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INTRODUCTION

A wide variety of towed marine systems are employed for purposes of

navul defense, undervater eavironmental tests, and seabed mapping. Such

- systems consist of cables and hydrodynamic bodiea. For coafigurations
employing bodies which produce such larger hydrodynamic forces than the

towed cables, the bodies dominate the system dynamics. However, for
configurations in which the forces produced by the cables exceed the

forces produced by the bodies, the cables dominate the system dynamics.

This can be true even though the cable is s passive, uncontrolled member

of the configuration while the body can be dynamically controlled.

The forces developed on towed cables include drag normal to the
cable, drag tangential to the cable, and a lift force tranverse to the
drag plane. The forces are illustrated in Figure 1. These forces can
vary on the same cable with tow speed and fluid velocity (Reynolds
number), and angle of incidence of the cable to the direction of tow.
Thus, the fluid forces acting on a segment of a cable can be compared
to the fluid forces developed on a towe' body.  Although towed body
geometries are typically designed to produce specific lift and drag
forces, the stranding geometry of towed cables is rarely chosen for the
production of desired forces. However, some recently developed towed .
systems have required low drag tow cables which do not vibrate. As a
result of that requirement a variety of tests have been completed since
1970 to precisely characterize some towed cables.

Characterizing the hydrodynamic properties of towed cables is an
important step :n creating the data base required for accurate towed
system design. As the placement precision and accuracy requirements
for towed systems become wore stringent for the success of the systea
mission, greater design accuracy is required. Analytic wmethods of
predicting the characteristics of cables of a given geometry have not
been developed. Thus, measuring cable dynamic properties and predicring
cable behavior under tow by means of semi-empirical methods is employed
when designing towed systems.

- Accurately predicting the configuration of a diverted towed system
is an area of research under study. The task requires knowledge of both
the forces produced by the towed bodies in their equilibrium condition
in the system and the hydrodynamic forces produced by the towed cables.
This investigation focugses on the latter as applied to mechanical mine-
sweeps. The dynamic behavior of various wire ropes was tested and
the data used to develop empirical expressions suitable for use in
toved system design predictions. The wire ropes of interest were those
considered suitable for mechanical minesweeping systems.
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TANGENTIAL
DRAG

RELATIVE FLOW
VELOCITY, V

FIGURE 1. POSITIVE DIRECTION OF HYDRODYNAMIC FORCES,
CABLE YAW ANGLE, AND RELATIVE FLOW VELOCITY

BACKGROUND

Mechanical minesweeps typically consist of a tow cable depressed to
the desired sweep depth, followed by one or mor: sweep cables which are
diverted by bodies waintained at the same depth. In mechanical sweep
systems all the cables are twisted wire ropes and are referred to as
either cables or wires. A hypothetical mechanical ainesweep systes is
shown in Figure 2. The tow wire creates a catenary in a near vertical
plane aft of the towpoint while the sweep wire creates a catenary in a
near hnrizontal plane aft of the depreusor. However, due to the hydro-
dynamic lift developed by wire ropes and the weight of the ropes, both
the tow wire and the sweep wire maintain three-dimen:iional rather than
perfectly planar configurations.

Wire roprs display a twisted geometry which is asymmetric. As a
result of this asymmetry wire ropes under tow produce a steady-state
lift force orthogonal to their steady normal and tangential drag forces
(Figure 1). This lift is comparable to that produced by an airfoil and,
similarly, the size of the lift changes with angle of incidence of the
rope to its direction of tow. In the case of a depressed tow wire, the
cable lift produces a side force causing the cable and depressor to kite
to the lift side of the towpoint. In the case of a mechanical sweep
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vire which is diverted, the cable lift produces a vertical force which
ceuses the wire to hog (arc) if the lift is directed upward or sag if"
the lift is directed downward. £ .e~p wires constructed of wire rope
are heavy ip water, so0 if they did not produce lift they would always
sag. Hcwever, <%ests have shown that because they do produce lift
under some tow conditions, sections of 'a sweep wire can hog above its
endpoints. The efiect is that sweep wires can ride above mines intended
to be swept.

Mechanical minesweeping wires were originally designed for their
efficient cutting capability, not their hydrodynamic qualities. During
their development prior to World War II, the main technology issue was
to produce a sweep wire which would sever moorings by a sawing action.

DIVERTER

/SWEEP WIRE. /
S
-

-

FIGURE 2. ELEMENTS OF A HYPOTHETICAL MECHANICAL MINESWEEPING SYSTEM
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Today, however, one technology issue is precise placement of a
mechanical minesweep. The solution to this problem requires sweep
wires which will lie in a horizontal plane while under tow. In order
to achieve this goal, information about wire hydrodynamics is required
for accurate predictions of mechanical minesweep geometries during
operations. The required information is typically in the form of trigo-
nometric loading functions describing the cable normal drag, tangential
drag, an¢ lift forces developed for angle of incidence of the wire
to the tow wvelocity. Two tests to characterize several wire ropes
were performed in 1945 and 1962 at the David Taylor Model Basin wind
tunnel.! 2 Although those tests were the best available at the time,
they contain known iaterfercnces.

A second technology issue is the longevity of sweep wires. Sweep
wires are currently retired due to fatigue, or the breakage of a speci-
fied number of wires per length of rope. Exposure, passes through
sheaves, and imperfect winch operations are some causes of fatigue.
In addition vibrations of the wire ropes under tow cause fatigue.
These vibrations, commonly referred to as strumming, are caused by
vortices periodically shed from the cable as a result of the fluid
boundary layer separation. These shed vortices are also referred to
as a "von Karman vortex street." Vortex shedding creates fluctuating
pressure differentials around the wire which force it to vibrate. The
vibrations resulting from vortex shedding are also known to increase the
effective drag coefficients of wire ropes thus increasing the power
required to tow them.

OBJECTIVES

In order to better characterize the hydrodynamics of wire ropes for
application to mechanical minesweeping systems, a series of tests was
completed. This test program was performed with two objectives:

1. Quantify the 1lift and drag forces produced by five
potential sweep wires under normal tow speeds and angles of incidence
to tow.

2. Qualitatively determine the relative strum amplitudes of
each wire.

Prior - to these tests no strum data existed for wire rope
constructions, and the latest drag and lift data available as mentioned
before were from wind tunpel tests performed in 1945 and 1962 at David
Taylor Naval Ship Research and Development Center (DTNSRDC). The data

1pavid W. Taylor Model Basin Report R-312, "Wind-Tunnel Tests of Mine
Sweeper Cables," Aero Report 705, December 1949,

2David W. Taylor Model Basin Report 1645, “Wind-Tunnel Determination- of
the Aerodynamic Characteristics of Several Twisted Wire Ropes," by
M. P. Schuliw. Aero Report 1028, June 1962.

4
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collected. in this tast program are therefore expected to assist in
the design of towed cable systems and the development of improved pre-
diction methods. Data analysis of the results will determine drag and
lift loading functions to use in predicting steady-state towed cable
systems. The data can also be used for fatigue analysis of cables.
It is expected that the strum characteristics will aid in cable selec-
tion for towed systems. This report documents the test procedures and
preliminary data reduction and analysis.

THEORY

The two objectives of the test program described were accomplished
by measuring the mean steady drag and lift characteristics of the
cable models and the overlying unsteady drag and lift characteristics
including the cable vibrational, or strum, response. The steady and
unsteady charactaristics of cables are closely related. Both the steady
and unesteady data are required for a complete analysis of the cable
dynamics. The following section provides the reader with a brief
discussion of the production and analysis of steady drag and lift, and
strum vibrations.

STEADY DRAG AND LIFT

Cables under tow produce mean steady drag and lift forces which are
overlaid by fluctuating forces. A stranded cable produces a steady drag
force in the cable flow plane, and a scteady lift force tramsverse to
the cable flow plaune. Defining the mean steady forces arising on a
cable under tow is required to predict its configuration. In the past,
estimates of the cable forces have been adequate to predict the rough
placement of a towed system before it was deployed. However, the system
placement requirements today are more stringent than in the past. As a
result more precise methods and data on which to base system predictions
are required for design studies.

The drag vector acting on a cable under tow can be resolved into
components normal and tangential to the cable. The normal drag com-
pooent represents form or profile drag while the tangential ccmponent
represents frictional drag. Each of these drag components can be
represented by a function of the angle the cable makes to the flow (B).

Cable drag is typically expressed in terms of the flow dynamic

pressure, the frontal area, a force coefficient, and a trigonometric
function of yaw angle:

F = gAC, * £(B) &Y
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where
F = drag force
q = 1/2 * fluid density * velocity squared
A = cable diameter x cable length
Cd = drag for:ce coefficient
f = cable angle
f(B) = trigonometric loading function for cable angle.

One common form of the loading function is that given by
Springston:$

£(B) = A, + Ay * cos (B) + By * sin (B) + Ay * cos (2B) + By * sin (2B)

(2)

where the coefficients A and B are empirical constants for each cable.
The normal and tangential drag components can each he represented by
functions of this form with different coefficients. This loading func-
tion form was determined for drag forces based on analyses performed
over a period of years by various scientists. '

In addition to drag being a function of yaw angle, normal drag
coefficients are also Reynolds number dependent. They are also
increased significantly by strum vibrations of the cable. By repressing
strumming cable drag coefficients can be reduced by up to 75 percent.
Normal drag is generally assumed to be independent of tangential drag
for a cable at an angle of yaw.

The steady lift force produced by a yawed cable is small compared
to the drag force. However, for mechanical minesweep systems the
lift forces are large enough to govern the success of such a system.
Although it is well known that stranded cables produce a_mean steady
lift, steady 1lift development has been quantified for only a iew
cables.! 2 * The flow patterns leading to the production of steady lift

lop. cit.
20p. cit.

SDavid W. Taylor Naval Ship Research and Development Center Report 2424,
"Generalized Hydrodynamic Loading Functions for Bare and Faired
Cables in Two-Dimensional Steady-State Cable Configurations," by
G. B. Springston, Jr., June 1967.

4Imperial College of Science and Technology Report 117, "Lift and Drag
Measurements on Stranded Cables," by J. Counihan, United Kingdom, 1963.

6
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on either strumming or nonstrumming cables have not been qualitatively
or quantitatively measured. Two dilferent theories regarding the
production of wmean steady lift by stranded cables have been postulated.
The first theory reflects the concept of the cable acting as an airfoil.
When a cable is yawed to the flow, the upper and lower surfaces of the
cable profile as viewed in the flow plane are not symmctric. This causes
a low pressure region to arise over the rougher surface. The 1lift
mechanism is therefore dne to the profile geometry of the cable. The
geometric asymmetry varies widely for yaw angle. Figure 3 displays the
profile geometry in the flow plane of a wire rope at two yaw angles.
The second theory proposes that the varying geometry about the cable
causes separation to occur earlier on one side of the cable than on
the other for the turbulent boundary layer regime. The assertion is
that measurable 1ift is produced by asymmetric separation of the turbu-
lent boundary layer. The steady li : is produced by surface pressure
differences caused by the difference in separation points from the top
and bottom of the cable.®

Based on available lift data the functional form used to predict
drag can be applied to the prediction of lift forces.! “ ¢ One study
also shows the 1lift coefficient to be Reynolds number dependent.*
The relationships between 1lift and drag, and between mean steacs
lift and fluctuating lift, have not been determined. Drag and 1lift
loading functions will be expressed by Springston's recommended form

(Equation (2)) in this report.

CABLE STRUMMING

Csble strvm vibratioas result from unsteady cyclic forces produced
by the alternate shedding of vortices from the cable. Strumming affects
cables in two ways. First, strumming increases the drag of a towed
system, thus affecting the catenary the cable assumes and increasing
the power required to tow it. Second, the fluctuating forces imposed
during vibrations due to strumming cause fatigue, limiting the service
life of a cable. Defining the strum response of a cable is important in
order to predict the effectiveness of a planned cable-towed system which
is to provide long term service.

lop. cit.
2op. cit.
Yop. cit.

5Simpson, A., "Fluid Dynamic Stability Aspects of Cables," Proceedings
of the Mechanics of Wave-Induced Forces on Cylinders, T. L. Shaw, ed.,
Pitman Advanced Publishing Program, London, 1979, pp. 90-132. ;
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(b)

FIGURE 3. CROSS SECTIONS THROUGH A 6-STRAND CABLE YAWED AT
50 DEGREES (a) AND 20 DEGREES (b) TO THE FLOW

8
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The dynamic characteristics of interest in a rudimentary strum
analysis are the strum frequency and the resulting vibrational amplitude
of the cable. Comprehensive discussions of the analysis of vortex-
induced vibrations are given by Simpson,® Diggs,® and Griffin, et al.?
The reader is referred to Appendix A for indepth descriptions of the
strumaing phenomenon and advanced analysis techniques.

Information about circular cylinders is used as a baseline in
the analysis of wire ropes. A number of recent experiments have been
performed to characterize the wake of circular cylinders. The wake
patterns of cylinders immersed in a flow are governed by the Reynolds
number based on cylinder diameter:

Re =

=

where V is the freestream velocity, D is the cylinder diameter, and v is
the fluid kinematic viscosity.

Figure 4 illustrates the wake patterns under various flow regimes.

For mechanical minesweeping systems, the Reynolds number range of

interest is 1 x 10" <Re<1x 105. Figure 4 shows that in this flow

regime the wake is composed of turbulent vortices shed alternatively
from the top and bottom of the cylinder. A fluctuating pressure field
around the cylinder occurs with the vortex shedding. Strumming is the
structural response of the towed cable to the fluctuating pressure
field.

The Strouhal number, S, is a nondimensional parameter used to
relate the frequency of the shed vortices to the cylinder diameter and
flow velocity. The Strouhal number for circular cylinders has been
determined -empirically for Reynolds number and the results are shown in
Figure 5. 1In order to determine this relationship the vortex shedding
frequencies for nonvibrating circular cylinders were measured in a
variety of experiments and the resulting nondimensional parameter

S = —— ' (3)

Sop. cit.

6MAR, Inc. Technical Report 122, '"A Survey of Vortex Shedding from
Circular Cylinders with Application Toward Towed Arrays," by J. S.
Diggs, July 1974.

7Naval Civil Engineering Laboratory Technical Note 1608, "The Strumming
Vibrations of Marine Cables: State of the Art," by 0. M. Griffin,
S. E. Ramberg, and R. A. Skop, May 1981.

9
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% Re < 5 REGIME OF UNSEPARATED FLOW.

— 5 TO 15 <'Re < 40 A FIXED PAIR OF FOPPL
VORTICES IN THE WAKE.

40 < Re < 90 AND 90 < Re < 150

TWO REGIMES IN WHICH VORTEX
STREET IS LAMINAR
PERIODICITY GOVERNED IN LOW
Re RANGE BY WAKE INSTABILITY
PERIODICITY GOVERNED IN HIGH
Re RANGE BY VORTEX SHEDDING.

' Q 150 < Re < 300 TRANSITION RANGL TO TURBU-
t —_— LENCE IN VORTEX.
]
|
\
|
|

3 VORTEX STREET IS FULLY

TURBULENT.

300 < Re 2 3 x 10

.__,4’//”—~‘~‘-\~"”“' 3 x 10° 2 Re < 3.5 x 106

LAMINAR BOUNDARY LAYER HAS UNDERGONE
TURBULENT TRANSITION. THE WAKE IS
NARROWER AND DISORGANIZED., NO
VORTEX STREET 1S APPARENT,

3.5 x 10% < Re < = (2)

RE-ESTARLISHMENT OF THE TURBULENT
VORTEX STREET THAT WAS EVIDENT IN
300 < Re ¥ 3 x 103, THIS TIME THE
BOUNDARY LAYER IS TURBULENT AND THE
WAKE IS THINNER.

FIGURE 4. VORTEX STREET FORMATION FLOW REGIMES
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vhere f; is the shedding frequency in cycles per second (hertx, Hx), wvas

determined for each case. The Strouhal number for circular cylinders

for the stated Reynolds number range of interest has been measured et
0.18 to 0.21.

Inversely, the shedding frequeacy can be inferred from Equation (3)
as

f,=p (4)

if the Strouhal number is known.

The above expression for fv applies to a cylinder normal to the

flow. When the cylinder is yuwed the frequency of shedding is altered.
Equation (4) may be used to predict fv for a yawved cylinder if the equa-

tion is expressed in terms of the rormal velocity component, V sin (B),
which gives

£, =.(SV/D) sin (B) . (5)

This is a result of the well-known Independence Principle which states
that the fluid dynamic properties of a yawed cylinder are governed by
the normal component of the flow. The tangential flow component is
assumed to hava no effz-t or th~ shedding frequency and strum amplitude.
Equation (5) pradicts the waximuam fv when the cylinder is normal to the

flow (B = 9C). As the yav angle is reduced the €frequency 1likewise
decreases.

As stated previously, fluctuating asymmetric pressure distributions
about the cabls are created by the vortex shedding process. One com-
plete vortex shcedding cycle conrists of two vortices of opposite sign
shed from alternate sides uf the cable. For flow in the horizoantal
plane, one cycle comsists ~f a vortex shed from the bottom of the cable
followed by a vortex shed from the top of the cable. During this cycle
the cable is forced to vibrate, or strum, due to the alternating
pressure districution. One shedding cycle causes the cable to respond
with one vibrational cycle transverse to the wake and two vibrational
cycles in line with the wake. This is bcczuse one vibrational cycle
in the horizontal plane is caused by each shed vortex, while one
vibrational cvcle in the vertical plane is caused by two shed vortices,
or one vortex cycle. Again for horizontal flow, this is one vitrational
cycle in the vertical direction and two cycles in the horizontal direc-
tion. The transverse vibrational frequency corresponds. to the wake
shedding frequency, and the in line vibrational frequency corresponds to
twice the wake shedding frequency.

12
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During cable strum vibrationa, the wake shedding frequency is
influenced by the structural patural frequency. The natural frequency,
fn’ of a taut cable can be spproximated by the stretched string wave

equation solutionm:

T

n
=2 'a (6)

vhere n is the mode number, i.e., 1, 2, 3, ..., T is the cable tension,
L is the cable length, and m is the cable mass per unit length.

In the case of nonvibrating circular cylinders, if the flow
velocity is increased smoothly, the wake shedding frequency also
increases smoothly. However, for cylinders or cables free to vibrate,
as the flow velocity is increased smoothly, the wake frequency increases
in steps corresponding to jumps from lower mode natural frequencies to
higher mode natural frequencies. This is illustrated in Figure 6.
Previous tests have confirmed that the wake shedding frequency will
"lock-on" to within 25 percent of the nearest structural naturel
frequency, causing the cable to vibrate at ovr near one of its structural
natural frequencies.?

Lock-on affects the cable wake by increasing the length of cable
over which the wake is coherent, or in phase.? The coherence is deter-
mined by the length of cable over which the vortices are shed as a
uniform vortex street and the extent to which the vortices along that
length are in phase. As the coherence increases, the length of cable
experiencing the same cross-sectional pressure distribution increases.
In turn, the strum amplitude is influenced by the spanwise coherence of
the vortex street. Maximum strum amplitudes occur when the wake is most
coherent. Circular cylinder vibration amplitudes due to strusming have
been shown to be self-limiting to approximately one diameter. At larger
vibration amplitudes the vibration itself causes the wake to lose its
coherence.® :

Although a cable is often estimated by a circular cylinder there
are important differences in the geometry of cables and cylinders. The
geometry of a cable presented normal to the flow is noncircular, shaped
somevhat like a cloverleaf. The "lumpy" cross section of a cable causes
boundary layer transition from laminar to turbulent to occur earlier on
cables than on circular cylinders.* The vortex shedding patterns for

4op. cit.
Top. cit.

8Blevins, R. D., Flow-Induced Vibration, Van Nostrand Reinhold Company,
New York, 1977, Ch. 3, pp. 11-54.
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NOTE: VERTICAL LEADERS REPRESENT SHARP FREQUENCY CHANGES
OVER A SMALL VELOCITY CHANGE - CORRESPONDING AMPLITUDE
CHARACTERISTICS ARE SHOWN BY THE LOWER CURVE.
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FIGURE 6. FREQUENCY CHARACTERISTICS FOR 6-FOOT-LONG
0.1-INCH-DIAMETER FLEXIBLE CABLE
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the laminar, transitiomal, and turbulent boundary luyer regimes are
somevhat different. The main difference is that during the transition
cange regularly shed vortices are replaced by a general turbulerce in
the wake. Post transition and pretransition wake characteristics are

similar except for the later separation cbserved in the post tranaition
regime.

The affect of the cable stranding on vortex coherence is not
clearly established. The cross section of a cable varies in shape at
each station along the leagth of the cable as a result of its stranding.
The local diameter in the flow plane varies with the twist of the rope.
Because the local wake frequency is determined by the local transverse
cable diameter, the frequencies of the shed vortices might vary along
the cable, decreasing wake coherence.

TEST PLAN

The tests were performed at the David Taylor Naval Research and
Development Center (DTNSRDC) in its high-speed tow basin. Fourteen-foot
lengths of five wire ropes were each tensioned between two faired struts
on the tow carriage. The cable models were immersed in the water and
towed horizontally at various yaw anglas over a speed range. The
dynamic normal, tangential, and transverse forces were measured at one

end of the cable. The horizontal and vertical accelerations of the

center point of the cable were also measured. Data from this test were
then reduced and analyzed in support of the test objectives. The
following sections describe the specifics of the cable atrumming tests.

TEST RIG

The DINSRDC rig was developed in 1975.9 It is used to measure the
strumming phenomena of cables in both uniform and non-uniform flow
conditions. The rig is a rotatable twin-strut assembly attached to the
towing carriage with a bracket and turntable which allows tow angles
between 0 and 50 degrees to the flow. Fairings that are self-aligning
to the flow are attached at the bottom of each strat. They provide
protection for any sensors which are placed at this location and
minimize strut interference on the cable that might occur during
testing. The strut assembly allows tow apeeds up to 20C knots. The
entire assembly can be raised out of the water to facilitate cable and

- cable angle changes. A photo of ihe rig is shown in Figure 7.

9David W. Taylor Naval Ship Research and Development Center Report
SPD 766-01, "Measurement Technique to Obtain Strumming Characteristics
of Model Mooring Cablez in Uniform Currents,'" by J. H. Pattison, April
1977.
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The struts were designed to maintain a cable tension up to
1000 pounds. The self-aligning fairing design was examined for damping
and interference effects on the cable. A two-dimeasional potential flow
panel program!® was used to determine the angle at which flow inter-
ference effects result from the strut fairing. To prevent flow inter-
ference from the struts, minimum tow angles were limited to 20 degrees.
The distance between the struts limited cable model lengths to 14 feet.

TEST PARAMETERS

The cable comstructions chosen include models of 1 x 19, 7 x 7,
3x 19, 4 x 7 serrated, and 6 x 25 lang lay wire ropes. In designating
wire ropes, the first number refers to the number of strands, the second
to the number of wires per strand. The & x 7 rope is termed serrated
because one of the wires in each strand is actually composed cf two
wires twisted together. An important characteristic of wire ropes is
the "lay" of the strands. The 3 x 19, 4 x 7 serrated, and 6 x 25 lang
lay models are right lay, meaning that the strands pass from right to
left around the cable. The remaining model: ave left lay. Another
characteristic of wire rope is the direction of the wires within each
strand. The wires in the strands are laid opposite in diraction to the
ifay of the strands (regular lay) for all the models except the 6 x 25.
For this model th2 wires are laid in the same direction as the lay of
the strai 1s (lang lay). The geometric properties of the cable models
are listed in Table !. The & x 7 and 1 x 19 cables are presently used

TABLE 1
PHYSICAL CHARACTERISTICS OF CABLE MODELS

Nominal Actual Weight

Cable Diameter | Diameter Length Air/Wacer | Cable
Construction (in.) (in.) (ft) (ib) Lay -

1x19 0.625 0.632 14 12.2/10.6 Left

7x7 0.625 0.640 14 10.1/8.8 | Left

3x 19 0.625 0.615 14 9.3/7.8 Right

4 x 7 0.797 0.700 14 11.0/9.3 Right
sarrated

6 x 25 0.625 0.625 14 132.6/8.9 Right
lang lay

10National Aeronautics and Space Administration Report CR 134695,
"Improved Solution for Potential Flow A.out Arbitrary Axisymmetric
Bodies by the Use of a Higher-Order Surface Source Method, Part I,
Theory," by D. M. Friedman, July 1974.

17
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in seaborne and airborne minesweeping systems, respectively. The 3 x 19
and 7 x 7 cables ace possible future zeaborne minesweeping system tow
cables. The 6 x 25 cable, chosen to provide additional quantitative
data, is not used and is not planned for use in any minesweeping
systems. It was chosen in order to investigate the effect of the lang
lay construction on hydrodynamic forces developed. Figures 8 through 12
show profiles of the cable models. Figure 13 shows a sketch of the
cross sections of the cable models. The 1 x 19, 6 x 25, and 7 x 7
cables are more nearly circular than the 3 x 19 and 4 x 7 cables.

In order to obtain sufficient data to develop drag and lift loading
functions, measurements were performed with the cable models at eight
angles to the flow. Although the tow angles desired were from 20 to
90 degrees in 10-degree increments, the angles chosen were 20, 30, 43,
50, 60, 71, and 90 degrees to the flow. Inability to obtain 40 and
70 degrees was due to the previous setup of the turntable on the rig.
Angles less than 20 degrees were not chosen due to strut interference
as previously discuased.

Tow carriage speeds were chosen to provide the same Reynolds number
range encountered in sesborne minesweeping operations. The speeds
chosen were 2, 5, 7, and 10 knots.

Cable tension was bounded primarily by the maximum tension
supported by the struts being 1000 pounds, but also by tha desire to
limit the number of modes excited. Froa Equation (6) of the theory
section, the mode number is given by:

- m ’
n-sznfT . @)

The structural mode stimulated in response to vortex shedding can
be determined by substituting the vortex frequency fv for the natural

frequency fn' By increasing tension the mode number is decreased for

all other conditions being equal. Two tensions were selected to provide
cable data ac different ranges of modes. A high tension of 850 pounds
and a low tension of 550 pounds were chosen. -

Each test run was performed at a singie speed, angle, and temnsion.
All combinaticns of tension, argle, and speed were run on the 1 x 19,
7x7, 3 x19, and 4 x 7 serrated cable models for a total of 64 runs
per cable. The 6 x 25 lang lay model was tested at each speed and
tension at 30, 60, and 90 degrees to the flow. Test runs on the 6 x 25
were limited by available tow basin time.

18
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NOMINAL /ACTUAL WEIGHT
DIAMETER/ DIAMETER AIR/WATER
(IN) (LB)

0.625/0.632 12.2/10.6
0.625/0.640 10.1/8.8
0.625/0.615 9,.3/7.8
0.797/0.700 11.0/9.3
0.625/0.625 © 10.6/8.9
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INSTRUMENTATION

The drag and lift forces, consisting of the steady and unsteady
hydrodynamic forces exerted on the cable, were measured with a quartz
force transducer, shown in Figure 14. Signal conditioning for the
quartz force transducer or triaxial force gage was provided by three

Kistier Model SO4E Dual Mude Amplifiers. Long and short time constants
were used for the steady and unsteady forces, respectively.

TANGENTIAL

;‘-I.‘ -:i}lli::> .<I|’. DRAG

LEADS

LIFT

FIGURE 14. QUARTZ FORCE TRANSDUCER

The force transducer requires a high preload in the tangential
direction to accurately measure forces in the lift and drag directions.
The preload tension was measured with a strain gage ring dynamometer,
and a control unit provided signal conditioning with a variable gain
amplifier allowing readout in engineering units.

Acceleration of the cable model at midspan was measured in the drag
and lift directions using Kistler accelerometers in conjunction with
Kistler piexotron couplers which provided comstant current excitation.

Table 2 provides a list of the various sensors used during the
experiment. The range and accuracy of each device is also given.
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TABLE 2

SENSOR DESCRIPTION AND ACCURACY

Sensor Measurand Model Range Accuracy
Magnetic Carriage N/A N/A $0.01 kt
Pickup Velocity
Ring-Gage Static Tension T™B 0-500 1b 20.5%
Dynamometer
Accelerometer Cable Accel. in KISTLER 500 g $0.01 g

Lift Direction 8616A500
Accelerometer Cable Accel. in KISTLER S00 g $0.01 g
Drag Direction 8616A500
Steady: Triaxial Force KISTLER 560 1b +0.002 1b
Unsteady Gage 9251
Lift Force SN Quartz
Transducer
Steady: Triaxial Force KISTLER 560 1b $0.002 1b
Unsteady Gage 9251
Drag Force SN Quartz
Transducer
Steady: Triaxial Force KISTLER 1120 1b $0.002 1b
Unsteady Gage 9251
Tangential SN Quartz
Force Transducer

All voltage signals from the sensors and signal condition units
were recorded on an analog tape recorder, an Ampex Model FR1300, for
post test data processing. Individual oscilloscopes, two strip chart
recorders, and a spectral analyzer were used to monitor signals from
the accelerometers and force gages to insure that they were functioning
correctly. The two strip cha:;t recorders, a six-channel Brush Model 260
and an eight-channel Brush Model 2800, were used to record time
histories. The spectral analyzer, a Spectral Dynamics Model SD380
digital, two-channel signal analyzer, was used to obtain frequency
spectra from the two accelerometers during the experiment and was
used for analyzing the triaxial force gage data during the post test
analysis. The accelerometer spectra were stored on the analyzer's
micro floppy disk drive unit using 3.5-inch disks. A Hewlett Packard
Model 7225B plotter was used for plotting the spectra.

26
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TEST SETUP

Figure 15 shows a forward view of the cable model attached to the
test vig. Both ends of the cable model were terminated to provide
convenient attachment points for sensors and to prevent the cable froa
unraveling. The left end or downstream und of the cable mndel was
attached to the strain gage ring dynamometer, contained in the strut
housing. A 1/8-inch leader cable connected the cable model to the
dynamometer through a pulley. PFigure 16 shows a closeup view of the
downstrean end of the cable. The ring dynamometer was attached to a
tensioning cylinder over a prlley by another 1/8-inch leader cable. A
tensioning cylinder and nitrogen cartridge controlled the tension of the
cable wodel. With a regulator, nitrogen was released from the cartridge
to exert preusure on 0il reservoirs in the tensioning cylinder. The
tension on the cable model was increased or decreased by pressure relief
valves.

The right end or upstream end of the cable model was attached to
the triaxial force gage. The force gage lies within the strut housings.
The signal transmission wires leading to the force gage were treated to
be waterproof. Figure 17 shows a closeup view of the upstream end of
the cable model.

Two accelerometer pairs were initially placed 6 feet and 7 feet
from the upstream end. Accelerometer positions were chosen to provide
sufficient information at even and odd modes not greater than 30 and
to capture the peak displacement at these modes. Due to failure of
one accelerometer pair during initial setup runs only one pair of
zccelerometers was used and was placed at the middle of the cable model.
The wires leading to the accelerometers ran through struts covered
with Fathom snap-on fairing. Figure 18 shows a closeup view of the
accelerometers attached to the cable model and the snap-on fairing.

DATA ANALYSIS AND RESULTS

Dats from the triaxial force gage and accelerometers were analyzed
for each cable for hydrodynamic force and strum properties. Norwmal drag
and lift loading functions were developed from the force data for each
cable. The accelerometer data were used to determine strum amplitudes
and frequencies.

A right-hand coordinate system, shown in Figure 19, is used
throughout the analysis. The x- and z-axes define the cable-flow plane
with the x-axis normal to the cable and the z-axis along the cable. The
positive axes correspond to the normal and tsngential drag directions.
The v-axis lies transverse to the x- and z-axes according to the right-
hand rule. Beta, B, is defined to be the angle between the z-axis -and
the r.lative flow velocity.
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FIGURE 19. COORDINATE SYSTEM
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For this test setup, all data reduction has been completed as if
the coordinate system described in Figure 19 were applied to a left lay
cable. From previous tests and tow experience it has been shown that
the drag forces developed on right and left lay cables are equivalen‘ at
the same yav angles.! © The 1ift force developed on a right lay cable
over the angle range 0° < B < 90° is equivalent to that developed by a
left lay cablc except the direction of the lift vector is reversed. All
lift force data tabulated in Appendix B are listed as positive forces
regardless of the lay of the correaponding cable tested. The reader who
chooses to use the loading functions developed for system design must
take care to insure the correct sign is attached to the lift loading
function depending on whether the design cable is right or left lay.

LOADING FUNCTIONS

Hydrodynamic loading functions describe the variations in loading
on a cable inclined to the flow and provide input parameters for com-
puting tow cable catenaries. Present computer programs generally accept
the loading function terms in nondimensional form; therefore, the terms
are normalized by either the force per unit length for B = 90 degrees or
the maximum force per unit length. The expressions for the normalized
terms in the normal, tangential, and lift force directions are:

= TRGRe) ®)
F.(B, Re)
F, (B, Re)

L= Fw (10)

where fN is the normal force per unit length, fT

per unit length, fL is the lift force per unit length, R is the normal

is the tangential force

force per unit length for B = 90 degrees, Fi is the maximum lift force

per unit length, Re is the Reynolds number based on diameter, and 8 is
the cable yaw angle.

As seen from the above equations the actual forces acting on the
cables are both Reynolds number and yaw angle dependent. However, the
normalized terms for a particular cable at a singlc speed are dependent
on yaw angle only and can be represented by a trigoncaetric series of
the form (3):

lop. cit.

20p. cit.
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o
£(B) = A ¢+ nfl {A  cos (B) +B_ sia (B)} . (1)

The first two terms of the series are typically used to describe the
cable loading:

£(B) = Ao + Ay cos (B) + By sin (B) + Ap cos (2B) + By sin (2B)

(12)

When normalized force data over several speeds are used to determine a
loading function for a cable, any Reynolds number effects on the forces
have been averaged and are therefore not explicitly accounted for. The
data analysis provided the coefficients for this expression for the
1x19, 7x7, 3x19, and 4 x 7 rodels for normal drag end 1lift force.
The data for the 6 x 25 lang lay model were limited to three yaw angles
(p = 30, 60, 90°) and, therefore, the 6 x 25 model is not included in
the analysis.

Normal Drag Loading Functions

The dynamic normal drag forces were measured with the triaxial
force gage. The steady drag forces were determined from the long *time
constant data. The data were reproduced through an averaging volt-
meter to obtain the average direct current (dc) voltage for each force
direction. The average voltage was multiplied by the calibration
constant for each direction, resulting in dimensional force values in
pounds. The measured drag at one end of the cable was assumed to be
one-half the total drag. For the 1 x 19 and 3 x 19 cable models the
unsteady drag forces were determined in the same fashion as the steady
forces except the short time constant data was used from the force gage.
A comparison of the mean unsteady to steady drag forces for these cable
models reveals the unsteady to steady force ratio of 1:20. Thus, the
measured unsteady drag forces are a small percentage of the mean steady
drag forces. -

Dimensional normal drag data for each cable model are shown in
Figure 20 for the full range of angles, speeds, and temnsions. The
normal force per unit length is plotted as a function of yaw angle
for the four cable models. DNata for the two tensions show that the
normal drag forces aire not affected by temnsion. Each cable model
develops a maxiinum load of about 20 pounds per foot necr B = 90 degrees
for the highest speed, V = 10 knots. This corresponds to a total normal
drag of 280 pounds acting on the 14-foot cable model. The average
total normal forces at 90 degrees for each speed, which are used to
normalize the forces to obtain loading functions, are listed in Table 3.
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TABLE 3

AVERAGE NORMAL FORCE PER UNIT LENGTH AT 90 DEGREES
FOR THE FOUR CABLE MODELS

Speed (kt)
Cable Model
2 5 7 10
1x 19 0.94 5.14 9.72 18.73
1x7 0.95 6.72 8.17 19.62
3Ix 19 0.85 5.54 10.02 19.77
4x7 0.75 6.13 11.35 20.06

The drag is nondimensionalized into the form of a drag coefficieat,
Cd. The drag coefficient is a function of Reynolds number. The

expressions for drag coefficient and Reynolds number are as follows:

C, = ——Ry—
d {jpopVED

where R is the normal drag per unit length, p is the fluid density, V is
the freestream velocity, D is the cable diameter, and V is the kinematic
fluid viscosity.

Figure 21 shows C, for the cable model perpendicular to the flow,

B = 90 degrees, as a function of Re for all cable models (including the
6 x 25), for both the low and high tension cases. The combined averaged
data results in a drag coefficient of 1.46 over the range of Re evalu-
ated. The data scatter is greatest at the lowest Reynolds number,

Re = 1.8 x 104. For increasing Reynolds number the drag data are
more closely grouped together. Previous measurements for cabless and
cylinders with surface roughness show a drop in the magnitude of the
drag coefficient with increasing Re.* 1! This is caused by transition

%0p. cit.

11joerner Fluid Dynamics, Fluid Dynamic Drag, Brick Town, NJ, 1965.
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of the boundary layer from laminar to turbulent. There is no evidence
of transition in the drag data of Figure 21. The rough surface of the
cable evidently maintains & turbulent boundary layer over the Reynolds
number range considered.

Figure 22 shows the effects of yav angle on the measured drag
coefficienta. Data for the four cable wmodels and both tensions are
plotted versus yaw angle for speeds of V= 2 and 10 knots. Comparing
the results for the two speeds shows significantly more scatter in
the 2-knot drag data throughout the range of yaw angles. At 10 knots
the drag coefficients for the four cable models fall within a relatively

narrow band width of Acd = 0.25, wvhereas for 2 knots the data are

scattered over a range of AC a:= 0.5. Cable geometry apparently has a

more important effect on the magnitude of the drag coefficient at the
lowest test speed. Unsteady cable strum effects, considered in a later
section, may also contribute to the differences noted in the 2- and
10-knot data. Table 4 presents the average normal drag coefficients for
each cable model evaluated.

TABLE 4

AVERAGE NORMAL DRAG COEFFICIENTS

Cable Average Normal Drag
Model Coefficient
1x19 1.43

7x7 1.44

3x 19 1.44

4 x7

Serrated 1.58

6 x 25 '
Lang Lay 1.30

The drag coefficients shown in Figure 22 are based on the total
freestream velocity. Using the Independence Principle the normal drag
coefficient, Cdn’ is defined using the normal velocity component,

V sin (B), to give:

41

ad A




DRAG COEFFICIENT (Cd)

2.0

1.5

1.0

0.5

0.0

NCSC ™ 471-87

LEGEND

O-12x19, LT X=—3x 19, LT
O= 1 x 19, HT ©O=3x 19, HT
A= 7x 7, LT V=4x 7, LT
+=7x 7, HT @=—4x 7, HT

- m—
s X
% 0
- +
. ®
N
n) Z o
7 A
o & v
N
e
] o g ©
+
a
Q v
o
| ] Ll T
0.0 20.0 40.00 60.0 80.0 100.0

YAW ANGLE, (DEG)

FIGURE 22(a). MEASURED DRAG COEFFICIENT VERSUS YAW ANGLE

V = 2 KNOTS (Sheet 1 of 2)

42




NCSC M 471-87

LEGEND
O- 1 x 19, LT X—=3x 19, LT
. O« 1 x 19, HT O=3x 19, HT

; A= 7 x 7, LT V=&4zx 7, LT
+—=7x 7, AT @=4x 7, HT

2.0
10‘5 - !
g g a
= 3
3 X
N +
= 1.0 o P 5
B A x
w ®
8 v B
3 A
o a]
0.5 - g
| .
1 5
| 0.0 : T T T T
. 0.0 20.0 40.00 60.0 80.0 100.0
YAW ANGLE, (DEG) )
) FIGURE 22(b). V = 10 KNOTS (Sheet 2 of 2)

43




KCSC TM 471-87

. TMgure 23 shows the normal drag coefficieat for each cable model as

a fuaction of the crossflow Reynolds number, Ron = VD sin (B)/v.

The drag data are presented for the four test speeds at yaw angles
of p=3S0, 60, 71, 80, and 90 degrees. Data for angles lower than
S0 degrees are excluded because the assumptions of the Independence
Principle bresak down as the yaw angle becomes smsll. For each cable
model shown in Figure 23 the normal drag coefficients are distributed
in a manner similar to the drag dats at B = 90 degrees in Figure 21.
Values of C dn for B = 50 to 90 degrees are roughly centered about the

average drag coefficient of 1.46 derived for f = 90 degrees. The
higheat scatter in the data occurs at the lowest Reynolis number, and
there is no drop im C dn with incressing Re a which wwould indicate

boundary layer transition. Thus the results of Figure 23 shows that the
drag coefficients based on the normal velocity component are constant
for 50°® < B < 90°. The normal drag characteristics are independent of B
over a wide range of yaw angles. ‘

A ln‘st squares curve fit to the normalized forces was used to
determine the coefficients of the loading functions of the form of
Equation (12) using the boundary conditions fn(O) = 0 and fn(90) = 1.12

The low and high tension data were combined to obtain a single
function for each cable model. The norsal drag loading functions are
shown in Figure 24. A "common" loading function is included which is
the average of the four separate loading functions. Becasuse the general
shapes of the individual loading functions are similar, the common
loading function is a good approximation for the normal drag of any of
the four cable models. The loading functions shown in Figure 24 are
similar to those developed from previous experiments.3 The normal drag
loading function coefficients are listed in Table 5.

The normal drag forces were normslized with the measured force at
B = 90 degrees to obtain the coefficients. The maximum normal forces
typically occur at 90 degrees; however, the 7 x 7 cable model shows
coefficients in Figure 24(b) greater than 1.0 at angles between 80
and 90 degrees. This is caused by data scatter occurring in an area
where the slope of the curve is approaching zero. Adding the boundary
condition . .

af (B)
dag

=0 at B = 90°

should correct the problem. This condition was not incorporated into
the present effort.

3op. cit.

12Brogan, W. L., Modern Control Theory, Prentice-Hall, Inc./Quantum
Publishers, Inc., NJ, 1982, pp. 90-92.
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TABLE 5

HYDRODYNAMIC NORMAL DRAG LOADING FUNCTION COEFFICIENTS
FOR THE FOUR CABLE MODELS

Coefficients
Cable £(B) = A +Ay cos B+By sin B + Ay cos 28 + By sin 28
Model
A, Ay B, Ag By

1x19 -0.9300 1.2272 1.6328 -0.2972 -0.5643

7T x7 : -1.9580 2.3201 2.5960 -0.3621 -0.9870
3x19 0.4018 -0.1597 0.3561 -0.2421 =0.0126

4 x 7 0.1571 0.2518 0.4341 -0.4089 -0.0868

Lift Force Loading Functions

The steady and unsteady lift forces were determined similarly to
the normal forces. Unsteady lift forces were determined for the 1 x 19
cable model. Figure 25 displays the unsteady and steady force ratio for
this cable model for the complete set of angles, speeds, and tensions.
The results of this figure show that the unsteady lift forces are
significantly greater than the steady 1lift forces. The ratio of
unsteady to steady forces are on the order of 5:1 for most runs. This
ratio is one hundred times greater than that observed for the normal
drag (1:20). The large unsteady to steady force ratio introduces
scatter into the steady lift force data.

Dimensional lift force data for each cable model are shown in
Figure 26 for the full range of angles, speeds, and tensions. The
lift force per unit length is plotted versus yaw angle for the four
cable models. The maximum lift force varies from about 2 pounds per
foot for the &4 x 7 cable model to &4 pounds per foot for the 3 x 19
cable model. Table 6 gives the average maximum lift force for each
cable model, which were used to normalize the data in obtaining the
loading functions. The angle at which the maximum 1lift force is
developed shows a wide variation for the four cable models with no
apparent trend. Also, for a given speed, significant differences are
noted between the force data for the two tensions.
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TABLE ¢

AVERAGE MAXIMUM LIFT FORCE PER UNIT LENGTH
FOR THE FOUR CABLE MODELS

Lift Force/Length (1b/ft)
Speed (kt)
Cable Model
' 2 5 7 10
1x19 0.114 0.609 1.304 2.954
7x7 '0.113 0.504 1.374 3.189
3x 19 0.222 1.234 2.0Mm 3.526
bx7 0.112 0.742 1.204 2.069

The lift coefficient, C.Q’ is plotted as a function of yaw angle

in Figures 27 through 30 for the four cable models. Unlike the normal
drag coefficient data, the lift force data for all cable models show
significant Reynolds number effects. The data for the four speeds are
scattered along a wide bandwidth. No systematic effect due to Reynolds
number is apparent. The distributions for the 1 x 19 and 3 x 19 cable
models are somewhat similar, with maximum lift coefficients for the two
cable models occurring at yaw angles between 50 and 70 degrees. The
distribution for the 7 x 7 cable model shows a double peak at f = 20
and 70 degrees. Maximum values for the 4 x 7 cable model lie along
a broad plateau of 10° < B < 50°. The different distributions noted
between the cable models suggest that the lift force is sensitive to
cable geometry. Also, tension has an important effect on the magnit-de
of the lift force coefficients for the 1 x 19 cable model and a lesser
effect on the other cable models. The average and standard deviation
values of the lift coefficient data are listed in Table 7. Previous
tests of cable models! 2 show lift force distributions comparable to
those of Figures 27 through 30. Wind tunnel tests were conducted on
6 x 19 and 4 x 7 cable models? and a 1 x 1y cable model.! - These tests
show that the lift force coefficients are strongly affected by Reynolds

number variations in the test range of 1.5 x 104 < Re < 8.5 x 104.

The 1lift coefficient nondimensionalized by the normal velority
component is defined as

fo

Con = % p VZ D sinZ (p)

op. cit.
op. cit.
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TARLE 7
AVERAGE LIFT COEFFICIENTS FOR THE FOUR CABLE MODELS

Cable Model C‘ Average Standard Deviation
1x19 0.139 0.0812
1x7 0.116 0.0372
Ix 19 0.222 0.1000
4dx?7 ) 0.139 0.0610

Values of (:"n for f = SO to 90 degrees are plotted versus the crossflow

Reynolds 'number in Figure 31. Previous application of the Independence
Principle in Figure 23 showed it to be an effective means of scaling the
normal drag data. Figure 31 shows that the Independence Principle is

less succesaful in scaling the lift force data. The values of C‘n are

widely scattered over the range of Reynolds numbers, with values for the
3 x 19 cable model showing an especially large scatter compared to the
other cable models. The effect of yav angle is not removed from the
lift force data as was observed for the normal drag data.

In the method used for obtaining the lift force loading functions,
significant data scatter forced a "double smoothing" technique to fit
the data. For a given cable model the first step involves fitting a
least squares curve to the measured lift force at each speed, resulting
in four expressions of the form

fz(p) s ‘0 + .‘ B + ag B’ + la Ba + " B‘ (13)

where fz(p) is normalized with the waximum 1lift force. - The curves

determined for each cable are presented in dimensional form: in Figure 32
along with the lift force data. Values for the normalized lift force
are obtained from the above expression for use in the second step of the
smoothing process. The data are used to determine the coefficients of
the loading function, Equation (12), based on a least squares solution.
The resulting expression is the 1lift force 1loading function, fz(B).

This method of "double-smoothing" the data enables a curve fit to be
performed on the scattered lift force data. No boundary conditions were
imposed on the lift force loading function; however, it was assumed that
the lift force data were zero at B = 0 and 90 degrees.
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The 1lift force loading functions for each cable model are shown in
Figure 33. As with the normal «rag loading functions, the low and high
tension data are combined to obtain one expression for each cable model.
Although the loading functions stated provide a better estimate of the
lift forces developed cn various cables than in the past, the usefulness
of the lift force loading functions for quantitative analysis is limited
due to the significant scatter in the data used to derive these curves.
However, the expressions for fz(B) are useful in showing the qualitative

differences in the lift characteristics among the four cable models. In
particular, the curves highlight the observation made in Figures 27
through 30 concerning the angle at which the maximum lift force is
generated. As shown in Figure 33, the angle of maximum lift force for
the cable models varies from 40 to 70 degrees. As noted in the lift
force coefficient data, the 7 x 7 cable model shows a second peak at
the lower angles. The shape of the loading functions differ signifi-
cantly among the four cable modeis. It is not possible to generate a
common lift force loading function as was done with the normal drag
force. Thie serves to emphasize the important effect of geometry on the
out-of-plane force generated by stranded cables. Table 8 presents the
lift loading function coefficients for each cable model evaluated.

TABLE 8

- HYDRODYNAMIC LIFT LOADING FUNCTION COEFFICIENTS
FOR. THE FOUR CABLE MODELS

Coefficients
Cable fz(B) = Ao + A; cos B + B; sin B + A, cos 2B + By sin 2B
Model
Ao Ay B, Ay By

1 x 19 ~-7.0246 8.9808 5.0718 -1.9575% -2.2012

7 x7 -29.7559 31.5478 27.9747 “«1.7925 | =11.9774

3 x 19 0.6240 0.3496 -1.5954 -0.9774 1.2234

4 x 7 : -3.8616 3.0695 4.6514 0.7931 -0.6304

Although nonzero lift forces were measured at B = 90 degrees, the
assumption that the loading function is zero at 90 degrees was main-
tained in order to derive the loading functions. It is well known that
the direction of 1lift force changes as the relative angle to the flow
exceeds 90 degrees. One explanation for nonzero lift force measurements
is that at 90 degrees the experimental setup might have influenced the
data; that is, perhaps the cable model was not at 90 degrees due to
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strut flexure, misalignment, etc. Previous work using the same rig has
indicated a lift force is produced at B = 90 dogrees.® As previcusly
discussed, the steady lift force data show scatter at all angles due to
the large overlying fluctuating forces. That scatter might be reflected
in the data measured at B = 90 degrees.

Tangential Drag

An initial analysis of the steady tensile (tangential drag) forces
measured at the end of the cable model wes performed. It was determined
that the tensile data are not appropriate for use in determining tan-
gential loading functions. The tangential drag measurements were
influenced by the development of a shallow catenary in the cable model
under tow caused by the normal drag force. As a consequence of the
catenary the tensile force in the cable model increased as a function
of the square of the velocity even for the 90-degree runs. In this
configuration no tangential drag should be recorded if the entire length
of the cable model is normal to the flow. The tensile forces have been
reduced but no further analysis has been performed. Potentiil effects
of the catenary shape on measured lift and normal drag have not been
evaluated.

CABLE DYNAMIC PROPERTIES

Cable dynamic properties were ‘measured with a single accelerometer
pair located at the midspan of the cable. Another accelerometer pair, .
located at the quarterspan, is typically used %o more accurately define
the cable mode shape. Unfortunately, as mentioned before, only one
accelerometer pair was available for this test.

This section presents a sample of the data collected by the midspan
accelerometers. For each cable model, the cable frequency and accelera-
tion were measured as a function of speed, yaw angle, and tension. The
acceleration data were double integrated to estimate the amplitude at
the midspan. Results presented below show the effect of speed, yaw
angle, and tension on the dynamic properties of a cable. In addition,
the effect of cable geometry is investigated by comparing accelerometer
data of the four cable models. Two important dynamic quantities, the
vortex shedding frequency and the cable natral frequency, are estimated

‘to aid in the interpretation of the accelerometer data.

Vortex shedding frequency is typically measured using a hot-wire

_anenometer placed in the test sample wake. Since no measurements of the

vortex shedding frequency were made in these tests, fv is estimated

using Equation (5). Figure 5 showed that for a circular cylinder the

9%p. cit.
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Strouhal number has a constant value of 8 ~ 0.2 over a wide range of

Reynolds numbers, 103 < Re < 105. Previous csble experiments have shown

that the Strouhal number for cables does not vary significantly from the
circular cylinder value.}d Using the value of S = 0.20 the shedding
frequency ranges from about 13 hertz at 2 knots to 64 hertz at 10 knots
for a 5/8-inch cable normal to the flow. The shedding frequency is
reduced as the yaw angle is decreased, varying as the sine of the angle.

Cable natural frequencies may be estimated with the taut string
equation expressed in Equation (6), which has been shown to be accurate
within 2 to 4 percent as applied to cables.!®* The calculated natural
frequencies through the 12th mode are presented in Table 9 for the two
tensions. High and low estimates of the frequency for each mode are
given to account for variance of the cable model tension during the
course of the experiments. As shown in the table, the fundamental
frequencies vary from 5 to 7 hertz, while the 12th mode frequencies
range from 55 to 84 hertz. The cable tension at the beginning and end
of each test run can be found in Appendix A.

Predictions from Equations (5) and (6) are used to interpret the
frequency data collected by the accelerometer. During lock-on Equa-
tion (6) is an accurate estimate of the cable frequency because the
cable is vibrating at or near one of its natural frequencies. The
vortices are forced to shed at the cable natural frequency; conse-
quently, Equation (5) does not accurately predict a shedding frequency
in this regime. Outside of the lock-on regime the cable is forced to
vibrate at the vortex shedding frequency.

Effect of Geometry and Yaw Angle on Cable Dynamics

Both x- and y-amplitudes were estimated from the accelerometer
data. Only the y-amplitudz data is discussed in this section. The
x-amplitude data is listed in Appendix B.

The y-amplitude of the cable model as a function of frequency is
plotted in Figures 34 and 35. The cable amplitude is nondimensionalized
by the diameter, and the frequency is expressed in nondimensional form
as the reduced velocity. V/fD. Amplitudes for the low tension case are
plotted in Figure 34(a). Two major features are shown by the data: as
the yaw angle is increased the cable frequency also increases, and; the
largest amplitudes, Y/D = 1.1, are associated with the two smallest yvaw
angles, B = 20 and 30 degrees. Amplitudes for B = 20 degrees correspond
to the lowest frequencies, hence the highest reduced velocities
(V/fD = 14). Increasing the yaw angle to B = 30 degrees groups the data
about a lower reduced velocity of V/fD = 12. The grouping of the data

13yotaw, C. W. and 0. M. Gritfin, "Vortex Shedding from Smooth Cylinders
and Stranded Cables," Journal of Basic Engineering, September 1971.

14Naval Research Laboratory Report 7821, "Some Transverse Resonant
Vibration Properties of Wire Rope with Application to Flow-Induced
Cable Vibrations," by S. E. Ramberg and 0. M. Griffin, December 1974.
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TABLE 9(a)

CALCULATED NATURAL FREQUENCIES FOR EACH CABLE MODEL

DURING LOW TENSION (T " 550 1b) RUNS
(Sheet 1 of 3)

Minimum Maximum

Cabie Mode Frequency Frequency

(ix) (Hz)
1x19 1 S 5
1x19 2 9 10
1x19 3 14 15
1x19 & 18 20
1x19 5 23 25
1x19: 6 28 30
1x1) 7 32 335
1x19 8 37 40
1x19 9 42 45
1x19 10 46 50
1x19 11 51 55
1x19 12 55 60
1x7 1 S 5
7T x7 2 11 11
7T x7 3 16 16
7x7 4 21 22
7x7 S 26 27
7x7 6 32 33
7 x7 7 37 38
7x7 8 42 L4
7 x7? 9 47 v 9
7 x7 10 53 55
7 x7 11 58 60
7T x7 12 63 65
3 x19 1 5 6
3 x19 2 11 12
3x19 3 16 17
3x19 4 21 23
3x19 5 27 29
3x19 6 32 35
3x19 7 37 41
3 x 19 8 42 46
Ix19 9 48 52
3 x19 10 53 58
3 x19 11 58 64
3 x19 12 64 69
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TABIE 9(a)
(Sheet 2 of 3)

Minimum Maximum

Cable Mode Frequency Frequency
(Hz) (=)
4 x7 1 5 L
& x7 2 10 10
4 x7 3 15 15
4 x7 4 20 21
& x7 5 24 26
& x7 6 29 31
4 x7 7 34 36
46 x7 8 39 41
dx7 9 44 46
4 x7 10 49 51
4 x7 11 54 56
4 x7 12 59 62

TABLE 9(b)
CALCULATED NATURAL FREQUENCIES FOR EACH CABLE MODEL
DURING HIGH TENSION (T ~ 850 1b) RUNS
(Sheet 2 of 3)

Minimum Maximum

Cable Mode Frequency Frequency
(iz) (Rz)
1 x19 1 6 6
1x19 2 12 12-
1x19 3 18 18
1x19 4 24 24
1x19 5 30 30
1x19 6 36 36
1x19 7 42 42
1 x19 8 48 48
1 x19 9 54 54
1x19 10 60 60
1 x19 11 66 66
1x19 12 72 72
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TABLE 9(b)
(Sheet 3 of 3)

Minisum Maxisum
Cable Mode Frequency Frequency .
. (H=) (=)
1x7 1 6 7
71 x7 2 13 13 :
1x7 3 19 20
1x7 4 26 27
1x7 5 32 33
1x17 6 38 40
1x17 7 45 &7
71x7 8 51 S&
17x7 9 58 60
7x7 10 64 - 67
71 x7 11 n 74
7x7 12 77 80
3x19 1 ? 7
‘ 3x19 2 13 14
3Ix19 3 20 21 .
3x19 4 27 28 - T
3x19 S 33 35
3 x19 6 40 42
3x19 7 47 49
3 x19 8 54 56
3x19 9 60 63
3x19 10 67 70
3 x 19 11 74 17
3x19 12 80 83
b x7? 1 6 6
4 x7 2 12 12
4 x 7 3 18 19
b6 x 7 4 24 25
4 x 7 5 30 K} |
4 x7? 6 "~ 36 37
4 x7 7 43 4
4 x 7 8 49 50 -
4 x 7 9 55 56 R
: 4 x7 10 61 62 - ,
| 4 x7 11 67 68 g
| b x7? 12 73 75
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FIGURE 34(a). MEASURED Y-AMPLITUDE AT CABLE MIDSPAN VERSUS
REDUCED VELOCITY - LOW TENSION (Sheet 1 of 2)
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REDUCED VELOCITY BASED ON NORMAL VELOCITY COMPONENT
LOW TENSION (Sheet 1 of 2)
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about smaller reduced velocities for increasing yav angle is .still
apparent for 43° < B < 90°, although these data show less of an effect
due to yaw angle. Axplitudes in this range of angles are centered about
a reduced velocity of 5.0 to 6.0, and the maximum Y/D is 0.6.

In Figure 34(b) y-amplitude data are plotted versus reduced
velocity for the high tension case. The systematic effect of yaw angle
is similar to that observed for the low tension case of Figure 34(a).
However, smaller and more uniform maximum amplitudes are observed
for the higher tension. Except for the 30-degree data, the maximum
amplitudes do not oxceed Y/D = 0.45 and are insensitive to yaw angle
variations.

The effect of yaw angle on the amplitude data can be explained
by the Independence Principle. Recall that the Independence Prin-
ciple predicts that the maximum vortex shedding frequency occurs
at B = 90 degrees, and then decreases as the sine of the yaw angle
(Equation (5)). Since fv is the forcing function which causes the cable

to vibrate, the relatively high shedding frequencies at large yaw angles
excite high cable frequencies and the associated high mode shapes.
Similarly, at small angles the reduced shedding frequencies excite the
lower mode shapes. This explains the grouping of the data as a function
of reduced velocity and the larger amplitudes at small yaw angles.

From the Independence Principle improved scaling of the y-amplitude
data can be achieved by using the reduced velocity based on the normal
velocity component. This is shown in Figure 35.. For both tensions
the y-amplitude data fall within a relatively narrow band of reduced

velocities, 4.0 < Y—:.—;—n—ﬁ < 5.5. The effect of yaw angle has been

removed, confirming the success of the Independence Principle in scaling
the data.

Next considered is the effect of cable geometry on the amplitude »

and frequency characteristics. The shape of the cable in the cross-
flow plane affects the vortex shedding from the cable and, therefore,
influences the vibrstion of the cable. The cross-sectional geometries
of the cable models were compared in Figure 13. Of the five cable
models tested, the 1 x 19 is the smoothest (i.e., moct nearly circular)
and the 4 x 7 serrrted is the roughest. Results for these two cahles
are presented in Figures )6 and 37 to show geometry effects on- the cable
dynamics.

Figure 36 cowpares y-amplitudes versus yaw angle for the 1 x 1J and
4 x 7 cables at low tension. As previously shown in Figure 34 the
highest amplitudes are observed at small angles. The maximum amplitude
for the 4 x 7 cable, Y/D = 1.6, is 60 percent higher than that for the
smoother 1 x 19 cable. The amplitudes for both cables are sensitive to
speed variation, although no systematic effect due to speed is apparent.
High tension results are shown in Figure 37. The maximum Y/D for the
4 x 7 cable is reduced from 1.6 for low tension to approximately 1.0,
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FIGURE 36(a). MEASURED Y-AMPLITUDE AT CABLE MIDSPAN VERSUS YAW ANGLE
TOR THE 1 x 19 AND 4 x 7 CABLE MODELS AT LOW TENSION |
1 x 19 CABLE (Sheet 1 of 2)
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vhile the maxisum asplitude for the 1 x 19 cable is less affected by the
increased tension. The results of Figures 36 and 3/ indicate that the
smoother 1 x 19 cable develops a smaller maximum amplitude in comparison
with the rougher & x 7 cable. In addition, the effect of speed (i.e.,
Reynolds number) is shown to be significant.

Lock-On Effects

All of the frequency data showed evidence of the lock-on
phenomenon. Typical results are shown in Figure 38. Measured fre-
quancies are plotted as a function of yaw angle for two cadle models,
1x19 snd & x 7, st low tension. At the lowest test apeed of 2 knots,
both cable models vibrate at their fundamantal frequency for small yaw
angles. The 1 x 19 cable shiftas to the second mode for intermediate yaw
angles, and to the third wode at the highest angles. For speeda greater
than 2 rnots lock-on is more diffirult to detect, because higher mode
shapes are excited at the increased tov speeds. The 1G-degree spacing
between measurements and the consistency of the cable tension are not
sufficient to resolve the lock-on plateaus at these speeds.

The full set of cable rfrequency data is presented in Figures 39
snd 40. The frequency data are nondimensionalized to create a cable
Strouhal aumber, fD/V, where f corresponds to the cable frequency. In
contrast the "true" Strouhal number is defined as the nondimensional
vortex shedding frequency, va/V. Since fv vas not measured in the

cable strumming tests, the true Strouhal number is estimated using the
vortex shedding frequency predicted by Equation (5). This equation
is shown as the curve in Figures 39 and 40. It correspondsz to the
predicted Strouhal number for a nonvibrating yawed circular cylinder
with § = 0.2.

Figure 39 shows nondimensional cable frequencies for the 1low
tension case. Low tension frequencies for the 1 x 19 cable are shown in
Figure 29(a). Except for the 2-knot case good scaling of the data is
observed, with the cable Strouhal numbers in good a_veement with the
predicted values. The scatter in the 2-knot data is consistent with the
lock-on effect discussed in Figure 38. At this speed tbe cable forces
the vortex wake at the cable natural frequeacy over a relatively wide
range of yaw angles. This producus a large deviation from the predicted
vortex shedding frequency. At higher speeds the cable frequency more
closely follows the shedding frequency because the lock-on plateaus
are relatively smaller. Similar results are shown in Figures 39(b) and
39(c) which correspond to the 7 x 7 and the 3 x 19 cable models, respec-
tively. The measured frequencies for the &4 x 7 cable, Figure 39(d),
are consistently higher than the predicted values. The measured and
predicted Strouhal numbers differ by roughly 10 percent. At present
there is no evidence to suggest a bias error in the 4 x 7 frequency data
that could explain thisz result. Therefore, the cross-section geometry
of the 4 x 7 cable may ulter the vortex wake such that higher cablc
frequencies are excited.
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Figure 40 shows nondimensional cable frequencies for the high
tension case. The cable natural frequencies for high tension are
increased by about 20 percent over the low tension cate. This dif-
ference is not sufficient to change the conclusions drawn ia Figure 39.
The distribution of nondimensional cable frequencies about the theory
curve is generally similar to the results for the low tension case.

Effect of Geometry and Velocity on Cable Strouhal Number

Cable Strouhal numbers are plotted versus speed in Figure 41 for
t.pe cables normal to the flow, B = 90 degrees. The speed range of 2 to

10 knots corresponds to Reynolds numbers of 1.6 x 10* < Re < 8.0 x 10%.

Again, the effect of lock-on is evident at the lowest speed. For both
tensions the highest cable Strovhal numbers are .observed at 2 knots.
At this speed the average Strouhal number is S = 0.24. Values for
the higher speeds are roughly centered about S = 0.20. Table 10 lists
the cable Strouhal numbers at § = 90 degrees averaged for the speeds
of 5, 7, and 10 knots. As noted previously the 1 x 19 cable has the
smoothest, or most nearly circular cross section. The 4 x 7 has the
roughest cross section, and the 7 x 7 and 3 x 19 cables have cross
sections of intermediate roughness, This table shows that the cable
Strouhal numbers vary from a low of 8 = 0.18 for the 1 x 19 cable to a
high value of S = 0.22 for the 4 x 7 cable. The cable Strouhal numbers
for P = 30 degrees show an apparent systematic effect due to cable
geometry. Yet the effect does not seem too significant since the
average Strouhal numbers of Table 10 are within 10 percent of S = 0.2,
which is the circular cylinder value, °

CONCLUSIONS

Five wire ropes were tested for their :rag, lift, and strum
properties using the DTNSRDC rotatable twin strut assembly. The wire
ropes investigated were of five constructions: 1x 19, 7x 7, 3 x 19,
4 x 7 serrated, and 6 x 25 lang lay. The test rig was suitable for
measuring the steady and unsteady norwal drag and lift forces and strum
accelerations on the cable models. Another test method is required in
order to determine accurate tangential drag measurements. The 1 x 19,
7x7, 3x 19, and 4 x 7 ropes were tested at four speeds, two tensions,
and eight angles. The data from these four ropes were used to determine
lift and drag coefficients, lift and drag loading functions, and strum
properties. The 6 x 25 lang lay rope was tested at two speeds, two
tensions, and three angles. The data from this vope was used to
determine its drag coefficient only. The test Reynolds number range

based on model diameter was approximately 104 < Re < 105.
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TABLE 10

AV :AGE CABLE STROURAL NUMBERS FOR V = 5, 7, 10 KNOTS
AT B = 90 DEGRRES

Low Tension High Tension
Cable fD/V @ 90° fD/V @ 30°¢
1x19 0.18 0.19
7x7 0.19 0.19
3x19 0.20 0.21
4x?7 0.22 0.21

LOADING FUNCTIONS

Using this rig, the measured asteady drag forces were much larger
than the measured unsteady drag forces. The four wire ropes analyzed
displayed similar normal drag characteristics and as a result a common
drag coefficient and loading function can be used to predict normal drag
on these four cables within the Reynolds number range. Normal drag
loading functions were determined for each cable and a common loading
function was developed:

1 x 19: fn(B) = -0.9300 + 1.2272 cos B + 1.6328 sin B - 0.2972 cos 2P

- 0.5643 sin 2B

7x7: fn(B) = -1.9580 + 2.3201 cos B + 2.5960 sin B - 0.3521 cos 2B

- 0.9870 sin 28

3 x19: fn(B) -0.4018 - 0.1597 cos B + 0.3561 sin B - 0.2421 cos 2P

- 0.0126 sin 2B

4 x 7 Serrated: fn(,B) = 0.1571 + 0.2518 cos B + 0.4341 sin B

- 0.4089 cos 2B - 0.0868 sin 28

Common : fn(B) -0.6686 + 0.9888 cos B + 1.3483 sin B

- 0.3202 cos 2P - 0.45 sin 2B
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The common drag ccefficient determined from these tests was 1.46.
For the Reynolds number range, no evidence of tramsition can be seen
based on the normal drag coefficients determined over a range of angles
based on the Independence Principle.

The messured steady lift forces were much smaller than the unsteady
lift forces. Scatter was introduced into the steady lift data as a
result. of the large unsteady to steady force ratio. However, froa
the data, cable geometry and Reynolds number clearly affect the lift
characteristics of stranded wire ropes. The lift coefficieants deter-
mined for the runs displayed scatter over the Reynolds number range.
The Independence Principle does not successfully scale the lift co-
efficients determined for each cable. No function based on Reynolds
nuaber vas determined to describe the lift coeffi~jients. In addition, a
separate lift loading function must be used for each cable. The average
lift coefficients and loading functions determined for the cables are:

e 19: Cz = 0.139

f‘(p) = -7.0246 + 8.9808 cos B + 5.0718 sin B - 1.9575 cos 2B

- 2.2012 sin 2B

1Tx7: \ 0‘80.116
£,(B) = -29.7559 + 31.5478 cos B + 27.9747 sin B
- 1.7925 cos 28 - 11.9774 sin 2B
3 x 19: C, = 0.222
fz(B) = 0.6240 + 0.3496 cos B - 1.5954 sin B - 0.9774 cos 2B
+ 1.2234 sin 28
4 x 7

Serrated: C 0.139

2

-3.8616 + 3.0695 cos B + 4.6514 min B

fa()
+ 0.7931 cos 2B -0.6304 sin 2P

CABLE DYNAMIC PROPERTIES

The measurements by the midspan accelerometer pair show the
importance of yaw angle, speed, tension and geometry on the dynamic
characteristics of a cable. Cable geometry influences both the ampli-
tude and frequency of cab'~ vibration. The highest amplitudes are
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observed for the & x 7 cadble, which is the roughest cadble of the four
tested. The highest vibration amplitudes are observed at the smallest
tow angles. This means that a small tow angle does not insure that
strumming will be negligible.

The Independence Principle successfully scales the amplitude
data. The amplitudes are roughly centered about a reduced velocity of
V sin (B)/fD = $.0. Predicted Strouhal numbers from the Independence
Principle are generally withir 10 ‘percent of the measured cable Strouhal
numberc. At f = 90 degrees the cuble Strouhal numbers for the “ougher
cables (3 x 19, & x 7) are approximately 10 perceat greater than fuor the
smoother cables (1 x 19, 7 x 7).

RECOMMENDATIONS

FUTURE ANALYSIS.

A detailed error analysis of the data measurement systea is
recommended to provide a confidence limit on the data obtained and to
provide information on possible future refinements of the weasurement
system. This includes an estimate of measurement errors affecting the
estimation of vibration amplitude from acceleration data.

An analysis of the reduced steady tangentisl force data is
recommended to determine if a tangential drag loading function can
be estimated from the available data, and to make that estimation if -
possible. An investigation of octher techniques to accurately measure
tangential drag is also recommended.

It is recommended that the unsteady force data be rvduced in order
to estimate the magnitude of the oscillatory forces and associated
frequencies. This information can be used to augment the analysis
of the accelerometer cata and to provide information for a fatigue
analysis.

The 1lift coefficient data available from this test should be
examined further to determine the nature of the steady lift depen-
denc: on Reynolds number. An analysis of steady lift production and
steady-unsteady lift force coupling is also recommended to improve our
understanding of lift force production. :

FUTURE TESTS

For many tow applications the hydrodynamic properties of the towed
cables are Cesired at low angles of incidence. Since these tests apply
only %o yaw angles greater than 20 degrees, it is recommended that
similar tests be designed to quautify the characteristics of “he tested
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wires at yaw angles less than 20 degrees. In addition, the development
of test techniquesz to determine the tangential drsg on these wire ropes
should be pursued.

The present aeries of cable tests represent the first stage of
experinsenta required to develop accurate cable modeling techniques for
cable szystems. To further develop such techniques a second stage of
experiments is recommended. Measurements of the vortex shedding and
1lift production characteristics of a cable would aid in interpreting the
force and strum data collected in these tests. Flow field measurements
would provide insight into the complex flow physics associated with
strumming cables.

Very little data is available for the vortex shedding character-
istics of stranded cables. This is because researchers in the aerospace
and hydrodynamic communities have traditionally focused their attention
on smooth cylinders. The hydrodynamics of cables differ from smooth
cylinders; for example, a cable generates a steady lift component while
a smooth circular cylinder does not. Therefore, the vortex shedding
charactesiscics of cables are likewise expected to differ from smooth
cyliuders. A systematic series of flow field measurements could answer
many questions about the poorly understood hydrodynamics of strumming
cables. Some of these questions are listed below.

1. How does the helical stranding of a cable affect the location
of boundary layer separation and formation of a vortex wake?

2. By what flow mechanism is.steady lift developed?

3. What effect do changes in the tow speed, cable geometry, and
angle of incidence have on the stability of the shed vortex wzke and the
shedding frequency?

4. Is there a flow field mechanism which couples the steady and
unsteady loads acting on the cable?

To answer these questions two broad categories of flow field
measurements are required: qualitative flow field visualization &and
quantitative measurements. Flow visualization is achieved by intro-
ducing tracer particles into the flow (smoke, dye, etc.) which follow
the streamlines aand can be photographed. Flow visualization methods
give a picture of the flow about the cable which can be used to deter-
mine the overall structure and stability of the vortex wake. Quantita-
tive methods involve the use of probes placed in the flow to measure
mean flow velocities, vortex shedding frequency, and boundary layer
characteristics. Suggested measurement techniques for both categories
are discussed below.

Flow visualization about the cable may be achieved in 2 wind tunnel

by injecting smoke upstream of the test sec.ion. The visualized flow
field is recorded with still photography or high-speed motion picture
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cameras. Strobe lights can be used to "freeze" the flow at a given
instant. Typical results of smoke injection are shown in Figure 42.1%
Results similar to Figure 42 can be achieved in a water tuunel with dye
injection. A recent innovation in flow visualization involves the use
of a laser light source.l® A laser-produced sheet of light is used for
its ability to show a cross section of the flow. As shown in Figure 43
a particular advantage of this method is the ability to capture both the
total smoke pattern and the cross-sectional sheet pattern in a single
photograph.

The traditional instrument for quantitative measurements of an
unsteady flow field is the hot-wire probe. Mean flow and fluctuating
turbulent velocities are measured by the hot-wire probe at a particulaz
point in the flow field. The weasured velocities are used to determine
the vortex shedding frequency, energy spectra of the vortex wake, and
tne location. of boundary layer separation. Laser Doppler Velocimetry
(LDV) is an alternative means of measuring the flow field. LDV is a
tachnique by which the instanteneous velocity is measured at a point in
the flow from the Doppler frequency shift of light scattered from
particles moving with the fluid. Its advantage over hot-wire anemometry
is that LDV is a nonintrusive measurement technique (i.e., no probes are
placed in the flow).

Ideally, the flow field w-:asurements described above are desired

for the full set of cable models with the same speed and yaw angle range
" of the present tests. Additionally, tests on rigid and vibrating cable
models, supplemented with force measurements, are needed to study the
effect of cable motion. Due to the cost of flow field measurements, it
is recommended that thé experimental program be divided into two phases.
The Phase I test program would consider rigid cable models, while
Phase II tests cable models which are free to vibrate.

To further reduce the cost and complexity of the experimental
program, it is recommended that the tests be restricted to two cable
models, with a circular cylinder included to serve as a baseline case.
For the rigid cable model tests of Phase I, the flow field measurements
may be conducted in air to produce the same results as tests conducted
in water. This is achieved by adjusting the Reynolds number in air to
equal the Reynolds number of the cable operating in water. Testing in a
wind tunn2! simplifies the setup of the cable model and operation of
electrical instrumentation required for the flow field measurements.
The tests of Phese Il require the use of a water tunnel to ensure
dynamic scaling.

15Nelson, R. C. and T. N. Mouch, "Cylinder/Splitter-Plate Data
Illustrating High o Support Interference," Journal of Spacecraft and
Rockets, Vol. 16, No. 2, March-April 1979.

16Nelson, R. C., "The Use of Flow Visualization for Vortex Trajectory
Mapping," presented at the Third International Flow Visualizatica
Symposium, University of Michigan, Ann Arbor, Michigan, September
1983.
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Flow visualization of the crossflow plane is required for at least
three spanwise stations along the cable. Thia will check the stability
and spanwise coherence of the vortex wake. Quantitative measurements,
performed at the same spanwise stations, should include the frequency of
vortex shedding and the location of boundary layer separation.
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APPENDIX B

INTRODUCTION

The reduced data from the cable drag, lift, and strum tests
described in this report are presented in the following sections. The
data include mean steady forces, acceleration spectra, tabulated
information from the spectra, and quantities calculated from the
spectra.

The forces and accelerations are defined for a right-hand
coordinate system. The x- and z-axes lie in the cable-flow plane with
the x-axis normal to the cable and the 2z-axis along the cable. The
positive axes correspond to the normal and tangential drag directions.
The y-axis lies transverse to the x- and z-axes according to the right-
hand rule. B is defined to be the angle between the z-axis and the
relative flow velocity.

For this test setup, all datszs reduction has been completed as if
the coordinate system described were applied to a left lay cable. From
previous tests! ¥ and tow experience it has been shown that the drag
forces developed on right and left lay cables are equivalent at the same
yaw angles. The lift force developed on a right lay cable over the
angle range 0° < B < 90° is equivalent to that developed by a left lay
cable except the direction of the lift vector is reversed. All lift
force data tabulated in the appendix are listed as positive forces
regardless of the lay of the corresponding cable tested. The reader who
chooses to use the loading functions developed for system design must
take care to insure the correct sign is attached to the lift loading
function depending on whether the design cable is right or left lay.

MEAN FORCE DATA

Three-dimensional dynamic force data were available from the
tri-axial force gage attached to one end of the cable. The dynamic data
were reduced to provide the mean steady forces acting on the cable
during each test run. For each run, the x, y, and z mean steady forces

1pavid W. Taylor Model Basin Report R-312, "Wind-Tunnel Tests of Mine
Sweeper Cables," Aero Report 705, December 1940.

2pavid W. Taylor Model Basin Report 1645, "Wind-Tunnel Determination of
the Aerodynamic Characteristics of Several Twisted Wire Roves," by
4. P. Schultz, Aero Report 1028, June 1962.
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are reported in tabular form. Dimensional loads in pounds are given by
fx, fy, fz corresponding to the x, y, and z directions. These forces

are divided by the cable length (L = 14 ft) to give the loading per
foot. The force coefficients are defined as

C. = ——g—r
z pVeDL

where the water density iS p = 1.94 lbm/ft and D is the nominal cabie

diameter (D = S1/64 inch for the 4 x 7 model and D = 5/8 inch for

the remaining models). Undefined values in the table are denoted by
R
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NCSC T 471-87

REDUCED ACCELEROMETER DATA

A variety of values have been noted from the accelerometer spectra
and are presented in tabular form. For each set of runs including the
eight angles for each cable, speed, and tension range, the following
values are tabulated:

RUN

ANGLE

FREQ(HZ)

X-AMP(DB)

Y-AMP (DB)

GAIN
T1(LB)

T2(LB)

Test run number corresponding to the number of the
associated spectral plot.

Yaw angle, B.

First harmonic vibration frequency chosen from the
y-spectrum as the frequency corresponding to the highest
acceleration amplitude.

Decibel level from the x-spectrum at the associated
frequency.

Decibel 1level from the y-spectrum at the associated
frequency. '

Accelerometer amplifier gain.
Applied tension at the beginning of the run in pounds.

Applied tension at the end of the run in pounds.

B-12




2 knots

RUN ANGLE'
13 90.
16 80.
21 71.
25 60.
30 50.
34 43.
38 30.
42 20.

2 knots

RUN ANGLE
47 90.
52 80.
56 71.
60 60.
64 50.
68 43.
72 30.
76 20.

2 knots

RUN ANGLE
a3 90.
87 80.
g1 71.
95 60.
99 50.

103 43.

107 30.

111 20.

2 knots

RUN ANGLE

117 90.

121 80.

125 71,

129 60.

133 50.

137 43.

141 30.

145 20.

1x19
FREQ(RHZ)

15,
15.
15.
11.
10.
6.
6.
S.
%7
YREQ(HZ)

16.
16.
11,
11.
11,
5.
S.
S.
3x19
FREQ(HZ)

18.
12.
12,
11.
11.
6.
6.
S.

FREQ(HZ)

11.
11.
10.
10.
9..

NCSC ™ 471-87

REDUCED ACCELEROMETER DATA

Low tension

X-AMP(DB) Y-AMP(DB) GAIN
-18.2 -22.1 10.
-16.5 -14.8 10.
'16.3 '1606 10.
-27.5 -33.9 10.
-32.4 -42.6 10.
-45.6 -46.4 10.
-32.2 -31.2 10.
'30.2 '30.4 10.
Low tension

X-AMP(DB) Y-AMP(DB) GAIN
-38.0 «-20.6 10.
'3700 '21-3 10-
-52.0 -38.1 10.
-52.0 -38.9 10.
-50.4 -40.7 10.
-50.0 -49.3 10.
-46.0 -43.4 10.
-39.0 -35.6 10.
LoQ tension .

X-AMP(DB) Y-AMP(DB) GAIN
-35.9 -33.5 10.
-34.0 -39.6 10.
-33.2 -36.6 10.
-54.2 -31.4 10.
-54.5 -32.6 10.
'57-0 “697 10.
-42.1 -25.5 10.
-51.1 -34.4 —10.

4x7 serrated Low tension

X-AMP(DB) Y-AMP(DB) GAIN
-47.9 <37.0 10.
-43.0 -31.2 10.
-40.0 -32.0 10.
-38.0 -27.0 10.
-41.0 -36.7 10.
-52.0 -45.0 10.
-63.0 -42.8 1.
-58.0 -45.0 10.

e m i . E——— Lt A ———————— . —

B-13

T1(LB)

504.5
601.0
560.5

T1(LB)

595.7

567.6.

567.8
560.8
562.3
556.6
557.6

.TI(LB)

592.7
523.2
604.6
621.0
597.2
591.8
591.6
577.1

T1(LB)

610.9
603.0
573.4
564.7
569.0
556.2
564.3
564.6

T2(LB)

T2(LB)

$93.9
566.2
566.5
560.6

562.0

556.6
§57.7

T2(LB)

592.1
522.8
603.6
619.1
596.7
591.5
591.3
577.6

T2(LB)

610.7
601.7
573.2
564.1
568.6
556.1
564.5
564.6




NCSC ™ 471-87
2 knots 1x19 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN

259 90. 17. -30.8 -26.2 10.
263 80. 18. -26.4 -22.6 10.
267 71. 25, -35.7 -39.2 10.
271 60. 12, -42.0 -38.0 10.
275 50. 26. -42.0 -42.0 10.
279 43. 7. -48.4 -39.4 10.
283 30. 6. -42.0 -30.6 - 10.
287 20, 5. -53.0 -49.3 10.
2 knots 7x7 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN

222 90. 13. -46.6 -34.0 10.

226 80. 12. -52.5 -36.0 10,
230 71. - 13, -55.0 -38.0 10.
234 60. 12, -55.8 -40.0 10.
238 50. 12, -57.6 -52.4 10.
242 43. 7. -60.1 -38.0 10.
246 30. 6. -43.0 -30.0 10.
250 20. 5. -64.1 -58.6 - 10.
2 knots 3x19 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) .Y-AMP(DB) GAIN

187 90. 14. -50.8 -41.0 10.
192 80. 13. -50.3 -40.0 10.
196 71. 13. -52.5 -42.0 10.
200 60. 7. -50.2 -43.0 10.
204 50. 7. -41.6 -40.0 10.
208 43. 7. -43.1 -35.0 10.
212 30. 7. -36.2 -31.9 10.
216 20. 7. -59.0 -64.5 10.
2 knots 4x7 serrated High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN

149 90. 12. -39.2 -31.9 10.
153 80. 12. -42.0 -28.8 10.
157 71. 12. -42.0 -28.7 10.
161 60. 18. -60.0 -40.0 10.
165 50. 7. -41.0 -28.2 10.
171 43. 7. -35.0 -22.7 10.
175 30. 5. -57.0 -56.2 10.
179 20. o. -35.0 -18.9 10.

B-14

T1(LB)

864.8
853.4
858.4
850.8
849.0
852.4
845.9
845.0

T1(LB)

889.1
827.8
824.0
898.2
883.8
880.9
883.3
880.5

T1(LB)

892.0
836.8
835.1
897.7
876.7
879.9
879.1
859.5

T1(LB)

890.
870.
8é6l.
860.
861.
861.
865.
897.

WOUNOULULWYO

T2(LB)

864.0
853.3
857.4
850.7
848.8
852.4
845.2
845.1

T2(LB)

887.7
828.0
824.0
897.4
883.1
88l1.5
883.7
883.1

T2(LB)

890.0
836.9
834.9
897.3
876.5
879.9
879.2
859.5

T2 (LB)

890.7
861.
860.
860.
861.
865.
866.

F-SVe QN CRL S By I . N




;“ e NCSC ™ 471-87

S knots 1x19 Low tengion
'RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN T1(LB) T2(LB)
14 90. 29. -15.4 -14.4 10. 496.2 --
18 80. 30. -14.9 -8.8 10. 564.6 -
23 71. 30. -36.3 -34.7 l. 547.4 --
27 60. 28. -10.0 -10.6 10. -- .-
32 50. 23. -14.1 -20.6 10. “ - --
36 43, 22. -24.7 -17.7 10. -- -
40  30. 15. -18.9 -10.2 10. .- .-
44 20. 10. -40.6 -43.2 10. -- .-
5 knots x7 Low tension
RUN ANGLE FREQ(HZ) X-AMP(DB) <¥-AMP(DB) GAIN T1(LB) T2(LB)
50 90. 3l. -30.0 -11.5 10. .- --
54 80. 30. -38.0 -10.6 10. 569.8 571.7
58 11. 30. -35.0 -8.7 10. 563.8 567.2
62 60. 29, -40.0 <11.3 10. 566.4 566.6
66  50. 28. -43.2 «22.2 10. 560.6 561.3
70 43, 23. -27.0 -18.9 10. 565.5 565.4
74 30. 16. -14.0 -9.8 10. 563.5 563.5
78 20. 11. -33.0 -29.3 10. 556.9 556.9
5 knots 3x19 Low tension
RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN T1(LB) T2(LB)
85 90. 33. -10.6 -8.7 10. 540.1 .-
89 * 80. 31. <12.7 -9.1 10. 526€.8 528.3
93 71. 32. -18.5 -7.3 10. 550.0 .-
97 60. 27. -25.7 -13.5 10. 594.2 594.3
101 50. 25. -30.0 -16.3 10. 595.2 594.7
105 43. 24. -29.3 -16.3 10. 592.7 592.3
109 30. 18. -19.7 -6.6 10. 586.0 585.7
113 20. 12. -47.1 -26.5 10. 581.2 580.7
5 knots 4x7 serrated Low tension =
RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP{(DB) GAIN T1(LB) T2(LB)
119 90. 30. -25.0 -7.0 10. 529.3 529.4
123 80. 30. -42.C -26.0 1. 568.1 568.8
127 71. 30. -22.0 -9.6 10. 565.7 566.2
131 60. 8. -46.0 -29.4 10. 562.2 562.7
135 50. 22. -14.0 -13.5 10. 563.6 563.6
139 43, 21. -16.0 -17.0 10. 563.7 563.7
143 30. 16. -22.0 -5.7 10. 564.7 564.6
147 20. 10. -36.0 -24.5 10. 564.4 564.4
B-15
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5 knots 1x19

RUN ANGLE FREQ(HZ)

261 90. 32.
265 80. 32.
269 71. 31.
273 60. 26.
2717 50. 25.
281 43. 18.
285 30. 16.
289 20. 12.
5 knots 1x7

RUIN ANGLE FREQ(HZ)

224 90. 32.
228 8u. 32.
232 1. - 32.
236 60. 29.
240 50. 26.
244 43. 20.
248 30. 18.
252 20. 12.

5 knots 3x19

RUN ANGLE FREQ(HZ)

NCSC ™ 471-87
High tension

X-AMP(DB) Y-AMP(DB) GAIN

-36.6 -5.4 10.
-28.8 -5.8 10.
-23.9 -7.0 10.
-21.8 -19.4 10.
-23.0 -19.9 10.
-27.0 -26.7 10.
-27.0 -22.9 10.
-34.7 -37.2 10.

High tension

X-AMP(DB) Y-AMP(DB) GAIN

-36.8 -8.0 10.
-34.4 -8.0 10.
-32.9 -10.0 10.
-33.0 -24.0 10.
-33.1 -23.4 10.
-31.3 -12.5 10.
-30.3 -14.2 10.
-55.7 -35.8 10.

High tensicn

X-AMP(DB) Y-AMP(DB) GAIN

189 90. 37. -31.1 -18.4 10.
194 80. 30. -36.6 -20.7 10.
198 71. 29. -35.4 -23.1 10.
202 60. 28. -29.1 -20.5 10.
206 50. 22. -23.0 -15.7 10.
210 43. 22. -20.9 -12.9 10.
214 30. 20. -26.4 -17.0 10.
218 20. 13. -53.8 -39.4 10.
5 knots 4x7 serrated High tension

RUN ANGLE FREQ(H2)

151 90. 27.
158 80. 27.
159 71. 27.
163 60. 26.
167 50. 21.
173 43. 20.
177 30. 18.
181 20. 13.

X-AMP(DB) Y-AMP(DB) GAIN

-24.9 -15.0 10.
-23.9 -11.7 10.
-24.1 -14.3 10.
-20.1 -13.4 10.
-23.9 -6.8 10.
-21.6 . =3.7 10.
-25.7 -11.0 10.
-54.0 -43.0 10.

B-16

T1(LB)

856.4
859.0
854.8
853.4
852.0
845.0
845.2
845.1

T1(LB)

8...9
826.0
840.0
884.)
881.6
880.5
879.6
879.0

T1(LB)

843.3
834.0
831.2
877.7
880.5
879.1
879.1
859.5

T1(LB)

894.
861.
859.
860.
862.
866.
864.
856.

QO Wd O

T2(LB)

856.4
859.6
855.3
853.8
852.8
845.2
845.3
844.9

T2(LB)

831.6
826.1
824.8
884.0
88l1.6
880.8
880.0
880.1

T2(LB)

842.9
834.0
83l1.6
877.4
880.1
879.1
879.1
859.4

T2(LB)

890.0
860.8
860.2
860.9
862.6
866.0
863.8
856.0




1x19

ANGLE FREQ(RHZ)

44.
44.
4.
35.
29.
22.
15.

x7

ANGLE FREQ(HZ)

44.
44.
41.
40.
36.
30.
23.
16.

3x19

ANGLE FREQ(HZ)

44.
43.
42.
36.
34.
32.
25.
18.

ANGLE FREQ(HZ)

7 knots
RUN
15 90.
18 80.
24 71.
28 60.
33 50.
37 43.
41 30.
45 20.
1 knots
RUN
51 90.
55 80.
59 71.
63 60.
67 50.
71 43.
75 30.
79 20.
7 knots
RUN
86 90.
90 80.
94 71.
98 60.
102 50.
106 43.
110 30.
114 20.
7 knots
RUN
120 90.
124 80.
128 71.
132 60.
136 50.
140 43.
144 30.
148 20.

39.
39.
38.
33.
31.
29.
22.
16.

NCSC TN A71-87

Low tension

X-AMP(DB) Y-AMP(DB)
-34.8 -30.1
'3‘-0 °30.0
‘3“5 '29-0
-48.0 -34.8
‘3903 '24-7
-51.8 -42.1
-39.0 -31.4

Low tension

X-AMP(DB) Y-AMP(DB)
-33.1 -7.5
-47.4 -29.3
-43.3 -29.4
-54.0 -36.9
-53.1 -31.3
-32.9 -27.1
-43.8 -38.8
-31.6 -28.3

Low tension

X-AMP(DB) Y-AMP(DB)
-28.8 -29.0
-33.2 -32.0
-36.0 -26.7
-35.9 -27.3
-30.9 -22.2
-31.5 -22.9
-50.4 -38.1
-39.7 -27.4

X-AMP(DB) Y-AMP(DB)
-36.1 -24.4
-33.1 -22.4
-32.8 -21.4
-27.5 -15.4
-28.4 -16.4
-31.0 -18.4
-35.1 -38.9
-43.2 -28.0

B-17

4x7 serrated Low ténsion

GAIN T1(LB)

bt et et ot Pt b et et

505.0
564.6
556.0

GAIN T1(LB)

bt pd e e e et et

o

571.7
567.2
566.6
561.3
564.3
563.5
556.9

GAIN T1(LB)

b b b e e e P

523.7
528.5
537.2
594.1
594.9
592.6
585.7
580.8

GAIN T1(LB)

N N
1l . L) . L] L] . L]

529.
568.
566.
562.
563.
563.
564.
564.

IOV 3OV ix OO &

T2(LB)

T2(LB)

575.5
572.3
570.0
568.2
566.4
561.9
556.2

T2(LB)

533.9
524.2
544.6
602.9
597.0
592.7
584.9
580.3

T2(LB)

534.2
575.0
572.7
568.2
567.3
563.5
564.6
564.2




-

NCSC TM A71-87

7 knots 1x19 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN
262 90. 43. -47.9 -28.5 1.
266 80. 42. -39.9 -27.6 1.
270 71. 41. -40.7 -34.9 1.
274 60. 38. -41.0 -36.9 1.
278 50. 34. -35.0 -23.0 1.
282 43. 30. -40.8 -26.5 1.
286 30. 24. -53.2 -48.2 1.
290 20. 17. -43.0 -37.0 1.
7 knots 7x7 BRigh tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN
225 90. 43. "5.2 '28.4 10
229 80. 44. -47.3 -34.2 1.
233 71. 43. -45.6 -34.4 1.
237 60. 36. -39.4 -30.9 1.
241 50. 35. -37.6 -26.7 1.
245 43. 33. -40.6 -27.1 1.
249 30. 26. -63.0 -46.2 1.
253 20. 18. -50.2 -36.2 1.
7 knots 3x19 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN
190  90. 46. -24.5  -11.3 10.
195 80. 39. -47.0 -31.8 1.
199 71. 40. -38.8 -26.9 1.
203 60. 39. -37.9 -26.7 1.
207 50. 32. -42.9 -39.0 1.
211 43. 31. -45.9 -43.0 1.
215 30. 22. -45.9 -36.0 1.
219 20. 20. -54.2 -39.7 1.
7 knots 4x7 serrated High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN
152 90. 37. -27.6 -19.7 1.
156 80. 37. -26.6 -18.3 1.
160 71. 37. -25.8 -17.3 1.
164 60. 35. -25.9 -16.6 1.
168 50. 34. -32.9 -20.9 1.
174 43. 27. -43.3 -34.3 1,
178 30. 20. -39.0 -22.9 1.
182 20. 19. -58.0 -43.0 1,

B-18

T1(LB)

856.5
859.5
855.2
853.8
852.8
845.0
845.1
845.1

T1(LB)

831.6
826.1
824.8
883.7
88l1.6
880.8
880.0
880.4

T1(LB)

842.9
833.9
831.6
877.3
880.0
879.1
879.2
859.4

T1(LB)

889.
860.
860.
860.
862.
866.
863.
856.

OO O WNWO

T2(LB)

856.5
858.8
854.2
853.7
853.0
855.5
845.1
844.8

T2(LB)

837.5
833.6
828.4
883.5
881.2
881.0
880.0
880.4

T2(LB) .

847.2
836.0
833.4
877.
879.
879.
879.
858.

0N

T2(LB) 1

885.
863.
861.
860.
862.
864.
863.
856.

ADH WO O N



10 knots

RUN ANGLE FREQ(H2)

12 90.
17 80.
22 1.
26 60.
31 50.
35 43,
39 30.
43 20.
10 knots

RUN ANGLE FREQ(HZ)

48 90.
53 80.
57 71.
61 60.
65 50.
69 43,
73 30.
77 20.
10 knots
RUN ANGLE
84 90.
88 80.
92 71.
96 60.
100 50.
104 43.
108 30.
112 20.
10 knots
RUN ANGLE
118 90.
122 80.
126 71.
130 60.
134 50.
138 43.
142 30.
146 20.

1x19

58.
60.
59.
57.
47.
43.
29.
22.

1x7

62.
62.
6l1.
57.
47.
45.
30.
23.

3x19

NCSC ™ 471-87

Low tension

X-AMP(DB)

~-30.9
-38.0
-41.1
-40.3
-38.0
-35.7
-39.0
-50.3

Low tension

X-AMP(DB)

-27.1
-29.9
-33.6
-34.9
-36.9
-33.3
-34.5
-43.4

Low tension

FREQ(HZ) X-AMP(DB)

66.
66.
60.
56.
46.
43.
33.
25.

4x7 serrated

FREQ(HZ)

54.
54.
53.
50.
48.
40,
30.
21.

-1.3
-29.4
-36.0
-30.5
-40.3
-42.0
-36.9
-57.7

X-AMP(DB)

-33.
-24.
-30.
- 34,
-41.
-37.
-35.
-42.

W oK &b~

Y -AMP(DB)

Y-AMP(DB)

Y-AMP(DB)

Y-AMP(DB)

B-19

-24.8
-25.0
-30.8
-34.9
-23.6
-23.5
-24.2
-48.6

-22.3
-25.7
-29.1
-28.5
-27.0
-23.3
-28.5
-39.3

-3.9
-30.8
-33.0
-26,2
-34.3
-34.6
-28.6
-46.2

Low tension

-23.
-15,
-20.
-23.
-30.
-27.
-24,
-44,

SuUuounooooo-uan

GAIN Tl(LB)

1. 506.0
l. $97.3
1. 560.5
1. .-
1. .-
l. -~
1. .-
1. --

GAIN T1(LB)

1. -

1. 593.9
1. 566.2
1. 566.5
1. 560.6
1. $62.0°
1. 556.6
1. 557.7

GAIN T1(LB)"

590.7
522.6
588.5
618.9
596.6
$91.5
591.2
$77.7

et et ot et s
e ©
*

GAIN T1(LB)

1. 610.7
1. 601.6
1. 573.2
1. 564.0
1. 568.6
1. 556.1
1, 564.5
1. 564.6

T2(LB)

T2(LB)

577.1
563.9
566.4
560.6
570.0
567.8
556.6

T2(LB)

541.7
526.8
549.5
604.6
603.5
599.2
591.0
578.4

T2(LB)

537.
576.
573.
568.
569.
568.
564.
563.

NNV OWD




R e

NCS8C ™ 471-87

1.
1.
1.
1.
1.
1.
1.
1.

1.
1.
l.
1.
1.
1.
1.
1.

bt et bt s b et et
* L] 2 * [ L] [ L 2

GAIN T1(LB)

864.1
853.3
857.5
850.7
848.8
852.4
845.2
845.2

887.7
828.1
823.9
896.9
883.1
881.5
883.7
883.1

890.8
836.9
834.9
897.2
876.6
879.9
879.2
859.5

890.
870.
861.
860.
860.
862.
865.

10 knots 1x19 Righ tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB)
260 90. 610 ‘52:3 "250‘
26‘ 80. 60; "8.1 '27-2
268 710 600 "1.9 ‘2303
272 60. 52. -38.5 -20.1
276 50. ‘9. “2.‘ '30.0
280 43. 40, -48.2 -39.4
28‘ 30- 30. ‘38.0 '20.7
288 20. 24. -46.0 -41.0
10 knots Tx7 High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN T1(LB)
223 900 63. ‘2‘.5 '2500
227 80. .- .. .-
231 71. 58. -23.2 -24.0
235 60. 56. -29.1 -29.1
239 50. 52. -33.5 -30.5
243 43. 49. -43.2 -34.8
247 30. 33. -44.3 ~31.3
251 20. 20. -82.2 -40.8
10 knots 3x19 High tension

RUN ANGLE FREQ(HZ)  X-AMP(DB) VY-AMP(DB) GAIN T1(LB)
188 90. 64. -38.4  -24.0
193 80. 62. -38.6 -23.0
197 71. 61. -35.0 -24.0
201 60. 59. -41.1 -30.9
205 50. 49. -37.7 -30.0
209 43. 41 . -41.5 -32.1
213 30. 36. -42.3 -28.0
217 20. 22. -47.1 -36.8
10 knots 4x7 serrated High tension

RUN ANGLE FREQ(HZ) X-AMP(DB) Y-AMP(DB) GAIN T1(LB)
150 90. £6. -31.3 -25.1
154 80. 57. -32.0 -24.7
158 71. 51. -30.0 -20.4
162 60. 48, -31.0 -22.1
166 50. 45, -35.0 -25.0
170 43. 38. -26.0 -16.5
176 30. 28. -45.0 -31.2
180 20. 20. -40.0 -23.3

B-20
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o . 2 (] » . . L]

& WOVdHJ-LNDU

896.

T2(LB)

869.1
862.5
863.0
853.2
862.1
852.3
845.3
844.9

T2(LB)

843.3
836.3
834.6
893.3
893.2
885.1
880.2
879.4

T2(LB)

851.6
844.1
841.3
882.4
888.9
879.9
879.3
858.2

T2(LB)

815.
873,
871.
870C.
873.
861.
863.
855.

VO JO®FOW




NCSC TM 471-87

QUANTITIES CALCULATED FROM ACCELEROMETER DATA

For each set of runs including all eight angles for each speed,
tension range, and cable, the following quantitites are calculated and
tabulated:

FUNDAMENTAL X ACCELERATIONS, G-S: The acceleration of the cable in the
x-direction has been converted from decibels to g's (32.17 ft/sec. sec).

FUNDAMENTAL X AMPLITUDE, INCHES: A simple double integration based
oa acceleration and frequency has been used to estimate the vibrational
amplitude of the cable in the x-direction in inches.

FUNDAMENTAL Y ACCRLERATIONS, G-S: The acceleration of the cable in the
y-direction has been converted from decibels to g's (32.17 ft/sec. sec).

FUNDAMENTAL Y AMPLITUDE, INCHES: A simple double integration based on
acceleration and frequency has been used to estimate the vibrational
swplitude of the cable in the y-direction in inches.

VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES: The x~ and y-
amplitudes have been added vectorially to eatimate a maximum vibrational
amplitude.

AMPLITUDE TO DIAMETER RATIO: The maximum' amplitude estimate has been

divided by the maximum measured cable diameter to provide the amplitude
. to digmeter ratio.

NOMINAL STROUHAL NUMEBERS: The ratio St = (f D)/V with

St = nominal Strouhal number for the cable

f = fundamental vibrational frequency in Hz
D = cable diameter

V = flow velocity

has been calculated.

The acceleration in g's was calculated from the spectra by the
following procedure: i

1. Actual decibel level was calculated from the displayed decibel
level based on the full scale voltage of the spectral plot:

dB. = dBp + 20 log (scale)
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NCSC ™ 471-87

a . actual decibel level
dtp = plotted decibel level
scale = full scale voltage of the plot.

The full scale voltage is noted on each plot in the top right cornmer as:
A 1v B v

where A and B degsignate Cpectra A and B, and 1V designates a 1V full
scale voltage. The full scale voltages used were 0.3V, 1V, and 2V.

2. Actual voltage was determined by converting the actual dB level to
voltage by '

ve= 10 oxp(dl.lzo)

3. G's vere calculated from the actual voltages based on the amplifier
gein:

g =0.0022Kv

-

where g = acceleration in g's
K = accelerometer amplifier gain.

B-22
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< knots, low tension

FUNNDAMENTAL X ACCELERATION, G-S

DEGREES 1x19 X7 3X19 4X7.

90.00000 5.59213 0.57224 0.72875 0.20504
80.00000 6.80107 0.64206 0.90694 0.32179
71.00000 6.95949 0.11418 0.99444 0.45455
60.00000 1.91680 0.11418 0.08863 0.57224
50.00000C 1.09038 0.13727 0.08562 0.40511
43.00000 0.23855 0.14374 0.06421 0.11418
30.000C0 1.11578 0.22781 0.35693 0.32179
20.00000 1.40468 0.51001 0.12664 0.05722

FUNDAMENTAL X AMPLITUDE, INCHES

DEGREES 1X19 X7 3X19 4x7

90.00000 0.24303 0.02186 0.02199 0.01641
80.00000 0.29558 0.02453 0.06159 0.02601
71.00000 0.30246 0.00923 0.06753 T, 0.04445
60.00000 0.15490 0.00923 0.00716 0.05596
50.00000 0.10662 0.01109 0.00692 0.04891
43.00000 0.06480 0.05622 0.01744 0.04466
30.00000 0.30307 0.08911 0.09695 0.12587
<0.00000 0.54943 0.19949 0.04953 ' 0.02238

FUNDAMENTAL Y ACCELERATION, G-S

DEGREES 1x19 7X7 3X19 4x7

90.00000 3.56925 4.24207 0.96068 0.64206
80.00000 8.27137 3.91361 0.47597 1.25192
71.00000 6.72322 0.56569 0.67232 1.141 /7
60.00000 0.91744 0.51591 1,22343 2.03038
50.00000 0.33696 0.41935 1.06556 0.66463
43.00000 0.21756 0.15580 0.21017 0.25561
30.00000 1.25192 0.30731 2.41311 3.29289
20.00000 1.37271 0 0.86612 0.25561

.75436

FUNDAMENTAL Y AMPLITUDE, INCHES

DEGREES 1X19 1X7 3X19 4x7
90,00000 0.15512 0.16204 0.02899 0.05189
80.00000 0.35947 0.14949 0.03232 0.10217
71.00000 0.29219 0.04572 0.04565 0.11165
60.00000 0.07414 0.04169 0.09887 0.19854
50.00000 0.03295 0.03389 0.08611 0.08024
43.00000 0.05909 0.00094 0.05709 0.09998
30.00000 0.34005 0.12020 0.65546 1.28798
20.00000 0.53692 0.29506 0.33877 0.09998
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VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES

DEGREES 1X19 7X7 3X19 4X7

90.00900 0.28832 0.16350 0.03639 0.05442
80.00000 0.46539 0.15149 0.06955 0.10446
71.00000 0.42055 0.04664 0.08151 0.12017
60.00000 0.17173 0.04270 0.09913 0.20628
50.00000 0.11160 0.03566 0.08639 0.09397
43.00000 0.08770 0.08291 0.05969 0.10950
30.00000 0.45551 0.14963 0.66259 1.29412
20.00000 0.76822 0.35617 0.34238 0.10245

AMPLITUDE TO DIAMETER RATIO

DEGREES 1X19 7X7 3X19 4X7

90.00000 0.45620 0.25547 0.05917 0.07774
80.00000 0.73637 0.23670 0.11309 0.14923
71.00000 0.66542 0.07287 0.13254 0.17167
60.00000 0.27173 0.06672 0.16119 0.29468
50.00000 0.17658 0.05572 0.14047 0.13424
43.00000 0.13876 0.12955 0.09706 0.15643
30.00000 0.72075 0.23379 1.07739 1.84874
20.00000 1.21553 0.55651 0.55671 0.14636

NOMINAL STROUHAL NUMBERS

DEGREES 1X19 71X7 3X19 4x7

90.00000 0.23400 0.25280 0.27324 0.19008
80.00000 0.23761 0.25670 . 0.18497. 0.19301
71.00000 0.24749 0.18382 0.19266 0.18276
60.00000 0.19815 0.20069 0.19281 0.19953
50.00000 0.20365 0.22688 0.21798 0.20302
43.00000 0.13725 0.11584 0.13355 0.12669
30.00000 0.18720 0.15800 0.18216 0.17280
20.00000 0.22806 0.23098 0.22192 0.25262
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2 knots, high tension

FUNDAMENTAL X ACCELERATION, G-S§

DEGREES 1X19 X7 3X19 4X7

90.00000 1.31092 0.21261 0.13109 0.49840
80.00000 2.17559 0.10779 0.13886 0.36106
71.00000 0.74572 0.08083 0.10779 0.36106
60.00000 0.36106 0.07372 0.14047 0.04545
50.00000 0.36106 0.05992 0.37807 0.40511
43.00000 0.17281 0.04493 0.31811 0.80831
30.00000 0.36106 0.32179 0.70401 0.06421
20.00000 0.10176 0.02835 0.05100 0.80831

FUNDAMENTAL X AMPLITUDE, INCHES

DEGREES 1X19 X7 3X19 4X7

90.00000 0.04436 0.01230 0.00654 0.03384
80.00000 0.06566 ~ 0.00732 0.00803 0.02452
71.00000 0.01167 0.00468 0.00624 0.02452
60.00000 0.02452 0.00501 0.02803 0.00137
50.00000 0.00522 0.00407 0.07545 0.08085
43.00000 0.03449 0.00897 0.06348 0.16131
30.00000 0.09807 0.08741 0.14049 0.02511
20.00000 0.03980 0.01109 0.01018 0.21956

FUNDAMENTAL Y ACCELERATION, G-§

DEGREES 1x19 7X7 . 3X19 4X7

90.00000 2.22627 0.90694 0.40511 1.15499
80.00000 3.36959 0.72041 0.45455 1.65036
71.00000 0.49840 0.57224 0.36106 1.66946
60.00000 0.57224 0.45455 0.32179 0.45455
50.00000 0.36106 0.10904 0.45455 1.76839
43.00000 0.48705 0.57224 0.80831 3.33102
30.00000 1.34146 1.43740 1.15499 0.07040
20.00000 0.15580 0.05340 0.02708 5.15914

FUNDAMENTAL Y AMPLITUDE, INCHES

DEGREES 1X19 7X17 3X19 - 4X7
90.00000 0.07533 0.05248 0.02021 0.07843
80.00000 0.10170 0.04892 0.02630 0.11207
71.00000 0.00780 0.03311 0.02089 0.11337
60.00000 0.03886 0.03087 0.06422 0.01372
50.00000 0.00522 0.00740 0.09071 0.35290
43.00000 0.09720 0.11420 0.16131 0.66474
30.00000 0.36437 0.39043 0.23049 0.02754
20.00000 0.06094 0.02089 0.00540 1

.40135
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RO TSl

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.J0000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

1X19 -

0.08742
0.12105
0.01403
0.04595
0.00739
0.10313
0.37734
0.0727¢

AMPLITUDE TO DIAMETER RATIO

1X19

0.13832
0.19154
0.02220
0.07270
0.01169
0.16319
0.59706
0.11517

NOMINAL STROUHAL NUMBERS

1X19

.26520
.28513
.41247
.21616
.52948
.16012
.18720
.22806

O OO0 OOOC0O

NCSC ™M 471-87

VECTOR ADDITION OF SUPERPOSED AMPLITUDES,

7X7

0.05390
0.04946
0.03344
0.03127
0.00845
0.11455
0.40010
0.02365

1X7

0.08422
0.07729
0.05225
0.04886
0.01320
0.17898
0.62515
0.03695

7X7

0.20540
0.19253
0.21724
0.21893
0.24751
0.16217
0.18960

'0.23098
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3X19

0.02124
.02750
.02180
.07007
.11799
.17335
0.26993
0.01152

[=NeoNoNoNe]

3X19

0.03454
0.04472
0.03545
0.11393
0.19185
0.28187
0.43892
0.01874

3X19
.21252

.20871
.12270
.13871
.15581
.21252
.31069

COO0OOCOOOO0O

.20039-

LA S S T e reh etk il eSS £ SR

4x7

0.08542
0.11472
0.11599
0.01379
0.36204
0.68404
0.03727
1.41845

4X7

0.12203
0.16389
0.16570
0.01970
0.51721
0.97719
0.05324
2.02636

4Xx7

.20736
.21056
.21931
.35916
.15790
.17736
.17280
.30314

OO0 O0OO0O0O0O0




NCSC T™ 471-87

S knots, low tension

FUNDAMENTAL X ACCELERATION, G-S

DEGREES 1X19

90.00000 7.71929
80.00000 8.17669
71.00000 13.91898
60.00000 7.18699
50.00000 4.48278
43.00000 2.64592
30.00000 5.15914
20.00000 0.42421

FUNDAMENTAL X AMPLITUDE, INCHES

DEGREES 1X19

90.00000 0.08975
80.00000 0.08884
71.00000 0.15123
60.00000 0.08964
50.00000 0.08286
43.00000 0.05346
30.00000 0.22422
20.00000 0.04148

FUNDAMENTAL Y ACCELERATION, G-S

DEGREES 1X19

90.00000 8.66119
80.00000 16.50355
71.00000 16.73429
60.0000C 26.82918
50.00000 ©. 8.48413
43.00000 5.92348
30.00000 14.04680
20.00000 0.31447

FUNDAMENTAL Y AMPLITUDE, INCHES

DEGREES 1X19

90.0" 0.10071
80.0C. 0.00000
71.00000 0.18182
60.00000 0.33463
50.00000 0.15683
43.00000 0.11968
30.00000 0.61048
20.00000 0.03075

7

1.43740
0.57224
0.80831
0.45455
0.31447
2.03038
9.06937
1.01760

X7

0.01463
0.00622
0.00878
0.00529
0.00392
0.03753
0.34643
0.08224

X7

12.09420
13.41459
16.69465
12.37592
3.52840
5.15914
14.70880
1.55804

~J
>

.12306
.14575
.18139
.14390
.04401
.09537
.56184
.12591

QOO0 O0OO0O0OO
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3x19

13.41459
10.53361
5.40228
2.35818
1.43740
1.55804
4.70519
0.20071

3X19

0.12045
0.10718
0.05159
0.03163
0.02249
0.02645
0.14201
0.01363

3x19

16.69465
15.94327
19.61450
9.60677
6.95949
6.95949
21.26069
2.15069

[eNoNoReloNeloNo]
« + e e e = s »
—

(=]

Lo o]
©
[Tel

4x7

2.55610
3.61058
3.61058
0.22781
9.06937
7.20406
3.61058
0.72041

4x7

0.02777
0.03923
0.03923
0.08911
0.18323
0.15974
0.13791
0.07045

4x7

20.30380
22.78124
15.05141
1.54020
9.60677
6.42062
23.58182
2.70756

4x7

.22060
.24752
.16353
.60244
.19409
.14237
.90076

[« NoRoNoleNo o]

.26476 -




DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

1X19

0.13490
0.08884
0.23649
0.34643
0.17737
0.13107
0.65035
0.05164

AMPLITUDE TO DIAMETER RATIO

1X19

0.21345

© 0.14057

0.37420
0.54815
0.28066
0.20739
1.02903
0.08170

NOMINAL STROUHAL NUMBERS

1X19

.18096
.19009
.19799
.20175
.18735
.20129
.18720
.18245

[eNoNoNoNoNoloNo)

NCSC T™M 471-87

VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES

X7

0.12393
0.14588
0.18160
0.14399
0.04418
0.10249
0.66005
0.15039

7X7

0.19364
0.22794
0.28375
0.22499
0.06904
0.16013
1.03134
0.23498

7X7

0.19592
0.19253
0.20053
.21164
.23101
.21314
.20224
.20327

[oNoNoNoNe]
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3X19

0.19231
0.19444
0.19428
0.13269
0.11118
0.12107
0.65719
0.14668

3X19

0.31269
0.31616
0.31590
.21575
.18079
.19687
.06860
.23850

o OO0

2X19

0.20038

~0.19114 -

.20550
.18931
.19816
.21368
.21860
.21304

[eNaolNoaNoNolo

4x7

0.22234
0.25061
0.16817
0.60899
0.26692
0.21397
0.91126
0.27397

4x7

C.31763
0.35801
0.24025

-0.86999

0.38131
0.30568
1.30180
0.39139

4Xx7

0.20736
0.21056
0.21931
0.03991
0.19851

10.21284

0.22119
0.20210




NCSC ™ 471-87

S knots, high tension

PUNDAMENTAL X ACCELERATION, G-§

DEGREES 1x19 %7 3x19 4x7
90.00000 0.67232 0.65702 1.26642 2.58570
80.00000 1.65036 0.86612 0.67232 2.90120
71.00000 2.90120 1.02938 0.77193 2.83516
60.00000 3.69468 1.01760 1.59433 4.49342
50.00000 3.21794 1.00595 3.21794 2.90120
43.00000 2.03038 1.23759 4.09805 3.78074
30.00000 2.03038 1.38860 2.17559 2.35818
20.00000 0.83671 0.07457 0.09281 0.09069
FUNDAMENTAL X AMPLITUDE, INCHES
DEGREES 1x19 X7 3X19 4X7
90.00000 0.00642 0.00627 0.00905 0.03468
80.00000 0.01576 0.00827 0.C0730 0.03892
71.00000 0.02952 0.00983 0.00898 0.03803
60.00000 0.05344 0.01183 0.01989 0.06500
$0.00000 0.05035 0.01455 0.06501 0.06433
43.00000 0.06128 0.03025 0.08280 0.09243
30.00000 0.07756 0.04191 0.05319 0.07117
20.00000 0.05682 0.00506 0.00537 0.00525
FUNDAMENTAL Y ACCELERATION,
DEGREES 1X19 7X7 3X19 4x7
90.00000 24.41054 18.09578 5.46484 8.08309
80.00000 23.31188 18.09578 4.19351 11.81891
71.00000 20.30380 14.37399 3.18110 8.76148
60.00000 4.87054 2.86799 4.29119 9.71801
50.00000 4.59809 3.07310 7.45723 20.77674
43.000C0 2.10173 10.77897 10.29384 29.68775
30.00000 3.25520 8.86293 6.42062 12.81083
20.00000 0.62745 0.73719 0.48705 0.32179
FUNDAMENTAL Y AMPLITUDE, INCHES
DEGREES 1X19 X7 3X19 4x7
90.00000 0.23310 0.17280 0.03903 0.10842
80.00000 0.22261 0.17280 0.04556 0.15853
71.00000 0.20660 0.13726 0.03699 0.11752
60.00000 0.07045 0.03335 0.05352 0.14057
50.00000 0.07194 0.04445 0.15066 0.46069
43.00000 0.06343 0.26351 0.20797 0.72576
30.00000 0.12434 0.26749 0.15696 0.38664
20.00000 0.04261 0.05006 0.02818 0.01862
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DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000

80.00000
71.00000
60.00000

. 50.00000

43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

1X19

0.23319
0.22317

0.20870-

0.08843
0.08781
0.08820
0.14654
0.07102

AMPLITUDE TO DIAMETER RATIO

1X19

0.36898
0.35312
0.33022
0.13992
0.13894
0.13955
0.23187
0.11237

NOMINAL STROUHAL NUMBERS

1X19

.19968
.20276
.20459
.18734
.20365
.16469
.19968
.21894

[eNoNololoNoNalNo]

NCOC ™ 471-87

VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES

1X7

0.17292
0.17300
0.13761
0.03538
0.04677
0.26524

©0.27075

0.05032

X7

0.27018
0.27031
0.21502
0.05529

0.07308

0.41443
0.42305
0.07862

7X7

.20224
.20536
.21389
.21164
.21451
.18534
.22752
.22174

COO0O0OO0OO0O0
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3x19

0.04007

0.04614
0.03806
0.05710
0.16409
0.22385
0.16573
0.02869

3X19

0.06515
0.07503

- 0.06189

0.09284
0.26682
0.36398
0.26947
0.04665

3X19
.22466

.18624
.19632
.17438
.19587
.24288
.23080

.18497 |

‘coco0oo0o0o0coco

4X7

0.11384
0.16324
0.12352
0.15487
0.46516
0.73162
0.39313
0.01934

4Xx7

0.16262
0.23320
0.17646
0.22125
0.66452
1.04517
0.56162
0.02764

4x7

.18662
.18950
.19738
.20752
.18948
.20270
.24884
.26273




NCSC T A71-87

7 knots, low nnuén

PUNDANRENTAL X ACCELERATION, G-3

; DEGREES 1x19 X7 3x19 x?
i 90.00000 8.271137 1.0059% 16.50385 7.12160
2 80.00000 9.06937 1.93900 9.94437 10.05952
| 71.00000 8.56204 3.10069 7.20406 10.41303
| 62.00000 0.00000 0.90694 7.20748 19.16802
; $0.00000 1.80958 1.0059% 12.9%918 17.20134
43,00000 4.65133 10.29384 12.09420 12.81003
30.00000 1.16836 2.93479 1.37271 7.99056
20.00000 5.10008 11.95576 4.70519 3.14469
PUNDANENTAL X ANPLITUDE, INCHES
DEGREES 1x19 %7 3x19 4x7
90.00000 0.04178 0.00508 0.08336 0.04578
80.00000 0.04581 0.00979 0.05259 0.06467
71.00000 0.04325 0.01808 0.03993 0.07052
60.00000 0.00000 0.00554 0.05499 6.17212
$0.00000 0.01444 0.00759 0.10962 0.17584¢
43.00000 0.05408 0.11184 0.11549 0.14895
30.00000 0.02361 0.05425 0.02148 0.16144
20.00000 0.22165 0.45668 0.14201 0.12012
FUNDAMENTAL Y ACCELERATION, G-S
‘DEGREES 1x19 7X7 3x19 ax7
90.00000 14.20945 19.16802 16.12788 27.38907
80.00000 14.37399 15.58036 11.41767 34.48080
71.00000 16.12788 15.40201 21.01732 38.68810
66.00000 0.00000 6.49497 19.61450 77.19290
50.00000 8.27137 12.37592 35.28396 68.79824
43.00000 26.45924 20.07138 32.55198 54.64839
30.00000 3.56925 5.21888 5.65689 5.15914
20.00000 12.23425 17.48145 19.38998 18.09578
FUNDAMENTAL Y AMPLITUDE, INCHES
DEGREES 1X19 7X7 3X19 4X7
90.00000 0.07177 0.09682 0.08146 0.17608
80.00000 0.07260 0.07869 0.06038 0.22168
71.00000 0.08146 0.08959 0.11651 0.26199
60.00000 9.00000 0.03969 0.14799 0.69314
50.00000 0.06603 0.09338 0.29846 0.70005
43.00000 0.30765 0.21808 0.31085 0.63541
30.00000 0.07211 0.09647 0.08851 0.10423
20.00000 0.53170 0.66774 0.58520 0.69121
B-31

I e N Y ]



‘
3
;
[
|
|
I
‘

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

1x19

0.08304
0.08585
0.09223
0.00000
0.06759
0.31237
0.07588
0.57605

AMPLITUDE TO DIAMETER RATIO

1X19

0.13140
0.13583
0.14593
0.00000
0.10694
0.49425
0.12006
0.91147

NOMINAL STROUHAL NUMBERS

1X19

.19611
.19914
.20742
.18734
.20365
.18953
.19612
.19548

OCOoOCCoOO00OCOO

NCSC T™ 471-87

X7

0.09695
0.07930
0.09140
0.04008
0.09369
0.24508
0.11068
0.80897

X7
»

0.15148
0.12391
0.1428)1
0.06262
0.14638
0.38294
0.17293
1.26402

1X7

0.19863
0.20169
0.19575
0.20851
0.21215
0.19858

- 0.20766

0.21119

B-32

VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES

X19

0.11655
0.08007
0.12316
0.15788
0.31796
0.33161
0.09107
0.60218

3X19

0.18951
0.13020
0.20026
0.25671
0.51701
0.53921
0.14809
0.97916

3x19
0.19083

-0.18937 -

0.19266
0.18029
0.19250
0.20351
0.21686
0.22826

4X7

0.18194
0.23092
0.27131
0.71419
0.72179
0.65264
0.19216
0.70157

4x7

0.25991
0.32988
0.38759
1.02028
1.03113
0.93234
0.27452
1.00224

4x7

0.19255
0.19552
0.19842
0.18813
0.19580

0.20994
0.21724
0.23097




NCSC T 471-87

7 knots, high tension

B-33

PUNDANENTAL X ACCELERATION, G-8
DEGREERS 1X19 %7 X119 4x7
; 90.00000 1.8308)3 2.4979) 2.70756 18.94861
E 80.00000 4.59809 1.961458 2.03038 21.28068
F 71.00000 4.19351 2.38549 S.21888 33.31188
: 60.00000 4.08124 4.87054 5.78065 23,04504
i $0.00000 8.08309 5.992008 3.25%20 10.29384
43.00000 4.14550 4.24206 2.30450 3.10869
30.00000 0.99444¢ 0.32179 2.30450 $.10008
20.00000 3.21793 1.40468 0.88629 0.57224
1
PUNDANENTAL X ANPLITUDE, INCHES
DEGREES 1X19 7 x19 ax?
90.00000 0.00968 0.01321 0.01281 0.13535
80.00000 0.02549 0.00991 0.01305 0.15186
71.00000 0.02439 0.01262 0.03190 0.16652
60.00000 0.02743 0.03675 0.03722 0.18396
50.00000 0.06837 0.04783 0.93108 0.08707
43.00000 0.04504 0.03809 0.02345 0.04170
30.00000 0.01688 0.00465 0.04656 0.12468
20.00000 0.10888 0.04239 0.02167 0.01550
FUNDAMENTAL Y ACCELERATION,
DEGREES 1xX19 %7 xX19 4x?
90.00000 17.08352 17.28134 12,37892 47.05192
80.00000 18.94861 8.86293 11.68362 $5.28119
71.00000 8.17668 8.56119 20.53891 62.02651
60.00000 6.49497 12.95918 21.01732 67.23219
50.00000 32.17936 21.01732 $.10008 40.98051
43.00000 21.50687 20.07138 3.21793 8.76148
30.00000 1.76839 2.22627 7.20406 32.55198
20.00000 6.42063 7.04007 4.70519 3.21793
FUNDAMENTAL Y AMPLITUDE,
DEGREES 1x19 X7 3X19 4x7
90.00000 0.09035 0.09139 0.05719 0.33608
80.00000 0.10504 0.04477 0.07511 0.39486
71.00000 0.04756 0.04581 0.12553 0.44304
60.00000 0.04398 0.09778 0.13512 0.53668
$0.00000 0.27220 0.16777 0.04870 0.34665
43.00000 0.23367 0.18023 0.03274 0.11752
30.00000 €.02002 0.03220 0.14555 0.79578
20.00000 0.21725 0.21247 0.11502 0.08717
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e

. VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES
DEGREES 1X19 %7 Ix19 ax?
: 90.00000 0.09086 0.09234 0.05854 0.36231
| 80.00000 0.10809 0.04585 0.07624 0.42306
71.00000 0.05346 0.04751 0.12951 0.47330 -
| 60.00000 0.05184 0.10446 0.14015 0.56733
| 50.00000 0.28066 0.17446 0.05778 0.35742
| 43.00000 0.23797 0.18421 0.04027 0.12470
f 30.00000 0.03444 0.03254 0.15281 0.80548
} 20.00000 0.24300 0.21666 0.11705 0.08853
[ AMPLITUDE TO DIAMETER RATIO
DEGREES 1X19 %7 3X19 ax?
90.00000 0.14377 0.14429 0.09519 0.51759
80.00000 0.17102 0.07164 0.12397 0.60437
71.00000 0.08458 0.07424 0.21059 0.67615
60.00000 0.08202 0.16321 0.22789 0.81047
50.00000 0.44408 0.27259 10.09395 0.51060
43.00000 0.37654 0.28783 0.06549 0.17814
30.00000 0.05450 0.05084 0.24848 1.15069
20.00000 0.38450 0.33853 0.19032 0.12648
NOMINAL STROUHAL NUMBERS
DEGREES 1X19 7%7 3X19 ax?
90.00000 0.19166 0.19411 0.19951 0.18267
80.00000 0.19009 0.20169 0.17176 . 0.18549
71.00000 0.19327 0.20530 0.18348 0.19320
60.00000 0.19558 0.18766 0.19532 0.19953
50.00000 0.19783 0.20626 0.18118 0.21913
43.00000 0.19607 0.21844 0.19715 0.19546 -
30.00000 0.21395 0.23475 0.19084 0.19749
20.00000 0.22154 0.23758 0.25362 0.27427
B-34




90.00000
80.00000
71.00000
60.00000
$0.00000
43.00000
30.00000
20.00000

90.00000
00.00000
71.00060
60.00000
50.00000
43.00000
30.00000
20.00000

90.00000
80.00000
71.00000
60.00000
$0.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
$0.00000
43.00000
30.00000
20.00000

X9

12.99918
$.72239
8.0095%4
8.78228
$.72239
7.45723
$.10008
1.38860

FUNDARENTAL X ARPLITUDE,

1x19

0.03767
0.01554
0.02250
0.02643
0.02533
0.03944
0.05930
0.02805

1x19

26.15636
25.56097
26.21847
16.35337
30.03152
30.37927
28.02704

1.68880

1x19

0.07603
0.06943
0.07365
0.04922
0.13294
0.16066
0.32588
0.03412

et ™ 471-87

FUNDANENTAL X ACCELERATION, G-3

INCHES

FUNDANENTAL Y ACCELERATION, G-8

PUNDANENTAL Y ANPLITUDE, INCHES

VEBLOCITY=10 KNOTS AND LOW TERSION

%7

20.07138
14.54040)
9.49680
8.17668
6.49497
9.83054
8.56204
3.07310

%7

0.05106
0.03699
0.02496
0.02461
0.02875
0.04747
0.09303
0.05681

7

34.88007
23.56182
15.94327
17.08352
20.30380
31.086950
17.08352

4.92694

X7

0.08873
0.05999
0.04190
.05142
.08988
.15012
.18561
.09107

o000

B~-35

x19

39.13608
30.80402
14.400812
27.13904
8.78228
7.22117
12.9899%4
1.18470

X9

0.08785
0.06915
0.03914
0.08463
0.04058
0.03819
0.11664
0.01854

3x19

29.01198
26.21847
20.35201
44.52535
17.52295
16.92807
33.77593

4.45253

3X19

0.06513
.05886
.05528
.13884
.08098
.08952
.30329
.06966

[~ N-N-N-N-N-N-]

4x?

18.56128
26.45924
28.093%9
17.32237

7.73762
12.6942¢6
15.08716

6.97601

4X7

0.06224
0.08873
0.09780
0.06778
0.03284
0.07758
0.16392
0.15468

X7

60.06304
74.57227
82.91010
58.69584
27.13984
37.03458
$4.15110

5.29185

4X7

0.20142
0.25007
0.28862
0.22958
0.11519
0.22634
0.58835

0.1173¢

C e




90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
60.00000
5¢.00000
43.00000
30.00000
20.00000

DEGREES

90.060000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

1X19

0.08485
0.07115
0.07701
0.05587
0.13533
0.16543
0.33123
0.04417

ANPLITUDE TO DIAMETER RATIO

1x19

0.13426
0.11258
0.12185
0.08840
0.21413
0.26276
0.52410
0.06989

NOMINAL STROUHAL NUMBERS

1x19

0.18096
0.19009
.19469
.20535
.19143
.19672
.18096
.20069

COO0OO0OO0O

NCSC ™M A1-87

VECTOR ADDITION OF SUPERPOSED ANPLITUDES,

X7

0.10237
0.07048
0.04877
0.05700
0.09436
0.15744
0.20762
0.10734

X7

0.15995
0.11012
0.07620
0.08907
0.14745
0.24600
0.32441
0.16772

X7

0.19592
0.19894
0.20387
0.20799
0.19388
0.20851
0.18960
0.21251

B-36

x19

0.10936
0.09081
0.06773
0.16260
0.09058
0.09733
0.32494
0.07209

3x19

0.17782
0.14765
0.11013
0.26438
0.14728
0.15826
0.52836
0.11721

ix19
0.20038

0.20347

0.19266
0.19632
0.18231
0.19142
0.20038
0.22192

4X7

0.21081
0.26535
0.30474
0.23937
0.11978
0.23927
0.61076
0.19415

4X7

0.30116
0.37906
0.43534
0.34196
0.17111
0.34131
0.87252
0.27736

4x7

0.18662
0.18950
0.19372
0.19953
0.21655
0.20270
0.20736
0.21220
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_NCSC TM 471-87

10 knots ani high tension

FUNDAMENTAL X ACCELERATION, G-S

DEGREES 1X19 X7 3X19 4X7

90.60000 2.20601 27.07555 5.46484 24.75183
80.00000 3.87773 0.00000 5.34044 22.83533
71.00000 3.65239 3i.44686 8.08309 14.37399
60.C0000 5.40228 31.84653 8.00954 12.81083
50.00000 .616 19.21354 5.92349 8.08309
43.00600 3.53677 6.28937 7.64905 22.78124
30.00000 5.72239 5.54124 3.48801 2.55610
20.12700C0 2.27812 2.23155 4.01428 4.54545

FUNDAMENTAL X AMPLITUDE, INCHES

DEGREES 1X19 X7 3X19 4x7

90.00000 0.900530 0.06671 0.01305 0.07718
80.000C9Y 0.00972 0.00000 0.01359 0.06873
71.20000 0.00992 0.091412 ¢.02124 0.05404
6C.00000 0.01%>4 0.09943 0.02250 0.05437
5n.00000 0.02809 0.06948 0.02412 0.03903
43.00000 0.02162 0.02561 0.04450 0.15427
30.00000 0.06217 0.04976 0.02632 0.03188
20.00000 0.03867 0.05455 0.08110 0.11112

FUNDAMENTAL Y ACCELERATICN, G-S§

DEGFL .S 1X19 X7 3X19 4X7

90.00000 48.82108 25.56v97 28.67988 50.53674
80.00000 39.68325 0.00000 32.17935 52.91846
71.00000 31.08690 28.67988 28.67988 43.40876
60.00000 44.93423 31.88653 25.91835 35.69253
50.00¢C00 28.74797 27.13984 14.37399 25.55097
43.00000 9.74108 16.54274 22.57394 68.01C71
30.00000 41.93506 24,75i82 18.09578 . 12.81922
20.00000 4.05114 £.29101 13.14036 31.08690

FUNDAMENTAL Y AMPLITUDE, INCHES

DEGREES 1X19 7X7 3X19 4X7

90.00000 0.12830 0.06298 0.96847 0.15758
80.00000 0.10.7) 0.00000 0.08186 0.15927
71..4000 0.08444 0.08337 0.07537 0.16320
60.00000 0.16250 0.09943 0.07281 0.1£148
50.00000 0.11708 0.09815 0.056%4 0.12343
43.00000 0.05953 0.06737 0.13131 0.4605%6
30.00000 0.45583 0.22226 0.13654 0.25615
20.00000 0.06877 0.202€¢ 0..96548 0.75996

3-37




DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

DEGREES

90.00000
80.00000
71.00000
€0.00000
50.00000
43.0.000
30.00000
20.00000

- DEGREES

90.00000
80.00000
71.00000
60.00000
50.00000
43.00000
30.00000
20.00000

0.07890

AMPLITUDE TO DIAMETER RATIO

1x19

.20321
.17125
.13453
.25897
.19C51
.10022
.72761
.12485

QOO0 O0OO0CO0O0

NOMINAL STROUHAL NUMBERS

OCOO0OO0O0OOO
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NCSC TM 471-87

VECTOR ADDITION OF SUPERPOSED AMPLITUDES, INCHES

7X7

0.09174
0.00000
0.12372
0.14061
0.12025
0.07208
0.22776
0.20990

7X7

0.14334
0.00000
0.19331
0.21970
0.18789
0.11262
0.35587
0.32797

7X7

.19908
.19894
.19384
.20434
.21451
.22704
.20855
.18479

OO0 O0OCOOo0OO0

B-38

iplelaoNeNoleNolol

3X19

0.06970
0.08298
0.07830
0.37620
0.06332
0.13865
0.13905
0.27759

3X19

0.11333
0.13492
0.12732
0.12391
0.10295
0.22544
0.22610
0.45137

3X19
.19430

.19587
.20684
.19420
.18252
.21860
.19529

.19114 .

4x7

0.17547
0.17346
0.17191
0.16095
0.12946
0.48571
0.15937
0.76804

4x7

0.25067
0.24781
0.24559
0.22992
0.18494
0.69387
0.22767
1.09720

4x7

.19354
.20003
.18641
.19155
.20302
.19257
.19354
.20210

COO0OO0OO0OO0O0O
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