizine (4.40) with the Strouhal relatiocn

cos ¢ UiSg= 2fR (4.41)

1
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FIG. 4.2 SOME IMPORTANT STEPS IN THE PARTITION AND
'DEGRADATION' OF ENERGY FROM THE FLOW FIELD,
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so that

Yo < 2Ry & - (4.42)

If 2 indeed has the value .1 often observed, then Yo < B!

It is also instructive to consider (4.40) in relztion to a simple
application of Newton's Law assuming a harmonic transverse cable
acceleration produced by the lift force F - This leads to m < 4m,
which is certainly satisfiedl!

Until a more detailed theoretical examination oZ the dynamic
inequality (4.40) is available, supplemented by sufficient investiga-
tions -~ theoretical and experimental -~ of its limits of validity, we
must regard this limit on y, as a conjecture which is possibly valid
but not yet sufficiently verified.

33

g S SO

Al e

-

A ..



Al

-

v

R

<

-

€

NOLTR 72-~77

CHAPTER 5

CONCLUSIONS AND NEEDEL RESEARCH: ANALYSES AND EXPERIMENTS

SUMMARY OF RESULTS

The rough, rather crude nature of many of the approximations
entering into the estimates given in Chapter 4 make it almost self-
evident what research needs to be done in getting a better, more
exact understanding of the cable strunmming phenomenon associated with
a moored m,ne system. Nevertheless, we 2id specify, in Chapter 2,
the system and its equilibrium configuration rather carefally. The
principal characteristics of the vortex shedding and enurgy transfor-
mation processes were described qualitatively and fairly completely
against this setting. This jualitative analysis is summed up in
Figure 3.1 of Chapter 3, and yields the background for making most of
the quantitative estimates. Despite the approximaticns used in making
them, the numerical values do corroborate the physical principles
used and yield a proper perspective for the relative importances and
intervorrelations cf those processes which were examined. That is,
we maintain that whe numerical ordering furnished by the estimates in
Chapter 4 is cocrect for the flow regime of greatest importance in
moored mine applications, were the flow speed can be up to a few knots.
These relative magnitudes led to the ordering shown in a diagrammatic
list of most important processes, Figure 4.2 Chapter 4.

There jis no doubt that the predominant portion of the initislly
available kinetic energy in the water flow is ineffective in producing
dynamic system response, and much of it is transformed into the gross
flutter motion response. Yet, a significantly sizable proportion, in
terms of ability to affect acouctically sensitive portions of such
systems, is handed over via Process (H) to cable strumming, but then
most is re-transformed (Process (B)) into a modification of the vortex
shedding phenomenon. I this form of the energy, acoustic effects can
only be produced either by the sound field generated by collapsing
vortices, or by the convection of vortex flow pressure patterns near
sensitive elements. However, Rrocess (F) - energy dissipation in
transverse wave motion along the cable -~ although perhaps only of the
order of one percent of (B), can still be effective acoustically by
transmission into the mine case via the cable attachment device. .
Further degradation by acoustic radiation from the cable and raception
at the hydrophone is not likely to lead to troublesome effects, but
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experimental tests of such a conclusion must be made to evaluate a
confidence limit.

A kind of spin-off result of our energy estimatiion procedure is
the recognition of the possible near equality of Processes (H) and (B),
which implies a 'dynamic Strouhal inequality relation' to hold between
the strumming amplitude and the amplitude of motion of the aft stag-
nation point on the cable. This is stated simply by

fyo < UyZ cos ¥ (5.1)

which certainly requires further investigation, both theoretical and
experimental.

Finally, we wish to discuss two otlier specific well-formulated
problems needing further research. Each has been investigated
theoretically in a preliminary way. The first investigation led to
an original rudimentary theory which underlies the well-known
'static kinematic' Strouhal relation, basic to cable strumming and
gross flutter. The second consists of a reapplication of acoustic
filtration theory to the problem of wave transmission along the cable,
through a lossy rope connection and into the case. The discussions,
although describing preliminary investigations, are presented in the
following two sub-sections, since they were made during the initial
phases of this review.

AN ELEMENTARY DERIVATION OF AN APPROXIMATION TO THE STROUHAL RELATION

We examine the regime of Rey:old's numbers in which the Strouhal
number

£4
S, = == (5.2)
t Ty

is approximately constant (~ 0.2). This regime is
10° <R, < 10° (5.3)
where
Ry = 44 (2.4)
is Reynolds' number. k
(U = normal stream speed relative to object of transverse diameter

d; f = vortex shedding frequency and ¥ = kinematic viscosity.) Let
us assume the following (reference Figure 5.1):
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1) A vortex of cross-section area (J'w (d/2)2) forms on and sheds :
from a given side and to the rear of an object of diam..ter d during : !
} each period of the motion. The formation of an oppositely oriented
and spinning vortex on the other side is exactly one-~half a period
out of phase. J' is a proportionality constant of the order of unity.

A}

ERCSP JOIP—

2) The vortex strength while it is growing is

St AL L atesige

fa(t) (5.5)

where a(t) is its time varying cross-section, and { is its vorticity
(2 times average particle angular rotation speed). We assume that the
vortex vorticity is accumulated in 'a' by convection across a kind of
a "throat" - and does not diffuse appreciably during the shedding

b period. That is, 'a' grows by accretion of vorticity from the
diffusing region ahead of the throat. Hence, { is constant throughout
T 'a', approximately.

Rt B Y ]

3) The rate of increase of the area 'a' is given by
1 a=4fv (5.6)

where £ is the throat size, which we shall assume grows rapidly from
4 zero to a maximum, and then shrinks rapidly to zero again.

] The fluid velocity next to the cylinder is zero, while that at
the farthest point of the throat from the cylindsxr is 2V = J"U with
an average value V across the throat.

DO Vo ol Mot o

EET LI F ey

We also assume

} /= % J" sin wft (5.7) A
where J", J'"' are proportionality constants possibly of rearly unit f
magnitude. :

At time t = ., the vortex sheds and a new one begins to form.

But at this 1nstan€

tag
PN
VR et =

1/f
» d 2 id
adte=J"'r 5- (5.8) “?
p o H
Hence, grgm dU2 .3 .4 2 (5.9)
3 22 7xf 2
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9
<
i

0.2 (5.10)
if ' = J" x J'". (5.11)

The question remains: what are the actual values of J', J", and J'"
and how are they really related?

LOSSY WAVE PROPAGATION AND THE FILTRATION OF SOUND IN THE MOORING
CABLE SYSTEM ’

We outline in the following a brief derivation of equations for the
reflection coefficients of compressional (longitudinal) waves along
a cable (which may be slightly curved) attached to an anchor at one
end and to a section of lossy rope at the other and through it to the
bottom of a mine case. There are two such coefficients ~ one appro-
] priate for the anchor connection, the other for the rope and case
segment. By studying the behaviour of these expressions as functions
of physical parameters occurring in the complex acoustic impedances
of the elements involved, one hopes to be able to optimize the reflec-
tion and transmission processes so that energy of vibration is kept
away from acoustically sensitive portions of the system.

3 T S MO

Figure 5.2 shows the system contemplated with acoustic particle
velocities designated by u' for waves moving from the anchor toward
the case and u" for waves traveling oppositely. A subscript R
denotes rope variables, while A denotes anchor ones. As before,
subscript '2' is attached to case quantities and 'l' and '0' to the i
appropriate cable values near the rope end and the anchor end respec- !
tively. Transient overstress (tension) values are denoted by 7,
while p stands for 4rf, the cyclic frequency of longitudinal waves,
where £ is the Strouhal strumming frequency for transverse waves.

JO R P VR

L Ers vz g el me e 2 T

For longitudinal waves, the strain is

2 =
_ [zYof . T
= (_EE—) , Where Cmp ?J—————-——?;- (5.12)

!/
\m+mo)vR

B ety g, §oS B S

A e M

3 and the particle velocity for compressional or longitudinal waves is
rélated to it by the usual formula

Lo w»v.&émm s

L u = ec, (5.13)
E . .
whare ¢ _ = ﬁg , "E_ " being Young's stretch modulus. 1In a traveling i ’
s acoustic wave, we, of course, have the impedance relations - 3
™ =meou' , T = mccu" for the stresses (tensiong). We suppose ) /i
‘fz»:
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FIG. 5.2 ACOUSTIC WAVE TRANSMISSION AND FILTRATION
FOR A MINE CASE AND MOORING CABLE SYSTEM.
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hat ¢ stands for the particle displacement either at the anchor or
in the rope, as the case may be.

Reflection At The Anchor. At the point of connection 'A' at the
anchor, we require continuity of particle velocity:

uo' +u )t = ate (5.14)

whereas, if M,, K, R, are appropriately chosen (empirical) mass,
stiffness and resistance parameters for the anchor connection
mechanism, Newton's second law posits

(7,' +7.") a, =R 3§+ K § + M3 ¢
o c 1 At A nA tt (5.15)

. - 2

#where a; = WRl .

In this we have supposed that ¢ is proportional to eiPt g0 that
Zp(p) = Ry + i (Myp + Kp/P) (5.16)

is the complex impedance of the anchor at this point. Let

z, =2z, =mc, (5.17)

be the acoustic impedance per unit area of the cable material.
Then we have the expression

2
Lo |2 202y - By
F = (5.18)
o u," '7lal + ZAI

for the fraction of energy incident on the anchor which is reflected
back up the cable. This gives a measure of the effect of the anchor
on inhibiting the loss of cable strumming energy.

Propagation in the Rope. Before we can derive a similar coefficient

to determine the effectiveness of the rope in acoustically isolating

the case from the cable, we must consider lossy wave propagation in
the rope.

40
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In the cable we are able to write expressions

=
]

u
1 (5.19)

" eiP (t + x/Cc)

for the component traveling waves in terms of particle velocity
amplitudes u;' and u;" at x = 0 (where the rope is connected to the
In the rope, on the other hand, we must write ~.

cable).
u' = uﬁe—axeip(t ~Bxp )
(5.20)
u' = uiea(x-l)eip(t +BX/P)
where
2= = p?/cq
(5.21)
af = r_r_.)/czR

and cr is the speced of propagation while r is a dissipation constant
for the rope. That is, particle displacements in the rope obey the

lossy wave equation (xef: 20a)

_ 2
dppEp t 2rdckp = cRa, . bR (5.22)
fx = iu/p, Cg = Ep/mp .
As a result, the (complex) rope overstresses are:
T = iER(a + ip)u'/p
(5.23)

o —iER(a + iﬁ)u"/p

for the two types of ftraveling waves. In most cases,
a~r/CR<<B'vEVbR. Hence, the rope has a complex acoustic impzdance

per unit area:

zp (p} = -iEg (@ + if)/p. {5.24)

Because

]

. a K B, (5.25)

) We have
' ERﬁ/p ~ MpCR. (5.26)
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Reflection at the Rope Isolation Element. At x = 0, we suppose
the cable and rope to be jointed by a massive linkage M. Hence

u; = ui + u; = ug + uﬁe"“LR
4 —
. ajTy-ag g = Mipuy (5.27)
- Z(P)ul
‘here: = -zl(ui - uy) andrg = -zglug - ug e~ °bR).

At x = Lp, the rope and case are¢. connected through a system similar
to that at the anchor. So we have

ué e—(a + iB)Lg " uﬁ eiﬂLR - atEC
. 181, (5.28)
aRzR(-uée’(a + iB)Lyp + uf e R) = -Z¢(p)a b
where: £c is the particle displacement at the case, and
2o (p) = Ry + i(Mcp - Ko/P) (5.29)

is the load impedance at the case.

After a considerable amount of algebraic manipulation, we find an
expression for the reflection coefficient:

17 u‘l 2
l(zlal-z')zg + (zlal+z+)z-e—27LR,2 (5.30)
where: l(zlal+z—)zg + {zy2,-2" BE: c ZYLRI
= (a+ i)? = 2irp - p
2% = (e B (o) (5.31)

Zet = zp(plagt Z,(p) .

Since Fy is of the form

i M+ e—?.YLRI 2 =, ID"I 2
|5 + e~27Lg|2 |D*]2
42
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where: §' and §" are complex parameters independent of Lr, we can
plot the numbers D* and D" in the complex plane, as in Fig. 5.3.

. . L

There are clearly optimum conditions encountered as the length of
the rope Ly is changed, so that there is a maximum energy reflected
back into the cable, i.e., the case can be isolated optimally.

What is needed, of course, are the empirical values of the
parameters appearing in the acoustic impedances: the lumped x
Kq ‘

quantities Rar Mg, ;
Rpo Mp, Kp ]
M

and the various distributed quantities. These can be determined by
suitable experiments. However, a straightforward acoustic engineer-
ing experiment to test the isolation properties of such a rope would
seem to be in order as a prior endeavor. One could suspend a mine
case in water with adjustable tension and isolation elements inserted
ir the cable. Longitudinal vibrations of small amplitude in the
cable can be generated and the energy transmitted to the case can be
measured by suitable acoustic pick-up instrumentation.

43




e g % T T - T N
ki e j

NOLTR 72~77

FUPARSS

i
i
!
3
&
1
{
'
!
3 e-2‘YLR
Y=a+if
j
H
::;
H
»

Fi, 5.3 BEHAVIOUR OF REFLECTION COEFFICIENT, Fy, PARAMETERS
AS ROPE LENGTH, Lp, CHANGES, - THE RADIUS VECTORS
ROTATE ABOUT 5' AND 8" AND DECREASE IN AMPLITUDE.

rgre—
A P RIS

XY
LN i

-

&
- s

s

—— e s JMM [V




NOLTR 72-77

APPENDIX I - NOTATION

1, BASIC (bmputer Program H21032

There follows a reproduction of the 'Introduction' to H21032
which contains definitions or names of all symbols used in READ and
DATA statements and in PRINT output statements. These definitions
are not_ reproduced in the listing of the second section of this appendix
although each computer symbol is listed with a (P) to designate that it
is defined in the computer program. Computer symbols are followed
by the symbol used in the report to designate the same quantity, when
this is necessary for clarity.

PROGRAM H21032 OF 23 FEBRUARY 1972
FOR CALCULATION OF MOORED MINE CABLE AND CASE
EQUILIBRIUM CONFIGURATIONS AS FUNCTIONS OF FLOW
SPEED

TO SKIP INTRODUCTION TYPE 'O°+OTHERWISE 'TYPE '1°.
21

INTRODUCTION

THE CAELE OF LENGTH °L*" IS SEMI~RIGID AND CON-~
SISTS OF A STRAIGHT SECTIeN OF LENGTH 'LO' SMOOTHLY
JOINED T8 A CUKVED SECTION OF LENGTH 'L1°*«THE
AVERAGE FLOW SPEED FAST THE CASE IS'U2', THAT PAST
L1 IS 'Ul*>AND THAT PAST LO IS =0." LO IS ATTACHED
TO THE ANCHOR WHICH EXERTS TENSION °'TO' AND SHEAR.
'*SO0' ON IT. L1 IS ATTACHED TO THE CASE WHICH
EXERTS ONLY TENSION ‘T2' ON IT.

TILT OF CASE IS °'02*'3 TILT OF LO IS '00°'+DRAG
@N CASE I'S 'D2'; WGTe IS 'W2's BUBYANCY IS ’'B2's
NET BUJYANCY IS °*N2's CASE LENGTH IS 'L2°%.

RADIUS OF ARC L1 1S 'R'} °'N1°' IS NET ®WGTe. JF L1
AND 'NO* THAT OF LO3 °'N' IS NET WGTs OF ENTIRE
‘CABLE. ALL °*NETS' INCLUDE BOTH INTR.NSIC WEIGHT
AND BUOYANCYs> Is+Es WATER DISPLACEMENT.

DRAG ON L1 JS °'Pl°'s CASE RADIUS IS 'R2' WHILE
THAT OF CABLE 1S 'R1°'« HORIZONTAL DISPLACEMENT
OF UFPER CABLE END IS 'X' AND ITS DIPTIS *Z°.

DIMINSIONLESS CYLINDER DRAG FACTOR IS °'Cl' AND
END DRAG FACT@R IS 'C2'. ‘Al','A2°',AND °*A’ ARE
CASE CYLINDER AND END, AND CABLE (PER UNIT LENGTH)
CYLINDER DIMENSIONAL DRAG NUMBERSe 'B' IS NET WGT.
PER UNIT LENGTH F2R CABLE.'G' IS GRAVITY ACCEL.
'M* AND "0*' ARE CABLE AND WATER MASS DENSITIES.
*P' IS PI=3.141592¢

DATA READ AT 1600 AND 1610 AND LISTED AT 2410
MUST BE GIVEN IN A CONSISTENT SYSTEM OF UNITS
AND QUTPUT WILL BE IN THAT SYSTEM.
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SYMBOL LISTING : ?
g In the following list of synbols, Table IA~l names, and definitions, d
]

I

subscripts !'0' and 'l' refer to cable quantities, 'R' to rope
quantities, ‘A' to anchor, 'H' to hydrophone, 'C' to compressional
wave or to case, 'T' to transverse wave quantities, and 'L' to lift
forces. Exceptions are my and cp referring to water density and
sound speed respectively, and yg, the transverse strumming amplitude.
The symbols (B), (2), (D), (E), (®), (), (H), (1), (L), (M) signify
processes; ‘A', 'Bl', 'B2', ‘C', 'D' label points, as explained in
the text.

TABLE IA~1

1) (P) denotes a symbol defined in Program H21032
2) Page No's. are those where symbol occurs first in text

I e SIS I\ e TR e L ¢ s

1 A
f SYMBOT NAME OR DEF, PAGE SYMBOL NAME OR DEF. PAGE
i A (P) ap Rope X=-section 42
] area
Al Cyl. side drag 10
| no. B (p)
a End drag no 10 B, Cbl. displace. 20 ]
ﬁ (bvioyancy) ]
B, Case displace. 7 . ;
ﬁ A, (P) (=A") (buoyancy)
h .
a Shedding vortex 37 b Sound veloc. 28
area ampl. coeffic.
ay Cable X-section 40 ct Side drag factor 10
area
_ c End drag factor 10
ay Cable aspect 20
area cy (P) (=C')
L a, Case X-section 7 ) (P) (=c")
) area
c Sound speed 7
a, Case aspect area 7
c0 Sound speed 20
ay Hydroph. sens. 27 (water)
area
4 Ca Compress. wave-~ 20
speed (cbl)
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TABLE IA~1 (Cont)

SYMBOIL NAME OR DEF. PAGE SYMBOL NAME OR DEF. PAGE g
Cop Transverse wave- 7 g Gravity accel. 10 ;
speed (cbl) )
h Wave-form 26 £
Cp Comprass. wave- 41 (transverse)
speed (rope)
Jg',a",J"' Proportionality 37
D Dray force 56 coeff's. §
D! Complex filter 42 K Kinetic energy 7
vector (numer.) flux rate
D" Complex filter 42 kl KE flux rate 21
vector (denom.) (past cbl)
Dl (P) ﬁz KE flux rate 21 :
(past case)
D, () , ;
KT Trans. wave KE 26 i
d Diameter of 37 flux
cable . ,
Ky Vortex Mod. KE 27 ’i
E, Young's mod. 20 (ebl)
(steel) .
K(T) Incident KE flux 14 .
ER Young's mod. 41 limit
(rope)
KA Acoustic stiff=- 40 ‘
FO Reflect. coeff. 40 ness (anchor)
(ancior)
K, Acoustic stiff.- 42
Fl Reflect. Coeff. 42 ness (case)
(ropc)
k Radiat. resis- 27
FL Vortex lift force 25 tance (cable)
£ Strouhal 2 k' Cyc. wave no. 28
frequency (cbl) (water)
i Strouhal 52 L (P)
2 frequency (case)
L, (P) | ,
G (P) (=g) : ¢

I (P) 14
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TABLE IA-l1 (Cont)

NAME OR DEF, PAGE
(p)
Rope length 42
Vortex coher. 19
length

Vortex diffusor 37
throat size

(p) (=m)

Acoustic linkage 42
mass .

(P) (=mg)

Acoustic mass 40
(anchor)

Acoustic mass 42
(case)

Force nioment 60
{cable)

Cable density 20
Water density 7

Nylon rope density 41
Net wt cable (p)

Net wt straight (p)
part cbl.

Net wt curved (p)
part cbl.

Net buoyancy case 10

No. of vib. loops 20

SYMBOL NAME OR DEF. PAGE
n Running no. vib. 28
loops
P, Power in compres- 30
sion waves (cbl)
Py Radiat. power recd.28
! by hydroph.
Py Rad. power from 27
cable
P Cyc. freq. long. 38
waves
61 Vviscous heating 23 -
(cable)
Qp Viscous heating 23
* (strumming}
R (®)
Ry (®)
Ry (P)
Ry "eoustic resis, 40
(anchor)
Re Acoustic resis. 42 -
(case) T
r Dissig#* con- 41
x%C (rope)
z Distance from 28
) vib. loop
Rey Reynold's no. 7
(cable)
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TABLE Ia~1 (Cont) é
SYMBOL NAME OR DEF ., PAGE SYMBOL NAME OR DEF. PAGE 2
Rep Reynold's no. 20 u", (uy", Compress. wave 38
(case) uy*,up") part. speeds
(down)
S Shear force 60
(cable) \ Ave. flow speed 37
in diffusor throat
So Cable shear (at 11 . ;
anchor) W Rate of working 7 3!
S¢ Strouhal number 8 WL Lift work rate 25 2
|
s Stretched segq. 29 Wl Cable wt. 20 %.
of cable ‘
W, (P) o
So Unstretched cable 29 !
seg. X (P) b
[ S
T Nominal tension 20 X Coord. var. 29
To Tension (at 10 Y Complex sound 28 ,
anchor) veloc. ampl. %
} T, Tension (at case) 10 y Trans. cable 7 .
i displace. .
U Speed of water 2 i
flow Yo Max. Trans. 7 ¥
' cable disp. ;
Ui Water speed past 7
upper cable z Case Dip 20 ?
1] 7, mao~d past Z Acous. impe~ 42 §
1 v - : dance (link) %
Ul Water speedt!’/iy]} — 5
| 2 normal to case G impe~— ¥
dan?
u Compress. wave 38 at 1link
part. speed + w
{ Ze Acous. impe- %
u', (u,', dance (rope)
ul',uR')Compress. wave 38 at case
3 §¥-~Tt. speeds (up)
ZA Acous. impe~

dance (anchor)
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TABLE IA-1 (Cont)

GREEK
SYMBOT, NAME OR DEF, PAGE SYMBOL NAME OR DEF. PAGE
Zq Acous. impe~ 42 « Propag. decay 41
dance (case) const. (rope)
Zo=27 Ac. imp, per 40 B Propag. wave 41
unit cable length const. (rope)
ZR Ac. imp. per unit 43 r Water Circula- 25
rope length tion
4% Complex proport. 42
const. (rope)
', 6" Ave, filter 42
vectors
€ Long acoustic 29
straip (cable)
€ Static strain 30
(cable)
¢ Cable tilt 57
$o (P)
$2 (P)
) Nominal cable 19
tilt
K Reflect coaff,. 42
factor
A Wave length 15
Ap  Trans. wave 28
length
E  Viscous coeff, 7
(water)

V' Kin. Viscous coeff, 7
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TABLE IA-1 (Cont)

NAME OR DEF,

A0

Dyn. strouhal no.

Shear stress
(water)

Ave. curved cable
tilt

Case tilt rel.
to cable

Ampl. stag.
motion

Compress. stress
dev. (wave up)

Compress. stress
dev. (wave down)

Compress. stress
dev. (anchor)

Compress. stress
dev. (link)

Compress. stress
dev. (case)

Long. wave part-
icle displace.

Long. wave particle
displace. at case

Long. wave particle
displace. in rope

Rel. rad.
direction

vorticity

PAGE

20

22

23

38

38

40

42

42

40

42

41

28

37
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APPENDIX II

CABLE AND CASE CONFIGURATION

'"HE CASE EQUILIBRIUM POSITION AND ORIENTATION

Consider the configuration shown in Figure 2.2 and in particular
the equilibrium of the cylindrical case.* 1In practice vortices
would peel off, alternately on opposite sides of the case, with

vortex axes parallel to the cylindrical case sidewall generators,
with the Strouhal frequency

= .S_tf‘_e_?'_)_. U2'L

(AII.1)
2R,

£
where Ufl is the relative water speed past the case normal to the
generators. We shall assume that, to a close approximation,

Ul = U, cos (¢3-0) (AII.2)

where 0 is the case tilt relative to the cable end. It is quite
possible that successive vortices are joined alternately so that the
net result is a continuous "helical" vortex which peels off around
the case, as sketched in the Figure AII-l. However, the slow periodic
generation and shedding of vortices from the case, and the associated
gross cable and case motion are subjects for more detailed discussion
elsewhere. We shall assume here that mechanical constraints of some
type have made these motions negligible and shall consider in this
part of the appendix only the equilibrium of the case under the
influence of steady drag and buoyant forces, and the tension force
exerted on the bottom of the case by the mooring cable.

Moreover we shall treat as negligible the fluid forces on the case
area elements by mainstream flow compsonents parallel to them, only
retaining the influence on the drag of the mainstream flow components
normal to the elements. Forces on the two end areas will be treated
as equal. Also the weight distribution through the case will be
treated as uniform, and the gradient of the ambient flow field in

*The type of derivation given in this appendix occurs of course else~
where, e.g. Ref. #1, 15. It is presented here for r.-.dy reference,
and furnishes a realistic model with which the simple rectilinear
cable model used in making the enexrgy estimates can be compared.
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"HELICAL"
VORTEX
AXIS

FIG, AIl-1 A POSSIBLE METHOD OF VORTEX DETACHMENT FROM
THE CASE, AND ITS SUBSEQUENT FORM.
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the neighborhood of the case position will in this cage be assumed
to be zero. The centers of drag, buoyancy and gravity are assumed

to coincide.

With these suppositions and constraints, the force and moment
equations on the case can be written down and lead to (sec

Figure AII-2).

Bz = W2 + T2 coSs ¢2

D, T2 sin ¢5 (ATI.3)

where: 2
By = mogw(Rz) Lg (AII.4)

is the buoyancy force on the case (the displacement), and
D, =m C'RL.U2 cos?(¢, =0) + m_C"x(R,)2U,%sin% (¢, ~6) (AII.5)
2 o 27272 2 (o} 2 2 2 *

is the total drag force on it. C' is a drag constant appropriate
for the cylinder side face and C" is one for the ends.*

Taking moments about the point of attachment of the case to the
cable, and cancelling the factor L,/2, we have

stin(¢2 -g) ~ wzsin(cb2 -8) = chos(d:2 ~9). (A1X.6)

These equations determine T2, é,, and#d in terms of the case and water
parameters and interaction counstants. An immediate consequence is
that !

6=20 (ARI11.7)

' under the stated hypotheses. Hence, the tilt of the axis of the
case simply equals that 6f the mooring cable end. Of course a
redistribution of weight in the case, or unequal fluid forces on
the case ends would require a reexamination of this result.

} *The usual drag coefficients are C' cos(¢>2 ~8) and C" sin(¢2 -8).

Our formulation emphasizes that C' and C" have practically constant
values with cespect to changes in (¢, ~ 6).
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o Lh e ﬂf P

e em . e

[ 2
5 sm2¢2U2

e &

P P

A 'cos2¢2U22

Py

I £ TR R

e

ENpe

FIG. AIl-2 FORCES ON THE CASE. THE TOTAL DRAG IS:
DU, (A'cos’p,, + Asin’p,)

- f
FRIMIWI «»Wv}:ém-:.‘..'n sapptan v D w

[ WP

-

55

r A v
}‘r

1

L

|
3
3

|
1
F
1




- ~ g YT T oy e e A

-

NOLTR 72-77

Carrying +the algebra a step further, we find

- 2 2
'1‘2 = D2 + N2 (AIX.8)
and
tan ¢2 = Dz/NZ 5
|
= U22(A'cos2¢2 + A"sin2¢2)/N2 (AII.9)
where: N2 = Bz - W2
is the net case buoyancy, and
2 " 2
} A'U2 and A U2

are the maximum values of the drag on the side and ends of the case
respectively. The numbers

A' = m C'R,L
(o) 2

i 2 , (AII.10)
AV = mOC“r(Rz)‘

are independent of U,, if C’, and C" are.

-t ———

These relations permit an interesting geometrical interpretation
to be made of their solution. For clarity, omit the subscript '2!
on T2 and Dz, then the equilibrium conditions

- - W ogin2 2
N2 T cos ¢ , D=7 8in 5 0: % cos? ¢é A" gin ¢§)U2
(AII1.11)

can also be written

2 = p? + N22 (AIT.12)

2 -A" 2 ve 2 ~AN 2
T< (D-A Ué ) N2 (A'-A )Ué

! as ejguations to be solved for T and D, given the values of A', A",
Uy and N,. Then twice the tilt angle is given by
N3-D2

cos 2¢2 = ‘—T-%-——. (AII1.13)

In the (D, T ) - plane, the equilibrium solution is quickly
obtained from the coordinates (D2, T, ) of the point of intersection
of two curves:

R
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(a) a parabola, whose T2 - intercept is N22

(b) a rectangular hyperbola, whose asymptotes are the D - axis
and the 1ine D = A"U22 parallel to the T2 - axis.

Thezse curves are sketched in Figure AII-3; one easily sees how the
equilibrium depends on U, and on N,.

The equilibrium cable shape derivatives at the case are of course
given by

x' (L) = sin¢2 (AITI.14)

z*t (L)

cos¢2

since 6 := 0.

THE CABLE EQUILIBRIUM SHAPE

Differential Element Analysis. In Figure AII-4 we depict the
forces acting on an element of the cable of length ds when it is in
equilibrium. It is assumed that the cable is not completely
flexible, i.e., it supports a small bending moment; it is also
agsumed that the drag is due only to the flow component normal to the
cable axis. Moreover, the flow velocity itself is horizontal, and
in the x~direction, but its magnitude may depend on the vertical
z-coordinate. Hence we assume that the drag force on this element
is purely horizontal and has a magnitude

ap

moUz(Z) cosZ¢RlC'ds
) (AII.15)
AUzcos $ds

Note that C'cos¢ is again the "usual” drag coefficient, and
2dscos¢R, is the projected area of the cylindrical element normal

to the flow so that C' has nearly constant values which approximate
the values listed in tables for cylinders immersed in flow fields
normal to their axes. It is convenient to introduce the cylindrical
cable drag number per unit length:

AE moRlC'.
57
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2
2 T2(0-A"U, BN, 2 A A" 2

T2/
: /
&
/N2'

/ I |

’ /] I b

2977 | |

i |
/1 i |
1 7 -4 I 5 D
2 2 2 .
N,*-D, A", D, AU,

FIG. AIl-3 A SOLUTION OF THE CASE-TILT-AND~DRAG,
CABLE=-TENSION EQUILIBRIUM EQUATIONS.
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T+dT

FIG, AIl-4 FORCES AND MOMENTS ON A CABLE ELEMENT
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Similarly the net weight of the cab.: element has a magnitude

dN (m-mo)gr(Rl)zds

u

(AII.16)
= Bds.

The net bending moment exerted on the cable element by the
contiguous cable material is counterbalanced by the moment due to

the shear force distribution so that we have
-daM;
S = e My = BEgI./R (AII.17)

where I, is the geometric moment of inertia of the cable x-section,
as the ~ondition for rotational equilibrium. The tension and shear
force gradients must <n turn be counterbalanced by components of
buoyancy and drag in the directions along and at right angles to the
cable, so that
+5dé + AT = -dD siné¢ + dN cosé (AII.18)
~Tde¢ + dS = dD cos¢ + AN siné
are the remaining differential equilibrium relations.
The intrinsic equation of the cable shape is given by the formula

¢ = ¢(s) (AII.19)

where ¢ is the tilt of the cable axis from the vertical; conseguently
the parametric equations of the cable axis

x = x(8)
(AII.20)
z = z(8)
are related to the tilt angles by
sin¢ = dx/ds
(AII.21)

wose = dz/ds

while the radius of curvature R of the cable at the element is
obtained from

1/R = ~-d¢/ds (AII.22)

(as s increases, ¢ in general decreases).
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A Semi-Rigid Model. Now instead of attempting to use these
differential relations to find the cable shapes, given a flow
velocity distribution, it is far more feasible to assume a given
type of overall shape with suitable boundary values and express some
features of the current distribution in terms of the relevant para-
meters. In this way the differential conditions can be 'integrated'
under some general hypotheses which can then be checked for accuracy
and consisteucy.

o taan,

@ R iz

L

Thus we hypothesize that the overall cable shape can be represented
closely by a straight portion of length Ly attached to the anchor
at 'A' (as in Figure 2, .2) and connected smoothly to a portion of a
circular arc, length L., whose upper end is attached to the case at
] 'C'. 1Its center of curvature is at 'D'.

LV e s

} Clearly we have L = Lo + Ll

(ATT.23)

and R

Such a shape will be hypothesized to arise from a flow pattern
having almost zero speeds near the bottom of the straight portion
- and a non-vanishing flow distribution with average speed U. past
the curved section, and than a flow with average speed U, paSt the
case. Moreover, we posit that (1) “he bending moment ana shear
force at 'C' are zero, since the cable is attached flexibly to the
case, and (2) the bending moment at the anchox is zero, but the
shear force, S,, helping sustain the weight of the straight portion
does not vanish. Our proklem is to tr: to find U, and U2.

e — ant e P

First, however, we must.define U, more precisely. The definition
we use will require that the cente¥ of drag and the cznter of net
buoyancy (and weight) of the curved portion coincide, at 'By'.

If U(z) is the flow speed at height z above the bottom, then let

2 JU2(Z)CQS%¢dS
= A .4
U] e (AII.24)

i where the integration is over the curved nortion, and

¢
v =20 +%2 (AII.25)

| 2 j

e

61 ¢

e vty e

r
‘, .
g
i
!
3
g
b

S eadionsfrrntnns? iinacletiiinte st amen




NOLTR 72-77

Next, we only consider those flows for which
<fUz(z)cos%sinqbds = U12Rcoszw(cos¢2-cos¢o) (A11.26)
Clearly, at least one such speed distribution exists, namely:
U2 (z) = Uj2cos2y/coss. (AII.29)

This type of model not only leads to a soluble set of relations, but
it can be generalized, rather easily, to lead to an exact solution
of the differential equation under arbitrary flow conditions ~ but
this is not the task of this report. All we require here is that
the cable be "rigid" enough in the assumed shape to support the
bending moments and shear force distributions.

A straightforward application of the equilib:rium conditions, after
a little algebra, leads to the equations

2

B Ty = Tpcos (¢ -d3) + AUy 0032¢L151n¢°-BLcos¢o

~Sg = -Tzsin(¢o-¢2) + AUlzcoszlecos¢o + BL8indg

2

AUy conzw{Rz(cos¢2—cos¢o)-RLlsin¢o-Lldeos¢°]= (AII.28)

=T, [Rcos (¢o-¢2)-R—Losin(¢Q-¢2)] +

2
+ B[?L081n¢0-" iEgL_ sing, + RLjcos¢y + Rz(sin¢o—sin¢2ﬂ .
In these, the bending moment at the case is neglected. If we are
given Lj, ¢, %o, T2, A, and B then the third relation yields Ulz,
since ¢y is known. The first and second then give T, and Sg.
Physically, the meaving of these is as follows. Consider the cable
&s a ricid body, ac’<i on by forces Ty, So and T, at itas ends. The
net weight of the straight portion N, = BLg is concentrated at its
center, while an average drag force

Dy = AU12c032¢L1 (AIX,.29)

acts at the center of weight and buoyancy of the curved section.
The net weight of che curved section is Nj = BLj of course, and
acts downward.

THE CALCULALION PROCEDURE
The equations for the case equilibrium to can be "turned
around" and regarded as defining the flow speed over the case.
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Thus we f£ind
v.2 - N can% (AII.30)
2 2 A'c092¢2 + A"sin‘¢2' :

2

Hence, having given N,, A' and A" we can find U,“, knowing $5. Frem

N, and ¢, alone we find T, (and the drag Dj).

The procedure to be followed in any given case is then this. We
are given values for L, L., A', A", A, and B. Curves or tables of
T,, D, and U 2 versus ¢. can be prepared. Sets of curves or tables
(Gne for eacﬁ $,) can be prepared, of T, Sor R and Uy versus ¢ ,.
(B.g. see Figures AII-=5, 6, 7.) Given a particular value of U
we can find ¢., and then given a value for U, we can find4¢o - and
corresponding values for all other quantities. A BASIC program
H21032 to do the calculations has been written. Besides the other
quantities one also calculates the displacemert:

X = Losinqbo + R(cos¢2~cos¢o) (AII.31)

and the dip:

Z = L—Locos¢b-R(51n¢b-51n¢2). (AII.32)
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-&; i ] 1 [} I |
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FIG. AII-5 CASE FORCES AND FLOW SPEED VERSUS TILT
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