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NOMENCLATURE AND LIST OF SYMBOLS

Cross section area (ft?)
Cable parameter, see equation (3).
Czble parameter, see equation (3).

Steady drag coefficient on a vibrating (stationary) cylinder or
cable.

Cable or cylinder diameter (f1).

Cable elastic modulus (Ib,/f1?).

Natural frequency (Hz).

Strouhal frequency (Hz).

Gravitational acceleration (32:2 ft/sec?).
Critical tension, see equation (16).
Modal scaling factor; see equation (C4).
Reduced damping; see equation (C3).

Cable segment length.

.Cable length (f0).

Cable physical mass per unit length (kg/m or 1b,,/f1).

Effective mass per unit length (kg/m or ib,,/ft).
(physical plus added mass).

Cable virtual mass (physical plus added mass) per unit
length (kg/m or b, /f1).

Mass of attachment, see equation (7).
Reynolds number, VD/v.

Specific gravity.

Strouhal number, f,D/V.

Cable static tension (N or Ib,).

Incident flow velocity (m/s or ft/sec or knots).
Reduced velocity, V//f,D.

Critical reduced velocity.
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Total cable weight, see equation (17).

Response parameter, (1 + 2 Y/ D) (VxS)""; see equation (C1).

In line displacement (ft).

In line displacement amplitude (ft).

Cross flow displacement (ft).

Cross flow displacement amplitude (ft).

Normalized displacement amplitude, Y/D.

Normalized displacement amplitude; see equation (C4).
Cable parameter, see equation (4).

Log decrement of structural damping; see equation (19).
Normalizing factor; see equation (C4).

Kinematic fluid viscosity (ft?/sec).

Fluid density (1b,/f%).

Cable density (1b,/ft%).

Mode shape for ah flexible cable mode; see equation (C4).

Radian frequency (rad/sec).

Structural damping ratio; see equation (20).
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EXECUTIVE SUMMARY

As part of the overall NCEL marine cable dynamics exploratory development program under the

sponsorship of NAVFAC, a series of laboratory and field experiments have been conducted to investi-
gate the effects of attached masses and sensor housings (discrete or lumped masses) on the overall

cable system response. Towing channel experiments were conducted with a "strumeming rig” developed

for the NAVFAC/NCEL cable dynamics program and the test findings recently were reported (3).' A
field test program was conducted during the summer of 1981 to investigate further the strumming
vibrations of marine cables in a controlled environment. The experiments were funded by NCEL., the
USGS and industry sponsors, planned by NRL and MIT, and conducted at the field site by MIT. The
primary objective of the test program was 10 acquire data to validate and, if necessary, to provide a basis
for modifying the NCEL-sponsored computer code NATFREQ (4). This code was developed at the
California Institute of Technology to provide a means for calculating the natural frequencies and mode

shapes of taut marine cables with large numbers of attached masses.

The vortex-cxcited oscitlations of marine cables, commonly termed strumming, result in increased
fatigue, larger hydrodynamic forces and amplified acoustic flow noise. and sometimes lead to structural
damage and eventually to failure. Flow-excited oscillations very often are a critical factor in the design
of underwater cable arrays, mooring systems, drilling risers, and offshore platforms. Many components
of these complex structures typically have a cylindrical cross-section which is conducive to vortex shed-
ding when they are placed in a flow. An understanding of the nature of the fluid-structure interaction
which results in vortex-excited oscillations is an important factor in the reliable design and long-term

operation of offshore structures and cable systems.

As the state of the ocean engineering art steadily progresses, more and more stringent demands
are being placed upon the performance of cable structures and moorings. In particular. displacement
tolerances and constraints in response to currents are becoming more stringent; fatigue is becoming an

important design consideration; and the sensitivity of acoustic sensors has increased to the point that

’Numbers in parentheses denote references listed at the end of this report.
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they cannot differentiate between legitimate acoustic targets and slight variations in their vertical posi-
tion. All of these are problems that are aggravated by cable strumming. In order to design a structure
or cable system to meet the constraints imposed by operational and environmental requirements, the

engincer must be able to assess the effect of strumming on the structure _in question.

One purpose of this report is to describe the field test program and to present the salient results
from it. Time histories of the measured hydrodynamic drag coefficients, current speeds, and cable
strumming accelerations and displacement amplitudes are presented and discussed to the extent possi-

ble. The natural frequencies and mode shapes for the cable with attached masses were measured in air

and in water. Data from the twenty test runs which were conducted are presented in this report.

Validation of the NATFREQ code is an objective of this report. Calculations of cable natural fre-

quencies and mode shapes using the NATFREQ code were made at NRL for all of the field test runs.

A comparison is made in this report between the calculated natural frequencies and mode shapes and
those experimental test runs which it was possible to analyze in sufficient detail. Also, recommenda-
tions are made of modifications that will enhance the utility and the ease of access to the code for pros-

pective users.

The test runs which were conducted during the experimental phase of the test program consisted
of ten pairs of equivalent tests in air and in water. The measured in-:ir natural {requencies are in good
agreement with the NATFREQ predictions for the second and higher (up to n = 5) cable modes. The
first mode frequency apparently was influenced by the sag of the cable. The measured mode shapes of
the cable vibrations in air are in agreement with the computed mode shapes, but only limited mode

shape comparisons are possible due to the existing capabilities of the code.

Good agreement also was obtained between the NATFREQ-predicted natural frequencies and the
frequencies measured in water. It is clear from the comparison given in this report that it is possible to
predict the natural frequencies of a raut cable with attached masses (o better than 10 percent. However,

at high cable mode numbers the difference in frequency betwecn modes often is considerably less than

3
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f F this value. Then it is difficult to positively identify which measured cable freqaency is associated with

which predicted mode.

The results available to-date tend to validate the NATFREQ computer code as a reliable engineer-

ing model for predicting the natural frequencies and mode shapes of taur marine cables with arrays of

discrete masses attached to them.

Measurements of the hydrodynamic drag forces during the Castine Bay field experiments con-
sistently produced drag coefficients in the range Cp = 2 to 3.2 for the bare cable and the cable with

attached masses. This is a substantial amplification of the drag force from the expected level for a sta-

tionary cable (Cp = 1 10 1.5).

The drag coefficient on the strumming cable was predicted by Vandiver (23) with a strumming
drag model that was developed at NRL as part of the overall NCEL cable dynamics research program.
The predicied drag on the cable was comparable to the measured drag. For a complementary experi-

ment at the fest site with a flexible circular steel pipe, the predicted drag coefficients were virtually

indistinguishable from the measured drag coefficients (23).

Several recommendations have been developed as a result of the comparison between the

NATFREQ code predictions and the Castine Bay field tests. The major recommendations are:

4 ®  Cable sag or slack effects often play an important role in the dynamics of marine cables.
The NATFREQ code is limited to taur cable dynamics. Consideration should be given 1o
the development of a comparable code for the calculation of the natural frequencies and

mode shapes of a slack cable with attached masses. At least one such code, called SLAK.

|
presently exists in rudimentary form (1).

]
f ®  Many of the data records from the 1981 Castine field experiment contain lengthy time
segments where the cable strumming is nonresonant, i.e., the vibrations and the vortex

shedding are not locked-on at a single resonant frequency. Consideration shouid be given

xiii
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10 developing a simple but still effective method for taking nonresonant strumming effects 1

into account in determining the cable response and the strumming-induced hydrodynamic

drag force and coefficient Cp.
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1. INTRODUCTION

1.1 Objectives

At the beginning of FY 1975, technical coordination of the NAVFAC marine cable dynamics
exploratory development program was undertaken by the Naval Civil Engineering Laboratory (NCEL).

The overall objective of this program, as stated in a research plan put forward by NCEL, is:

"... 1o provide for the development of effective methods for the analysis of the dynamic response
of 3-dimensional, moored cable structures which undergo dynamic motions generated by various
natural or man-produced causes. Failure 10 predict this dynamic behavior by suitable analytical tech-
niques will affect the confidence in the adequacy of the system design as well as the estimated reliability

of the system’s performance "

"Dynamic response of moored cable structures includes two specific problem areas which are
addressed separately in this plan. [One aspect of this problem] is the small-displacement. “high fre-
quency” response generated by shedding vortices as water flows past the cabic —this rasponse is con-
monly referred 1o as cabie strumming. The objective of the plan for this specific area 15 twofold: (1)
development of a capability to predict the strumming response (ie.. deflection, trequercy. generated
acoustic energy. and drag force) of cable networks which have horizontally or vertically oriented cable
segments. in taut or catenary configurations subjected to a current which may vary along the cable

length. and (2) development of techniques which can be used 10 suppress cable strumnung”

The resonant strumnung response of bare cables is discussed in detail in a recent NCEL/NRL
report (1. The suppression of strumiming vibrations is dealt with in a separate NCEL-sponsored report

(2).

As part of the overall NCEL cable dynamics program, both laboratory and field experiments have
been conducted to investigate the effects of attached masses and sensor housings (discrete or lumped

masses) on the overall cable system response. Towing channel experiments were conducted with a
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*strumming rig" developed for the NCEL cable dynamics program and the test findings recently were

reported (3). A test program was conducted during the summer of 1981 to investigate further the
strumming vibrations of marine cables in a controlled field environment. The experiments were funded
by NCEL, the USGS and industry sponsors, planned by NRL and MIT, and conducted at the field site
by MIT. A primary objective of the test program was to acquire data to validate and, if necessary, to
provide a basis for modifying the NCEL-sponsored computer code NATFREQ (4). This code was
develo;md at the California [nstitute of Technology to provide a means for calculating the natural fre-

quencies and mode shapes of taut marine cables with large numbers of attached masses.
1.2 Background

h often 1s found that bluff. or unsircamlined. cylindrical structures undergo damaging oscillatory
instabilities when wind or water currents flow over them. A common mechanism for resonant. flow-
excited oscillations is the organized and periodic shedding of vortices as the flow separates alternately
from opposite sides of a long bluff body. The flow field cxhibits a dominant periodicity and the body is
acted upon by ume-varying pressure loads. These pressures result in steady and unstcady drag or rcsis-
nce forces in ine with the flow and unsieady lift or side forces normal to the flow direction. If the
structure is flexible and hightly damped as in the case of a marine cabl:, then (esonant oscilla'ions can
be excited normal or paralle! to the incident flow direction  For the more cummon crose flov osailfa-
uons. the body and the wake have the same frequency of oscillation whic 1 is near one of the natural
frequencies of the sysiem. The shedding meanwhile s shified away trem the usual, or Strouhal. fre-
quency at whach parrs of vorhices would be shed if the structure or cabl  was restrained from oserflating

This phenomenon s known as "lock-in" or "wake capture.”

The osciations of marine cables caused by voriex shedding, commonly termed strumnnng. result

in increased fatigue, larger hydrodynamic forces and amplificd ucoustic flow noise, and sometimes lead

1o siructural damage and cventually 1o costly failures. Flow-excited oscillations very often are a critical
factor in the reliable and economical design of underwater cable arrays, mooring systems, drilling nisers,

and offshore platforms. Many components of these complex structures typically have a cyhindrical




cross-section which is conducive to vortex shedding as water flows past them.

As the state of the ocean engineering art steadily progresses, more and more stringent demands
are being placed upon the performance of cable structures and moorings. In particular, displacement
tolerances and constraints in response to currents are becoming more stringent. fatigue is becoming an
important design consideration; and the sensitivity of acoustic sensors has increased to the point that
these sensors cannot differentiate between legitimate acoustic targets and slight variations in their verti-
cal position. All of these are problems that are aggravated by cable strumming. In order to design a
structure or cable system to meet the constraints imposed by operational and environmental require-

ments, the engineer must be able to assess the effect of strumming on the structure in question.

1.3 Scope of the Report

One purpose of this report is to describe the field test program «nd o summarize e results from
it. Time histories of the measured hydrodynamic drag cocflicients. current speeds. and cable strum-
ming responses are presented and discussed. Predicuons are made of the hydrody namiie drag on g bare
cable and these predictions are compared with the field test data tor selected conditions when the cable
was observed (o be resonanty strumming. The natural frequencies for the cable with tached muasses
were measured in air and in water. Mode shapes were micasured in air. Data for toe test runs con-

ducted at the ficld site are presented in this report.

Validation of the NATFREQ code is an objective of this report. Ceiculations of cable natural fre-
quencies and mode shapes using the NATFREQ code were made at NRL 11 all of the field test runs
A comparison is made in this report between the calculated natural frequencies and maode shapes and
those experimental test runs that have been analyzed in sutficient detail. Also. recommendations are

made of moditicatons that will enhance the utility of and case of acvess 10 the code tor prospectine

users




2. THE NATFREQ COMPUTER CODE

2.1 Background of NATFREQ

The NATFREQ code was developed at the Californis Institute of Technology for the Naval Civil
Engineering Laboratory (NCEL) 1o calculate the natura  frequencies and mode shapes of taut cables
with large numbers of attached discreie masses (4). An ..2orithm was developed 10 solve the transcen-
dental cquations of cable motion by an iterative techmg a2 which permits the calculation of extremely
high mode numbers. The algorithm has been impleme-iied as a FORTRAN computer code that is
available from NCEL and NRL. The algorithm that forms the basis of the NATFREQ code is
described in this section of the report. A listing of the code is given in Appendix A. The methodology
embodied 1in the NATFREQ code is c()mpulali:)nally' efhivient and shows excellent convergence proper-
ties even for high mode numbers. The flexibility of the code provides the capacity for treating a wide

range of cable system configurations.

The static and dynamic analyses of a cable system that experiences environmental loading require
the calculation of the hydrodynamic drag forces. Strumming of the cables due to vortex shedding
increascs the overall mean drag force and causes a corresponding increase in the cable drag coeflicient.
The methods that now have been developed to calculate the drag die to strumming require as inputs
the natural frequencies and mode shapes of the cable. The NATFREQ code provides a fast and accu-
rate means for computing these parameters for taut cables with complex distributions of attached
masses. It now is possible with NATFREQ to calculate the strumming drag on the cable according to
the method developed at NRL (see Ref. 1), including the drag on the attached messes (sec Appendix
C). These drag amplification factors can be used as inputs to the DESADE and DECEL! cable struc-

ture analysis codes which are described in Ref. 1.

2.2 Strumming of Multi-Segment Cable Systems

The natural frequencies and mode shapes of cable cscillation are obtained by an iterative substitu-
tion algorithm which finds the solution satisfying the mposed boundary conditions of the problem.

The following development of the solution is essentially the same as the previous work of Sergev and

Iwan (4).
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; Cable Dynamics. The system considered is shown in Fig 1. It consists of n cable segments
attached to » — | masses. The cable segments have an effectiv: mass per unit length m, and a tension
T, which is assumed to be constant over the length / of the secgment. The effective antached mass
(including added mass) is M,.
Equaisns of Motion. The equation of motion for the disc.acement y; of the Ah cabic segment,
assuming nc bending rigidity, is (see Fig. 2)
a2y, 9y,
m——==T . i=1,. n. 1))
[' o ax?
. The harmenic solution of this equation has the form ;
y ) = Yix)e™ » 2)

where Y,(x) gives the shape of the deformation and w is the freguency of oscillation. Substituting Eq.

(2) into Eq. (1) and solving the resulting equation gives

Yix) = A sinawx + B cosawx. " <Lx <,
-1 (3)
=} ....n
where
a,=m/T, 4
{ Bourdary Condinons. In addition 10 sausfving the equatier »f motion, the deflection of cach cable

segment must sausfy certain boundary conditions. These resui. “~om the geometric conditions imposed

on the ¢nds of the cable assembly, the continuity of displacen e - at each attached mass, and the bal-

ance of forcas at each attached mass.

. Conziz:ary of Displacement. The displacement must be ¢ - auous at cach altached miass. There-
fore,

[ Y. (0) = Y1) (5)

Substitutinx from Eq. (3) viclds

B,=Asnawl + B s 2wl (6)

If A, and B are known. Eq. (6) may be used o find 8,,,.

§ -4 vt as MR . ot -




Fig. 1 — System of masses and cable segments; from Sergev and Iwan (4).

™ |

Fig. 2 — Displacement of the ith segment; from Sergev and | \un (4).
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Force Balance. Figure 3 shows the forces acting al each attached mass. The balance of forces at

cach of these points gives for small angles

a ] a vl 62 1
R e R =l I M
ax |0 Ox |, dr -0
Substituting from Egs. (2) and (3) yields
T,,la _“4,,1 - ‘G,A, coS (!,-0)/,
~a,Bsinawl)T,=-MwB,,, (8)
i=1 ..., n
Using Eq. (&) and solving Eq. (8) for 4, gives
A= l [(a, T, cosa,wl — Mw sina,wl)A4
T
- ta, T smawl + Mwcosa,wl)B). (9)

If 4, and B are known. Eq. (9) may be used 1o find 4,

Geometric Boundary Conditons. At the left hand end of the cable assembly. the displacement 1y
assumed 10 be zero. Thus,

Y, () = 0. (o

Substituting from Eq. (3) thus implies that

B, =0. an

Since the scale of the deflected shupe of the cable (mode shape} is, at this point. arbitrary let

Ay =1 (12)
With conditis (11 and (120 on 4, and B, and Egs. (6) and (9) for 4., aad B, . all subsequent 4’5

and B's can pe determined provided w (the natural frequency) is known.

The svaiem must satisfy one additional boundary condition at the right hand cnd of the cable

assembly. wiere the displacement is again assumed 1o be sero. This gives

Y,(1)=0=1Y, ,(0) (13)
Fquanon t13m rn implies that
B,., =0 (14
7
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The values of @ which give solutions satisfying condition (14) are the natural frequencies of the sys-

tem. This is 4 shooting technique.
2.3 Solution Algorithm for Mode Shapes and Frequencies

If w is varied from zero to some large value and the corresponding values of B, ., calculated, the
result will be as shown in Fig. 4. Each point for which B,,, = 0 represents a valid solution of the free
oscillation probiem. The w, so obtained are the natural frequencies of the system. Mathematically

-+ >re are an infinite number of such frequencies.
The mode shape associated with each natural frequency w, will be denoted by Y.'*'(x). Then.
YUy = 4N sin a,wx + BF cos a,w, x. (1%)

Let w, be the &th natural frequency. Then the deflected shape of the cable system will be such that the
aumber of internal zero crossings (nodes) is equal to kK — 1. The mode number of a particular mode
snape may therefore be determined by counting the number of internal zeros associated with the func-

"an Y"“z =1 .. . n

One of the example cases computed with NATFREQ was a 15400 ft long cable with 380 attached
bodies. The calculated modal pattern for mode number 162 is shown in Fig. 5. The complexity of the
response is evident. Some additional examples and a comparison of NATFREQ results with a small-

sca« laboratory simulation are given by Sergev and Iwan.
2.4 Summary of the Solution Procedure
The solution process for the mode shapes and frequencies can be summarized as follows (4):
1. Assume a value for o, .

Let B| =0, 4; =1




—
X

Fig 3 — Force balance; from Sergev and twan (4)

n+l

Fig. 4 — Schematic of system natural frequencies: from Sergev and Iwan (4.
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3. Solve for By, Ay, By, Ay .... B, A,. B,., from Egs. (6) and (9).

4. Check for B,,;=0. If B,,, = 0, comparc wuth previous value and estimate a new trial

value for w.

5. Go o step 2 and repeat until B, is less than some prescribed value or the change in o,

I8 less than some prescribed timit.

6. Determine the mode number by calculating the number of internal zeros of the mode

shape YA Ux) i=1, ... n

A uasting of the NATFREQ computer code presently in use at NRL is given in Appendix A.
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3. THE TEST SITE AND INSTRUMENTATION
3.1 The Test Site

The site chosen for the experiment was a sandbar located at the mouth of Holbrook Cove near
Castine, Maine. This was the same site used for previous experiments during the 1970's by Vandiver
and Mazel (5.6). At low tide the sandbar was exposed allowing easy access to the test equipment,
while at high tide it was covered by about ten feet of water. The test section was oriented normal to
the direction of the current which varied from 0 to 2.4 fi/s over the tidal cycle with only small spatial

variation over the test section length at any given moment.

The data acquisition station for the experiment was the R/V Edgerton which was chartered from
the MIT Sea Grant Program. The Edgerton was moored for the duration of the experiment approxi-

mately 300 fect from the sandbar and connected to the instruments on the sandbar by umbilicals.

Prior to the data acquisition phase of the experiment, several days were needed to prepare the
site. A foundation for the experiment was needed to anchor the supports which were 10 hold the ends
of the test cylinders. To accomplish this, six 4.5-inch diameter steel pipes were water jetted into the
sandbar utilizing the fire pump aboard the Edgerton. These six pipes were made of two five foot sec-
tions joined by couplings so that the overall length of each was ten feet. In addition, one two-inch
diameter by six-foot long steel pipe was jetted into the sandbar to be used as a current meter mount.
Finally, a section of angle iron was clamped to the pipe used to support the drag measuring mechanism
and attached to another support pipe to prevent any rotation of the drag mechanism mount. Figure 6

shows a schematic diagram of the set-up of the experiment.

3.2 Test Instrumentation

Drag measurement svstem.  The drag measurement sysiem was located at the west end of the cable
system as shown in Fig. 6 The device was welded onto a support pipe 2.5 feet above the mud hne

The mean drag foree at the termination of the cable was used to generate a moment about a frecly

11
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rotating vertical shaft located a few inches beyond the termination point. The bearings supporting the

shaft carried the entire tension load without preventing rotation. The moment was balanced by a load
cell which restrained a lever arm connected to the shaft (see Fig. 7). From the known lever-arm
lengths and the load cell measurements the mean drag force on one half of the cable could be deter-
mined. The icad cell signal was carried by wires in the cable and umbilical to the Edgerton where it was

conditioned and recorded.

Current measurement system. The current was measured by a Neil Brown Instrument Systems
DRCM-2 Acoustic Current Melter located 12.5 ft from the west end of the test cable and 2 ft upstream.
[t was set so that il determined both normal and tangential components of the current at the level of
th: test cable. Signals from the current meter traveled through umbilicals 1o the Edgerton where they
were monitorad and recorded. In addition, a current meter traverse was made using an Endeco current
meter to deiermine any spatial variations in current along the test section. The current was found to be

spattally uniform 1o within +3.0 percent from end to end for all but ihe lowest current speeds (V <

0.5 fu/s).

Tension measurement system. The tension measuring and adjusting system was located at the east
end of the experimental test set up (sce Fig. 6). Exiensions were made 1o the two inner water-jetted
posts at this end. As shown in the diagram, a five-foot extension was madc to the center post and a
three foot extension was made (o the innermost post. This three-foot exteasion was different from the
rest in that s attachment Lo the jetted pipe at the mudline was a pin connection as compared to the
standard pipc couplings used on the other extensions. A hydraulic cyl nder was mounted 2.5 t above
the mudline onio this pivoting post. The test cable in the experiments was connected at one end to this
hydrauhie cvlinder and at the other end to the drag meu‘suring device. To the back of the hydraulic
cvhinder one ¢d of a Sensotec Model RM In-Line load cell was connected. The other end of the celt
was dltached via a cable to the center post. The output tom the lension load cell was transmitted
through the um™hicals to the Edgerion where it was monitored.  Hydraulic hose ran from a pump on the

Edgerron 10 tine hydraulic cvlinder so that the tension could bhe changed as desired.  Additional details

14
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Fig. 7 — Line diagram of the drag measuring d'e{«iéé—top v'i.éwﬁ from Vandiver and Griffin (7). 1 in = 25.4 mm.

PVC TUBING

POWER AND SIGNAL WIRES

EPOXY FILLED VOIDS '
\& NEOPRENE SPACER

STAINLESS STEEL CABLES

Fig. 8 ~ A cross-section of the test cable; from Vandiver and Griffin (7).
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concerning the test instrumentation are given by McGlothlin (8).

3.3 Data Acquisition Systems

During the experiment, dala taken from the instruments on the sandbar were recorded in two
ways. First, analog signals from the fourteen accelerorr.clers in the cable as well as current and drag
were digitized. at 30.0 Hz per channel, onto floppy disks using a Digital Equipment MINC-23 Com-
puter. Second, analog signals from the drag cell, current meter, and six accelerometers were recorded
by a Hewlett-Packard Model 3968A Recorder onto eigh:-track tape. The disks were limited to record
lengths of eight and one half minutes and were used to tzke data several times during each two and one
half hour data acquisition period. A Hewlett-Packard 3382A Spectrum Analyzer was set up to monitor
the real ume outputs of the accelerometers. The eigh:-track tape was used to provide a continuous

record of the complete two and one half hour test run.

4. THE TEST CABLE SYSTEM

4.1 The Cable

A 75-foot long composite cable was developed at MIT specifically for the experiments that were
conducted in the summer of 1981. Figure 8 shows a c¢r »ss-section of the test cabie. The outer sheath
for this cable was a 75-foot long piece of clear flexible PV'C wubing. which was 1.25-in. Q.1). by 1.0-in
[.D. Three 0.125-in. stainless steel cables ran through :he tubing and served as the lension carrying
members. A cylindrical piece of 0.5-in. O.D. neoprene rubber was used to keep the stainless steel
cables spaced 120 degrees aparl. The neoprene rubber snacer was continuous along ihe leng:h except at
seven positions where biaxial pairs of accelerometers were placed. Starting at the east end, these posi-
tions were at L/8, L/6, L/4. 2L/S. L/2, SL/8, and 3L. £ These accelerometers were used to measure
the response of the cable as it was cxcited by the rortex shedding. The accelerometers were
Sundstrand Mini-Pal Model 2180 Servo Accelerometers wnich were sensitive 10 the direction of gravity
The biaxial pairing of these accelerometers made it o >ssible to determine their orientation and to

extract real vertical and horizontal accelerations of the cenle at the seven locations.




Three bundles of ten wires each ran along the sides of the neoprene spacer o provide power and

signal connections to the accelerometers and also to provide power and signal connections to the drag

f measuring system. Finally, an Emerson and Cuming flexible epoxy was used to fill the voids in the
cable and make it watertight. The weight per unit length of this composite cable was 0.77-1b/f1 in air. |

A pholograph of the test cable being installed for one of the test runs is shown in Fig. 9.

4.2 The Attached Masses

In some experiments, lumped masses were fastened to the bare cable to simulate the effects of
sensor housings and other attached bodies. The lumped masses were made of cylindrical PVC stock
and each was 12.0-in. long and of 3.5-in. diameter. A 1.25-in. hole was drilled through the center of .

each lumped mass so that the cable could pass through. In addition, four 0.625-in. holes were drilled '

symmetrically around this 1.25-in. center hole so that copper tubes filled with lead could be inserted to

change the mass of lumps. In the field, it was difficult to force the cable through the holes drilled in
the PVC so the masses were split in half along the length of their axes. The masses were then placed )
on the cablc in halves and held together by hose clamps. Different tests were run by varying the

number and location of lumped masses and by changing the mass of the attachments. A photograph of :

one of the masses attached to the test cable is shown in Fig. 10.

5. THE TEST MATRIX AND SPECIFICATIONS f

5.1 Test Matrix and Specifications

! The test cases conducted for the combination of the cable and the various attached masses 1s
) given in Table I. The input data for the NATFREQ calculations of the twenty test runs are listed in
Appendix B. The specifications for the cable and the various attached mass configurations are given n

Table 2. The notation for the location of and type of attached mass in Table 1 is. as one example,

5L
== (H).
3 H)

This notation means that the mass was heavy (H), ic.. that lead weights were inserted into the PVC

eylinder. and that the attachment point was located 5/8 of the cable length from the reference
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Fig. 9 -- Setting up for a test run at the Castine Bay field site.
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Table | — Test Run Sequence
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

Location, Type of Tension
Run Attached Mass (pounds) Medium
1 (L) (L)‘ 512* Air'
2 same as above 450 Water
sy fw tw o 2w kw 500 Air
4 same as above 520 Water
s £w. 3w, Lw) Ew 532 Air
6 same as above .475 Water
Tttt tw o dw w e s Air
! 3  same as above 475 Water
o un i 540 Air
10  same as above 500 Water
o Lon, Lon, oo, Fan, 3k a 728 Air
i2 same as above 580 Water
3 £en, Lan, Lo, 2L 650 Air
14 same as above 650 Water
s Lan. Lan, Lan. Lan, Lan. Lo 3 Air
16 same as above 556 Water
E v tw tan Lan o 80 Air
i 18 same as above 765 Water
v L Ly L 2 Lan. £ 800 Air
20 same as above 800 Water

L) - hght mass. (H) =~ Heavy mass.
**One pound = 4 4 Newions (S! units)

20

AH ensions were taken {rom data records from which natural frequencies were obtained.




Table 2 — Cable and Attached Mass Parameters
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

Cable Specifications:

L = 750 feet

D = 1.25 inches in diameter
w = 0.7704 pounds/fool in air
u = 0.0239 slugs/foot in air
SG, = 1.408 specific gravity

PVC Attached Mass Specifications:

Length = 12 0 inches

Outside diameter = 3.5 inches
Inside diameter = 1 2S5 inches
Ballast hole diameter = 0.625 inches

Weight in air =

No lead ballast, 4.4 pounds (2 kg)
Weight of water trapped in the 5/8 inch ballast

holes when submerged in water, 0.33 pounds (0.25 kg)
Weight with lead, 9.97 pounds (4.52 kg)

|
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termination point. The notation L in parentheses (L) means that the light mass (no lead weights) was

attached at that location. The two specific gravities were chosen 1o match the cable’s specific gravity SG
= 13 10 1.4 (nominal) and the specific gravity SG = 2 (nominal) of typical Navy hydrophones and

other cable-mounted sensor housings.
5.2 Slack Cable Limitations

Extensible slack cables are characterized by complex dynamic response behavior that is dependent
upon the sag-to-span ratio and the elastic properties of the cable. One especially complicated feature of
tiris response is a frequency "crossover” phenomenon. This modal crossover is a complex phenomenon
associated with the dynamics of slack cables with small sag-to-span ratios. At the crossover three modes
of the cable have the same natural frequency and include a symmetric in-plane mode, an anti-
symmetric in-plane mode and an out-of-plane or sway mode. The symmetric modes contain an even
aumber of nodal points along the cable while the anti-symmetric modes contain an odd number of
nodes. The dynamics of slack marine cables are discussed further in Appendix B of Ref. 1, and in

several other references cited there.

The onset of slack cable effects occurs near the limit of cable sag-to-span s//— 0, and ihe critical

tension H,,, can be estimated with the equation (sce Ref. 1)

H, = 0.93 (WE 43, (16)
where
W = roral cable weight,
E. = cable elastic modulus;

¢

A, = cable cross-section arca.

The weight of the cable in water is

W= (p,e)L.ASG, = 1) amn

where




SG, = cable specific gravity,
L. = cable length;
p., & = water density, gravitational

acceleration

The Castine Bay test cable (L, = 75-ft, 4. = 1.23-in.%) in sea water has the following total net weight

(in water),
W = 41.0 (SG, — 1) Ib.

For a cable with a nominal value of specific gravity SG, = 1.41, B = 168 Ib. The product £, A4,
was measured at MIT for the Castine test cable. The result was E.4. = 2(10°) ib. Based upon this
value the critical tension in water is

Heo= 093 (E.4 WHY b= 360 ib.
From this estimate a mmimum tension H = 400 Ib was recommended for the Castine Bay field experi-
menl's in order to minimize slack cable effects. The NATFREQ code algorithm is valid only for taut

cables with arrays of attached masses.
6. NATFREQ PREDICTIONS

The NATFREQ code was used to simulate all of the test runs histed in Table 1. All of the com-
puitations were done on the Hewlett-Packard Model 1000 computer in the Fluid Dynamics Branch at
NRL. A listing of the code is given in Appendix A. The listed version of the code 1s identical to that
discussed by Sergev and Iwan (4) except for some minor input/output rmodifications. Input 1o the code
typically consists of cable properties (density, tension, drag coefficient. c1c.). attached mass properties
(density, cross-section area. drag coefficient, etc.), and cable segment length (point masses are
assumed) as shown in Appendix B. The added mass of both the cabic and the attached masses was
accounted for in all of the in-water test simulations. Some elaborations on the algorithm employed in

NATFREQ. but not included in the code, are given by lwan (9).

A summary of the computer simulation is given here. Typically only the first six or seven cable

23
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modes were excited by the tidal current regime at the Castine field site. However, in some cases cable
modes up to n = 11 have been identified. The computed natural frequencics and mode shapes for five
pairs of typical test runs are plotted in Figs. 11 1o 18. The configurations chosen for the plots are
representative of the field test measurements that are discussed in the next section. Three cases with
light masses attached (PVC only) and two cases with heavy masses (PVC plus lead weight inserts) are

plotied in the figures.

Several points concerning the natural frequencies are of note. First, the added mass effect of the
water is clearly evident in all of the computed frequencies. As expected, the added mass due to the
cable vibration reduces the frequency of any given in-water mode below the corresponding in-air modal
frequency. An added mass coefficient of C,,, = | was assumed; i.e., the added masses of the cable and
cylindrical attachments are equal to the respective displaced masses of water. This point is discussed

further in a following section of this report.

Second, the distribution of computed modal frequencies is dependent upon the number and spac-
ing of attached masses. For evenly spaced masses there are 'discominuous jumps in the natural fre-
quencies at multiples of the number of cable segments. This is clearly evident in Fig. 11 (two and five
attached masses) and the same effect can be observed in Figs. 14, 16 and 18 (five, six and seven
attached masses). The discontinuity emerges when the mode number » is equai to the number of cable
segments or a multiple thereof. The difference in the cable vibration pattern due to different numbers
of atitached masses is evident from the N = 2 and N = 5 results in Fig. 11. The discontinuities occur
at n = 3, 6 and 9 for the cable with two masses, whereas the first discontinuity occurs at n = 6 for the
cable with five masses. Note that the n = 6 natural frequencies (and mode shapes) are equal for the
two cases. This behavior also was computed by Sergev ard Iwan and verified by their small scale exper-

iment with a thin wire and four or six attached masses in air (4).

There is a relatively simple physical explanation for the discontinuous behavior of the natural fre-
quencies. Consider as an example the computed frequencies in Fig. 14, for test runs seven and eight

with seven light masses. For the first seven mode shapes plotied in Figs. 15(a) and 15(b) some or all

24

J,
5
|
a




of the masses are in motion at their various locations in the vibration pattern. Thus the natural fre-
quencies of the cable are reduced from the bare cable values due to the inertia of the masses. When
the vibration frequency reaches the n = 8 mode all of the seven evenly-spaced attached masses are
located at nodes of the modal vibration pattern. Then the mode shape and frequency are identical to
those of the bare cable. The natural frequencies for the n = 9 and 10 modes fail below the bare cable
frequencies when the masses attached to the cable again are in motion. Similar behavior can be

observed in all of the natural frequencies plotted in Figs. 11, 14, 16 and 18.

The distribution of six masses for the test runs plotted in Fig. 16 is unevenly spaced. The discon-
tinuity between the n = 6 and n = 7 modes still is clear, but the n = 7 mode in air frequency is not
equal to the bare cable value as in the runs discussed previously. The mode shapes plotted in Fig. 17
show that several of the masses are in motion for #n = 7, so that both the in-air and in-water natural
frequencies are less than the bare cable value. There is a difference in tension between the two tests

but that has a minimal effect on the major features of the overall cable system response.

Two cherwise identical runs with five light and five heavy masses are plotted in Fig. 18. Test
runs 11 and 12 were recomputed with the cable tension T = 500 pounds to match the tensions of runs
3 and 4. The inertial effect of the heavier of the two attached masses is evident from the reduced
natural frequencies in air and in water below the correspondipg values for the lighter masses. The
masses are cvenly spaced and the discontinuity between the n = 5 and n = 6 modes appears as
expected. For the n = 6 mode both sets of masses are at the same nodal points of the vibration pattern

and they have no effect. The two respective pairs of natural frequencies in air and in water are equal.
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Fig. 12(a) — Test Run 1. Table |

Fig. 12 — Mode shapes for a cable with two light attached masses, computed with NATFREQ.
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Fig. 12(a) — Continued
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Fig. 12(b) — Test Run 2, Tuble 1.
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Fig. 12(b} — Continued
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Fig. 13(a) — Test Run 3., Table |

Fig 13 — Mode shapes for a cable with five light attached masses, computed with NATFREQ.
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1981 CASTINE BAY TESTS « MARINE CABLES
WITH ATTACHED SENSOR HOUSINGS » RUN 4

se MODE NO. =

lp/f

-8

MODE NO. = 2

~———

-2 9

MODE NO. = 23

\/ N

z2e MODE NO. = 4
2e MODE NO. = S
P —

Fig. 13(b) — Test Run 4, Tablc |
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MODE NUMBER, n

Fig. 14 — In-air 1~3 1n-water natural frequencies for a cable with seven light attached masses, computed with NATFREQ -
Run 7, Table I. —~ ——. Run 8, C. bare cable. i

10.0 —
i ATTACHED MASS LOCATIONS: |
7 L/8 3L8 5L/8 TL/8 :
p— ——a—a—a—a—a—a—
LA L2 3LM ®
ALL LIGHT
8-0 = -
X
- ' BARE CABLE;
p IN AIR e
E _—
- 60 — / .
5 ® RUN 8
4
g /
e ®
'_"J CABLE WITH MASSES, IN AIR
S 40} /
2
431_5 WITH MASSES, ;
/‘m WATER |
2.0 t
|
|
| |
!
Lj
| o 1 | | | |
0 2 4 6 8 10 ﬂ




|
1
1
)

1981 CASTINE BAY TESTS # MARINE CABLES
WITH ATTACHED SENSCR HOUSINGS =« RUN 7
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Fig. 15(a) — Test Run 7, Table 1.
Fig. 15 — Mode shape' i'.r a cable with seven light attached masses, computed with NATFREQ.
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1981 CASTINE BAY TESTS = MARINE CABLES
WITH ATTACHED SENSOR HOUSINGS # RUN 8
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Fig. 15(b) — Test Run 8, Table |
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Fig. 16 —~ In-air and in-water natural frequencies for a cable with six heavy attached masses, computed with NATFREQ. —.
Run 15, Table 1. —~. Run 16; O. dare cable
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Fig 17(a) — Test Run 15, Tabic t

Fig. 17 — Mode shapes for a cable with six heavy atiached masses, computed with NATFREQ.
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Fig. 17{d) — Test Run 6. Tuble 1.
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Fig. 18 — In-air and in-water natural frequencies for a cable with five attached masses, computed with NATFREQ. —, Run 3,
Teble |. ~—, R.~ 4, —--~_ same as Run 11, except T = 500 Ib; ----- . same as Run 12, except 7 = 500 ib; O. bare cabie.




The modal distributions of vibration amplitude along the cable, respectively corresponding to the
plotted frequencies, are shown in Figs. 12, 13, 15, and 17. The vertical scales are uniform but arbi-
trary, having been chosen only for clarity. The maximum strunmrming vibration amplitude for a given
cable mode is dependent upon the effective reduced damping parameter k. see Eq. (C3) of Appendix
C. For vibrations of a cable in water the lypicai level of strumming amplitudes is on the order of (+)
one cable diameter. Vortex-induced vibrations of cables and structures in air are an order of magnitude
lower in amplitude. Thus even though the relative mode shapes in air and in waler may appear 10 be
very similar on a nondimensional basis, the actual distributions of strumming amplitude levels spanwise

along a cable are very different in the two medias.

It is evident from the plotted mode shapes that the attached masses do not act in general as nodes
of the overall modal cable pattern. This is true for all of the cases shown with up l'Q seven atlached
masses. The complexity of the modal vibration patterns along the cable increases in the higher modes.
Thus the higher mode shapes for a cable with large numbers of attached masses cannot be guessed
intuitively from previqus experience. However, the mode shape and peak strumming amplitude must
be accurately known in order 10 correctly estimate the drag effects due to strumming of a complex cable

segment.
7. MEASUREMENTS OF CABLE STRUMMING
7.1 Natural Frequencies, Mode Shapes and Damping

Measuremenis in Air. The natural frequencies and damping ratios weie measured in air for each
cable test run with attached masses and for several tests with the bare cable (10, 11). A methed for
extracting the natural frequencies, mode shapes, cable material damping, and stramming displacement
from the oulputs of the accelerometer pairs was developed and calibrated as part of the data reduction
phase of the test program (12). A summary of the experimental data for in-air natural frequencies,
mode shapes. and damping ratios is given by Vandiver (13). An example of the good agreement that

was achieved between the measured and calculated natural frequencies is given in Table 3 The natural
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! Table 3 — Natural Frequencies and Damping of a Bare Cable (In Air)
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses; {
From Refs. 11 and 13 1
(Cable Tension = 792 pounds)

Mode .\‘aturai Frequency  Natural Frequency Material Damping Ratio, {
(predicted, Hz) (observed, Hz) based on based on total
energy contained energy
in principal

Vertical direction ({) |
1 1.21
2 2.42 2.40 0.0065 € {, £ 0.0084 0.0024 < { < 0.0065
3 3.63 3.60 0.0045 € {; £ 0.0049 0.0017 € { < 0.0056
4 4.84 4.67 0.005 0.0021 € { < 0.0046
5 6.05 5.86
6 7.26 7.23 1
7 8.47 .
8 9.68
9 10.89 10.92
10 12.10 ]




frequencies were calculated with the standard equation

aw = (18)

wll- 27’fn - L m:

for the undamped frequencies of a taut cable per unit length. Here m’ is the virtual (physical + added)
mass of the cable per unit length. Excellent agreement was obtained for the measured and calculated
natural frequencies of the bare cable, and considerable confidence was gained in the data reduction
technique in the process. The very small material damping of the cable is characteristic of marine

cables (1).

The accelerometer pairs embedded in the cable were of the force-balanced type and sensitive to
the direction of gravity. Thus the true horizontal and vertical accelerations of the cable could be
obtained. Once the true vertical and horizonial accelerations were found, it was necessary to undertake

a complex process to determine the displacements. To do this, a step-by-step process was developed.

A summary of the procedure for double integrating a digital acceleration signal follows. The pro-

cedure consisis of the following eleven sieps as outlined by Jong (12):

Step | Find the rotated angle of the accelerometers and perform vector rotation o recover real

vertical and horizontal accelerations.

Step 2 Fit a linear least-squares ze10 baseline 10 the acceleration signal 1o remove the DC offsat

and any linear trend.

Step 3 Obtain the acceleration spectrum and from it compute the theoretical nsplacement spec-
trum, as an aid in the determination of the cutoff frequency in the high-pass filler The
theoretical fast Fourier transform (FFT) of the displacement is obtained by dividing the

magnitude of the acceleration FFT by w?.

Step 4 High-pass filter the acceleration signal using an infinite impulse response (HR) cliptic filter

to remove low frequency noise components.
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Step § Integrate the acceleration signal using the Schuessler-Ibler integrator to obtain the velocity.

Step 6 Fit a linear least-squares zero baseline to the velocity signal to remove any DC offset and

linear trend.

Step 7 High-pass filter the velocity signal using an IIR elliptic filter 10 remove any low frequency

noise components that were expanded in step 5.
Step 8 Integrate the velocity signal using the Schuessler-Ibler integrator to obtain the displacement.
Step 9 Fit a linear least-squares zero baseline to the displacement signal.

Step 10 High-pass filter the displacement signal using an IIR elliptic filter to remove any low fre-

quency noise components that were expanded in step 8.

Step 11 Plot summary data, e.g. root-mean-squares, spectra, time series of displacement, velocity,

acceleration and two dimensional cylinder or cable motion time series.

From the horizontal and vertical acceieration spectra it was possible to determine the natural fre-
quencies of vibration for each responding mode. These natural frequencies then can be compared with
those predicied by the NATFREQ computations of the cable with attached masses. The frequencies
found in this manner actually are not the undamped natural frequencies butl the damped natural fre-

quencies. However, because the damping is so low in air the two are essentially the same.

From free vibration decay tests logarithmic decrements were estimated from the acceleration-time
histories by measuring two acceleration amplitudes separated by an integer number, M, of complete

cycles. The logarithmic decrement is found from the equation

1 4,
M " A (

where A, is the acceleration amplitude at some time ¢, and 4y, is the amplitude at /,,;. The damp-

ing ratio { then is given by
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d
[ R— (20)
h V8 + (27)?

When 3 is very smalt (8§ << 1) it is clear that { = §/27. Details of the analysis procedure are given by

Moas (11).

The natural frequencies of several modes and the material damping were measured for the cable
with attached masses. The damping measurements are summarized in Table 4. The numbers designat-
ing the test runs in the table correspond to the numbers in Table 1 where the various attached mass
configurations are given. The damping often was found to be nonlinear over the range of in-air dis-
placement amplitudes (10). Therefore, when two damping ratios are quoted in Table 4 for a particular
test run the first value corresponds to low amplitudes and the second to high amplitudes of vibration.
In both cases, however, the material damping is very small for the cable with up to seven cylindrical

attached masses.

The measured natural frequencies for the cable with attached masses are listed in Table 5 for the
same test runs listed in Table 4. The natural frequencies of the system were measured by exciting the
various modes in both the vertical (in-plane) and horizontal (out-of-plane) directions. Generally the
results are comparable in both cases. A discussion of the data reduction sequence employed in obtain-
ing the natural frequencies is given in Refs. 10 and 11. It was found in general that the vertical
accelerometer had a negligible response when the cable was excited in the horizontal plane, and vice
versa. The natural frequencies were determined from the peaks in the spectral density plots of the
vibration. Typically there were no mixed mode vibrations and only one peak was evident in the spec-
trum. The lowest (n = 1) mode of the cable apparently was influenced by the sag of the cable (13).
This is typical of the vibrations of slack cables, where the influence of the cable sag diminishes as the
cable vibrations progress to higher modes (1,14). Some of the higher mode frequencies were probably
influenced to some extent by the bending stiffness of the cable. A more extensive appraisal of cable

sag and bending stiffness effects should be undertaken as a follow-up to the present study.

A typical spectral plot is given in Fig. 19. This measurement was by the accelerometer pair
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Table 4 — Measurements of Cable Material Damping (in Air)
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses;
From Refs. 10 and 13

Test Direction of . .
Number* Mode Excitation Damping Ratio, {
1 2 Horizontal 4.005
3 Horizontal 0 001, 0.007
k) 2 Horizontal 0005
3 Horizontal 0.007
3 Vertical 0002, 0.003
5 2 Horizontal 0.004, 0.007
2 Vertical G0Nk, 0.003
3 Vertical 0 001, 0.002
7 2 Horizonial 0.005. 0.006
. 3 Vertical 0002, 0.005
4 Vertical 0002, 0.004
9 . 2 Vertical 0 004
2 Horizonl 0007
3 Vertical 0 002. 0.006
3 Horizontal G004, 0.005
11 2 Vertical 0008
2 Vertical 0.005
‘ 2 Horizontal 0008
3 Horizonta) 0 008
} 3 Vertical 2 004
i 5 Unknown 0.004
| 5 Vertical 0.003. 0.005
19 2 Horizontal Q 002, 0.003
3 Vertical 0.00])
3 Horizontal 0.003, 0.004
| 4 Horizontal 0 002 ]

*From Tablc 1.




|
Table 5 ~ Measurements of Natural Frequency (In-Air)
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses; :
From Refs. 10 and 13 1
Test Mode Direction of NATFREQ-Predicted Measured |
Number* Excitation Frequency, Hz Frequency, Hz
P 2 Horizontal 1.72 1.74
!
i 3 Horizontal 2.89 3.036
3 2 Horizontal 1.59 1.60
3 Horizontal 2.36 2.3
3 Vertical 2.36 2.40 3
5 2 Horizontal 1.73 1.74
2 Vertical 1.74
3 Vertical 2.550 2.63
7 2 Horizontal 1.51 1.53 '
; 3 Vertical 2.26 2.34 1
4 Vertical 2.98 3.07
9 2 Vertical 1.57 1.58
2 Horizontal 1.61
! 3 Vertical 3.00 3.10
i 3 Horizontal 3.09
. 5 Vertical 404 4.25
I u 2 Vertical 1.60 1.62
'I 2 Horizontal 1.62
i 3 Horizontal 2.36 2.41
: 3 Vertical 2.46
: 4 Horizontat 3.03 3.18
i s Vertical 3.55 3.80
; 19 2 Vertical 1.69 1.75
; 3 Vertical 2.62 2.80
} 3 Horizontal 2.80
! S Horizontal . 3.98 4.3
*From Table 1.
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located at the position L/4 along the cable. The light (L) attached masses were located at NL/6, N =
1 1o 5. For this example, the second mode (n = 2) with five light masses attached to the cable, the
measured natural frequency was 1.60 Hz. The natural frequency computed with NATFREQ was 1.59
Hz. which resulted in an error of 0.9 percent (10). The error between the measured and predicted
natural frequencies ranged from this value to about 11 percent. However in most of the cases listed in

Table 5 the error between the mecasured and predicted frequencies was less than S percent.

The measured in-air mode shapes for the cable with seven light attached masses (Test Run 7) are.
shown in Fig. 20. The normalized measured mode shapes are denoted by the distribution of individual
displacement spikes at the seven locations of the accelerometer pairs. All of the data were corrected for
rotation of the accelerometers. Superimposed on the measured displacements is an equivaient sine
wave The measured displacement amplitudes are a good approximation to the sihe wave in all three
modes (n = 2, 3 and 4). Reference to Fig. 15(a) readily shows that the NATFREQ-generated mode
shapes also closely resemble sine waves in the second and fourth modes where the masses are evenly
distributed over a half-wavelength of the cable vibration pattern. Even for the third mode., where the
masses are not evenly distributed over the half-wavelength, there appears 10 be Diitle variation from the
sinusoidal distribution. The mode shape of the cable does not resemble a nonsinusvidal wave form

until the higher modes {n = 5 and greater) are excited.
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0 Fig. 20(a) — Second mode.
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0 Fig. 20(b) — Third mode. I J
Fig 20 — Modc shape estimation for three in-air modes of a cable with seven hght attached masses (Test Run 7 of Table 1); )
from Ref. 13. :
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7.2 Strumming of Cables

Laboratorv-Scale Experiments. Experiments were conducted by Peltzer (16) to study the effects of
shear on vortex shedding from stationary and vibrating marine cables. In some of the experiments, a
distribution of spheres was attached to the cable to simulate the effect of attached bodies such as sensor
housings and buoyancy elements. The cable of 11.4 mm (.045 in) diameter had a length to diameter
ratio of L/D = 107, which resulted in a shear flow steepness parameter [_3 = (0.0053 over the Reynolds
number range Re = 1.8 x 10° to 4 x 10*. Some of the results obtained with and without the attached

masses are summarized here for comparison.

The spanwise Strouhal number variation along the stationary cable in the shear flow is shown in
Fig. 21. There are ten cells of constant Strouhal number along the cable span. The average length of
the cells is eleven cable diameters and the change in the Strouhal number from cell 10 cell is
ASt, =;(_).0086. There is a total change in the Strouhal number of ASt, = 0.067 across the span from
—48 < z/D <48. The clarity of the cellular structure is due to a careful optimization of the location of

the hot-wire probe that was used to sense the frequency of vortex shedding from the cable (15).

The cable was oscillated in its first mode with an antinodal displacement amplitude of 2Y = 0.29D
and at a reduced velocity of ¥, = 5.6. The vortex shedding pattern in Fig. 21 was changed by the oscil-
lations as shown in Fig. 22. The vortex shedding was locked-on to the cable vibration over ‘the central
portion of the cable span from —14 < z/D <€ 30, so that the locked-on cell was 44 diameters long.
The remainder of the vortex shedding pattern not influenced by end effects was stabilized as well. Two
cells were increased in length to fourteen diameters each and no fluctuations in the cell bou;ndaries

were observed. The change in the Strouhal number across the span was increased to ASr,, = 0.078.

Ore of the objectives of these experiments was to investigate the effects of attached bluff bodies

on the vortex shedding. The vortex shedding pattern along the cable with five spheres (ping pong

balls) attached is shown in Fig. 23. The flow conditions were the same as in Figs. 21 and 22, except
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Fig. 21 — Strouns number St,, plotted against spanwise distance along a stationary flexible cable in a linear shear flow. [rom
Peltzer (16). Rey=-okds number Re,, = 2.96 x 103, shear flow siecepness parameter § = 0.0053.
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linear shear flow; from Peltzer (16). Conditions as in Fig. 22 except that 2Y = 0.23D.
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that the antinodal displacement amplitude of the cable was 2 Y = 0.23D.

Several points concerning the vortex shedding from the cable-sphere system are notable. The

three central spheres (zZ/D = —20, 0, 20) locked-on to a submultiple (one half) of the cable vibration !

frequency. The lock-on region of the cable strumming in Fig. 23 extended from ~24 < z/D < 29, or

over 53 diame:ers. This is a significant increase from the comparable bare cable experiments. For

example, when 2 Y = 0.29D for the bare cable the lock-on region extended over 44 diameters, and l

when 2 Y = 0.23D the lock-on region extended over 34 diameters. When three spheres (z/D = ~28, ;
0, +28) were attached to the cable, with 2 ¥/D = 0.235, the lock-on region extended over 61 cable f
diameters. It is clear that the addition of attached bodies along the cable is not likely to deter the l

resonant cable strumming vibrations even in a shear flow. ‘

Peltzer (16) observed other significant features relating to cable strumming in a shear flow. A
maximum separation distance of twenty cable diameters between the spheres was observed that would
force the vortex shedding into cells of constant frequency when the cable was stationary. The cellular

structure along the cable with spheres atta.hied was forced into a patiern that was appreciably different

from the bare cable in the shear flow when the spacing between the spheres was twenty diameters or

o te b

less.

Towing Channel Experiments. As part of the overall NCEL cable dynamics research program MAR

A e - e A . s G ol

Incorporated was funded 1o conduct a program of experiments to investigate strumming suppression
and the effects of sensor housings (attached masses) on the overall cable response. Two reports on the
results obtained recently have been published (2,3). Some of the results obtained are summarized

briefly here and are compared with previous findings from the NRL/DTNSRDC/NCEL cable dynamics

program. The tests were conducted on a "strumming rig"al the DTNSRDC that was employed in pre-
vious NCEL-sponsored strumming experiments (1). The recent MAR Incorporated experiments and

the experimental layout are described in detail in Ref. 3.

Some of the results obtained in these experiments are plotted in Fig. 24. The discrete masses in




all cases were aluminum sensor housings attached at various locations along the steel cable of diameter
D = 0.175-in. and span of L = 14.5-ft. It can be seen from the results in Fig. 24 that the cable was
deployed under various conditions in the resonant, cross flow strumming regime during the tests. The
results plotted in the figure from the previous DTNSRDC experiments were obtained with a bare cable

in all cases. and those results are discussed in detail in Ref. 1.

The attached masses did not deter the strumming, but instead the system consisting of a bare
cable plus attached masses reached higher cross flow displacement amplitudes than the bare cable alone
during the Mar Incorporated tests. This is because the conditions of Mar’s cable experiment were at
the onset of the resonant strumming regime in Fig. 24 while the attached mass experiments extended
well into the resonant region. All of the tests were conducted in the range of cable and attached mass
properties where hydrodynamic effects are dominant (1) and even the addition of discrete masses has
little influence on the large-displacement cross flow strumming effects. All of the frequency spectra

plotted in Ref. 3 give clear evidence of cross flow strumming at a single resonant frequency.

Cable Strumming in the Ocean. Field studies of the strumming behavior of marine cables were
conducted over several summers of the Castine Bay, Maine test site by staff members and students of
the Ocean Engineering Department at MIT. The most recent experiments are described in this report

and in Refs. 8-12. The previous experiments are described in Refs. 1, 5, 6 and 17.

SEACON Il was a major undersea construction experiment the chief goal of which was the meas-
urement of the steady-state response of a complex three-dimensional cable structure 1o ocean currents.
The measured array responses were to be employed in a validation of analytical cable design models and
computer codes as described by Kretschmer et al (18). A second goal of the SEACON Il experiment
was to demonstrate and evaluate new developments in ocean engineering which were required to

design, implant, operate, and recover fixed undersea cable structures.

The SEACON II structure consisted of a delta-shaped module with three mooring legs. It was

implanted in 2900-ft of water in the Santa Monica Basin by the Naval Civil Engineering Laboratory dur-
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ing 1974 and was retrieved during 1976. The top of the cable structure was positioned 450-ft below the
water surface. The mooring legs were 4080-ft long and each arm of the delta was 1000-ft long. An
artist’s view of the completed structure is shown in Fig. 25. Two mooring legs were attached to explo-
sive anchors embedded in the sea floor and the third leg was attached to a 12500-1b clump anchor. The

entire cable structure was instrumented in order to collect current and array position data.

The data were used to validate the NCEL computer code DECELL. This code, previously called
DESADE, was developed at NRL by Skop and Mark in 1973. The deita cables experienced uniform
currents over their respective lengths and often were subject to cable strumming. These strumming
vibrations led to increased steady drag coefficients and static deflections as described in the next section

of this report. Details of the SEACON II implantation, design and recovery are given by Kretschmer et

al. (18).

Another cable strumming experiment (the Bermude Testspan) was conducted by the U.S. Navy
from December 1973 to February 1974. The site of the experiment was near Argus Island, Bermuda.
A B40-ft long, 0.63-in. diameter electromechanical cable was suspended horizontally in the water at a
depth of 92-fi. The cable had no strumming suppression devices atlached, but it had numerous
weights, instrumentation devices, and floats distributed over its length. The unfaired cable and instru-
mentation were similar to the cables which made up the horizontal delta segments of the SEACON 1l
array. Two current meters were suspended near the mid-span point ot the cable. Only a limited

amount of data were obtained from this experiment.

Kennedv and Vandiver (19) have analyzed the results of this experiment and have reached
several conclusions. They found that the strumming response of the cable was typical of a broadband
random process and that resonant and nonfresonant lock-on were rare. The high modal density, which
resuited in responses from the 10th to the 150th mode, and exireme variations in current speed and
direction were chiefly responsible for the broadband response of the test span. The peak rms cross flow

displacement amplitude experienced by the Bermude Testspan was estimated by Kennedy and Vandiver

tobe Y= +0.5D.
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A more extensive discussion of tnese and some other recent cable strumming field experiments is

given in Refs. 1 and 17.
7.3 Hydrodynamic Drag

An important side effect which results from the oscillations of structures and cables due to vortex
shedding is the amplification of mean drag force (or the drag coefficient Cp). The drag force
amplification measured under a variety of conditions has been summarized in a recent NCEL report (1)
and in a more recent and related paper (17). A methodology for employing these measurements in the
analysis of marine cable structures was developed by Skop, Griffin and Ramberg (20). This approach
has been extended to the case of flexible, cylindrical marine structures by Griffin (21,22). A step-by-
step method for approaching this problem is given in Refs. 1, 21 and 22, and is summarized in Appen-

dix C of this report.

The measured mean drag coefficients (Cp) for several strumming cables are plotted against the
Reynolds number (Re) in Fig. 26. As a basis for comparison the typical drag coefficients for a station-
ary circular cylinder and several nominally stationary braided and plaited marine cables also are plotted
in the figure. The relatively large scatter in the stationary cable data is due to variations in the low
cable tension values at the lowest flow speeds (Reynolds numbers). All of the cable strumming experi-
ments were conducted in one of the towing channels at the DTNSRDC. The dashed line was simply
faired through the strumming data. It is clear that the drag coefficients for the strumming cables are
increased substantially (by as much as a factor of two) for a variety of Kevlar cables over a wide range

of towing speeds or Reynolds numbers between Re = 3(10°) and 3(10%).

The experimental test program conducted at the Castine field site has provided a more extensive
data base for the strumming response of relatively long marine cables and cylindrical pipes under con-

trolled conditions. The drag measurements made at the site with the long flexible pipe are discussed in

a separate paper by Vandiver (23). A time history of the cable drag coefficient Cp and the current V

s g s
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are plotted in Fig. 27. The data are taken from a typical run with the cable only and not attached
masses. From the approximately 35 minutes of data recorded with the cable strumming it is clear that
the hydrodynamic drag is increased consistently from the level that is typical of a stationary cylinder or
cable (Cp = 1 10 1.5). The measurements of Cp are consistently between 2 and 3 for the time interval
shown when the current velocity is near 1.2 kt. The strumming response of the cable was 1n the first

six (n = 1 10 6) natural modes.

An example taken from one of the more complex tests (Run 20 of Tabie 1) is shown in Fig. 28.
Six cylindrical masses were attached to the cable: two light ones at L/8 and L/2; and four heavy ones
at L/3, SL/8, 3L/4 and 7L/8. The RMS strumming response data shown for a two and one half hour
time period in Fig. 28 were recorded at 3L/4, where both one of the attached masses and an accelerom-
eter pair were located. Several segments of the drag and strumming displacement amplitude plots are at
relatively constant levels. These probably represent time periods of resonance or ‘lock-in’ between the
vortex shedding and the strumming. Several examples taken over a shorter time period (448 seconds)

are now discussed.

A segment of data derived from Run 10 of Table 1 is shown in Fig. 29. Two heavy masses were
attached to the cable at L/3 and 2L/3. The drag coeflicient, the current speed, and the horizontal and
vertical rms strumming displacement amplitudes all are plotted in Fig. 29 for a typical 448 second _u'me
period during this test run. The measurements were made with the accelerometer pair at SL/8 along
the cable. Frequency spectra for each of the horizontal and vertical accelerometers are shown in Fig.
30. Three stacked graphs are shown for the two directions and each graph represents a strumming fre-
quency spectrum taken from a two and one-half minute segment of the data file for this test run. The
displacement output derived from the vertical accelerometer is predominantly at a frequency near 3 Hz,
with a smaller spike near | Hz. The spectra derived from the horizontal acceleromerer are character-
ized by peaks at twice those of the vertical accelerometer. This is as expected since the fluctuating drag
force in the horizontal direction has a frequency of twice the fluctuating lift force due to vortex shed-

ding. The predicted natural frequency of the n = 5§ mode for this test run is 3.1 Hz. It is likely then
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that the strumming responses shown in Figs. 29 and 30 are either at or near this resonant frequency.

The response spectra also may contain some energy at the Strouhal frequency of the flow and this may

account for the twin peaks in some of the spectra.

The coefficient of the hydrodynamic drag force was amplified considerably, to Cp = 2.2 10 3.1, as
shown in Fig. 29. This is a substantial increase from the typical drag coefficient of Cp ~1to 1.5 for a
stationary cable. The vertical displacement amplitude of the cable strumming varied between Y =
+0.2 and 0.6 in (rms). This relatively small amplitude at the 5L/8 location is consistent with vibra-
tions in the n = 5 cable mode, since a node of the vibration pattern then is to be expected at 3L/5
nearby. The level of the drag amplification would appear to indicate that a somewhat larger amplitude
should be expecied at the antinodes of the cabfe vibration. '

Another example taken from one of the more complex tests (Run 14 of Table 1) is shown in Fig.
31. Four heavy cylindrical masses were attached to the cable: at L/8, 3L/8, SL/8 and 7L/8. The
cable tension was approximately 600 Ib. The strumming response data shown for the 448 sec time
period in Fig. 31 were recorded at SL/8 where both one of the attached masses and an accelerometer
pair were Iocau;.d. The vibration level over the time of the test run was approximately Y= +0310
0.45 in (rms), indicating that the attached mass did not act as a node of the cable system vibration pat-
tern. The drag coefficient of the force on the system is Cp = 2.4 to 3.2 which repre<ents a substantial
amplification from the stationary bare cable value of Cp = 1.2. The relative contributions of the cable
and the masses to the overall drag have not been determined. The frequency spectra for the vertical
and horizontal displacement-time histories in Fig. 32 again clearly show resonant spectral speaks at the
vortex shedding frequency (vertical) and twice the vortex shedding frequency (horizontal). The cable

strumming vibrations in this example again are most {ikely 10 be in the fifth mode (n = 5).

A third example is given in Fig. 33. For this case (Run 16 of Table 1) six heavy masses were
attached 1o the cable: at L/6, L/3, L/2, SL/8, 3L/4 and 7L/8. The cable strumming response meas-
urements were made at L/6, again a location of both a mass and a pair of accelerometers. The drag

coefficient in this case varied from about Cp = 2.4 to 28 Over most of the time history shown the
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Fig. 32(a) — Vertical displacement amplitude.
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Fig 32 = Strumming trequency spectra for the cable with four attached masses (Run 14 of Table 1)
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displacemem amplitude varied between Y = 0.1 and 0.4 in (rms). The frequency spectra of the meas-

ured vertical and horizontal strumming displacement amplitudes shown in Fig. 34 are non-resonant with
several (five to six) distinct frequency spikes. It is likely that the cable 1esponse consists of several
modes. These are three typical examples of the strumming drag for the cable with attached masses.

Similar increases in drag were measured for all of the test runs with masses attached to the cable.

Several test runs were conducted with a bare cable during these tests. A 300 second time history
for one such test is shown in Fig. 35. The cable was resonantly strumming at 1.9 Hz in the third mode
normal to the current and .nonresonantly in the fifth mode in line with the flow at 3.8 Hz. The vertical
displacement amplitude is approximately ¥ = +0.6 to 0.7 D(rms) over the length of the record (7,8).
The average drag force coefficient on the cable is approximately C, = 3.2, this is considerably greater
than the drag coefficient Cp = 1 to 1.5 that would be expected if the cable were restrained from oscil-
lating under these same flow conditions. The drag coefficint on the strumming cable was predicted with
the equation (see Appendix C)

Cp,avg = Cpoll +1.043 (2 Yrus/ D)%),
which was derived from the original results of Skop, Griffin and Ramberg (20). The strumming drag
coefficient predicted using this equation is in the range Cp = 2.4 t0 2.6 as shown in Fig. 35. This is
somewhat below the drag force coefficient measured at the field site, but the predicted values are rea-
sonable. The predicted drag on the oscillating cylindrical pipe was virtually indistinguishable from the

measured drag coefficient (8,23).

The NATFREQ code was modified as described in Appendix C in order to account for the drag on
the attached masses. This now is done in the two subroutines TTDRG and TWDRG of the code. The
overall mean drag coefficients for Runs 10, 14, 16 and 20 in Table 1 were computed in order to assess
the effect of the attached masses on the overall hydrodynamic force. The final results are given in
Table 6. The attached masses, between two and six in number, do not greatly affect the overall drag on
the system However, the stationary cylinder drag coefficient was reduced to Cpy = 0 8 10 take account

of the smali aspect ratio (L/D = 3.4) of the cylindrical masses. For a cable with a large number of

attached masses there is likely to be a proportionately greater effect on the drag. The comparison is
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Fig. 34 — Strumming frequency spectra for the cable with six attached masses (Run 16 of Tabie 1)
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and the current speed for the bare cable (7,8). RMS displacement data were derived from the accelerometer pair located at x = '
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- only qualitative because the predominant modes of response corresponding to the drag-time histories in

Figs. 28, 29, 31 and 33 are not known. The average drag coefficients for the mode n = 4 are given in
the table as examples. These are representative of the cable sirumming responses measured during the
experiments. The computed drag coefficients are generally within or close to the range measured at the
Castine Bay test site. These results provide a reasonable basis for concluding that the NATFREQ
computer code can be used with some confidence to provide engineering estimates of the mean hydro-

dynamic drag forces on marine cables with arrays of discrete masses attached to them.

Table 6
Hydrodynamic Drag Forces
1981 Castine Bay Field Experiments,
Marine Cables with Attached Masses

Test Ranget Drag Coefficient, Drag Coefficient,
Number g Cable (Avg.)tt | Cable & Masses (Avg.)tTt
10 2.2-3.2 3.00 11
14 24-3.2 2.76 3ol
16 2.1.29 2.82 3.13
20 2.1-3.1 283 3.15

+Measured at the test site.

t+Computed using NATFREQ; Mode number n = 4, Cpy = 1.2.
t++Computed using NATFREQ; Mode number n = 4, Cpq = 1.2.
(cable), Cpo = 0.8 (attached masses).

The amplification of the drag measured during these field experiment: js comparable 10 the drag
increases due to vortex shedding that have been measured in recent laboratory-scale experiments with
cables and circular cylinders (23,24). For example, Overvik (24) measured drig coefficients of Cp =
2.5 when a model riser segment (a bare circular cylinder) was oscilla'ing in water with Y= +1.1D.
This is an increase of 230 percent from the comparable measurement when the cylinder was restrained
from oscillating. Griffin et al (17) have summarized receft laboratory-scale measurements of the drag

on strumming cables. Comparable increases in Cp were comnonly obtained in the tests that were

reported.
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7.4 Validatiea of NATFREQ

The results obtained in air can be used with the in-water cable strumming resuits to validate the
NATFREQ computer code for use in engineering calculations. T..c natural frequencies for the cable in
water were derived by C.Y. Liu at MIT from spectral analysis of the Castine Bay field test data. In
most instances the measured frequencies plotied in figures are averages derived from two or three spec-

tral estimates.

Measurements in Water. Comparable measurements of the cable’s natural frequencies to those
made in air were also made from data collected while the cable was strumming in water. The natural

frequencies were derived from power spectral density plots for each cable-added mass configuration and

were computed from 136 seconds of data. Two examples of the spectral density-frequency plots of the
vertical acceleration signal are shown in Figs. 36 and 37. The averaged spectra were taken over a 136

second time period, or over 4096 points. The vertical lines represent NATFREQ-predicted frequencies.

The accelerometer pairs located at L/8 and L/2 were employed in the analysis. It was anticipated
that the L/2 location would be a node for the even (n = 2, 4, e1c.) cable modes, so that differences in
the spectral density plots from the two locations could be used to discriminate between odd and even
cable modes. In some cases this proved to be a reasonable approach. Most of the records that were
analyzed were characterized by non-resonant strumming behavior, so that each frequency spectrum typ-
ically showed a distribution of peaks from which several participating cable modes could be identified

with confidence.

A representative comparison of the computed and measured natural frequencies is given in Table
7 for those test runs which have provided reliable accelerometer, tension, and current data. For the
listed cases in which the natural frequencies can be discriminated reliably, there is good agreement
between the predicted and measured natural frequencies. Generally the differences between the two

sets of frequencies are less than ten percent in all cases, and the horizontal and vertical accelerometers
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Table 7 — Measurements of Natuwal Frequency (In-Water)
1981 Castine Bay Field Experiment,
Marine Cables with Attuched Masses

Measured
Test Mode | NATFREQ-Predned Frequency, Hz
Number® Frequency, Hz
Vertical | Horizontal
—
2 1 0.63 0.72 0.72
2 1.25 1.40 1.41
3 210 2.20 2.24
4 281 2.70 2N
5 312 3.30 3.27
7 4.53 4.82 4.76
4 2 1.21 1.33 1.37
3 1.80 1.85 1.85
4 2.37 2.60 2.70
7 4.64 4.83 4.81
8 1 0.56 0.6 0.6

2 1.13 1.16 1.16
3 1.67 1.68 1.69
4 2.2 2.29 2.37
5 2.73 2.83 2.87
7 3.56 3.65 3.67
12 1 0.58 0.76 0.76
2 1.16 1.26 1.2§
3 1.71 1.72 1.72

4 2.22 2.20

5 2.62 2.67
16 2 1.10 1.10 .10
3 1.62 1.74 74

8 5.30 5.22

*From Table 1.




at the two measurement locations give almost identical results in virtually all of the modal determina- b

tions listed in the table.

The results from two typical test runs are plotted in Figs. 38 and 39. In the first example seven !

light masses were attached to the cable at mL/8, m = 1 to 7. The in-water natural frequencies plotted

in Fig. 38 confirm the good agreement that is suggested in Table 7, for the cable’s natural modes up to ,

n = 7. Another example is given in Fig. 39 for the cable with two light masses attached at L/3 and 5

2L/3. The measured and predicted natural frequencies in water are in agreementupton = 7 and n =
11 (not shown in the figure). The latter two frequencies were identified by comparing the spectral plots
at L/8 and L/2, and by noting the presence of peaks in the spectra from the vertical and horizontal ]
accelerometers at L/2. On this basis it reasonably can be assumed that the frequencies are odd modes
and are equal to n = 7 and n = 11. It also is clear from Fig. 39 that the measured natural frequencies
exhibit the same discontinuous behavior that is predicted when the number of cable segments is equal

to the mode number ~.

Several in-air natural frequencies also are plotted in Figs. 38 and 39. As had been noted
earlier there also is good agreement between the measured and predicted frequencies in these cases.
The added mass effect of the water is evident from the computed and measured results. In most cases
the predicted natural frequencies are slightly lower than the measured values. An added mass
coefficient C,, = 1 was chosen for both the cable and the cylindrical masses. This value may be

slightly high but it is difficult 10 justify another choice a priori, especially since the measured and

predicted frequencies are in such close overall agreement.

It is clear from the resuits of this comparison that it is possible to predict the natural frequencies
of a taut cable with attached masses to better than ten percent. However, at the higher modes the

difference in frequency between modes will be considerably less than this value. Then it is difficult or

impossible to positively identify which spectral frequency is associated with which predicted mode.
Such detailed identification would require more extensive knowledge of the mode shapes of the system.

As a practical matter this requires many more measurement locations, with the concomitant expense of

additional instrumentation such as accelerometers and a more complex cable construction.
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8. SUMMARY

8.1 Findings and Conclusions

Both laboratory-scale and field experirﬁenls have been conducted to investigate the effects of
attached masses on the vortex-excited strumming response of taut marine cables. A comparison has
been made in this report between the natural frequencies and mode shapes computed with the
NATFREQ computer code and measured during the 1981 Castine Bay field experiment. Also, as back-
ground, and for additional comparisons, summaries are given here of the NATFREQ cable analysis
algorithm and other recent expérimems to study the flow-induced strumming response of cables with

arrays of attached masses.

Twenty test runs were conducted during the experimental phase of the program. These consisted
of ten pairs of equivalent tests conducted in air and in water. The measured in-air natural frequencies
are in good agreement with the NATFREQ predictions for the second and higher (up to n = 5) cable
modes. The first mode frequency apparently was influenced by tna sag of the cable. The measured
mode shapes (;f the cable vibrations in air are in agreement with the computed mode shapes, but only

limited mode shape comparisons are possible due to the existing capabilities of the code.

Good agreement also was obtained between the N A\TFREQ-predicted natural frequencies and the
frequencies measured in water. It is clear from the comparison given in this report that it is possible to
predict the natural frequencies of a faur cable with attached masses to better than ten percent. How-
ever. at high cable mode numbers the difference in frequency between modes often is considerably less
than this value. Then it is difficult to positively identify which measured cable frequency is associated

with which predicted mode.

The results available to-date tend to validate the NATFREQ computer code as a reliable engineer-
ing model for predicting the natural frequencies and mode shapes of taur marine cables with arrays of

discrete masses attached to them.
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The static and dynamic analyses of a marine cane sys'em that experiences environmenta! loading

require the calculation of the hydrodynamic drag forces. Strumming of a cable segment due to vortey
shedding imcreases the overall mean drag force and results in a corresponding increase in the cable drag
force and coefficient. The calculation of the strumming drag requires as inputs the natural frequencies
and mode shapes of the cable. For a cable segment with masses attached to it the NATFREQ code pro-

vides this information.

Measurements of the hydrodynamic drag forces during the Castine Bay field experiments con-
sistently produced drag coefficients in the range Cp = 2 to 3.2 for the bare cable and the cable with
attached masses. This is a substantial amplification of the drag force from the expected level for a sta-

tionary cable (Cp = 110 1.5).

The drag coefficient on the strumming cable was predicted by Vandiver (23) with a strumming
drag mode) that was developed at NRL as part of the overall NCEL cable dynamics research program.
The predicted drag on the cable was within about 20 percent of the measured drag. For a complemen-
tary experiment at the test site with a flexible circular steel pipe, the predicted drag coefficients were

virtually indistinguishable from the measured drag coefficients (23).

The NATFREQ computer code contains a routine for computing the amplified hydrodynamic drag
due to strumming. This routine now has been modified to account for the drag on the attached masses
(cylindrical and spherical). Previously only the strumming drag on the cable segments between masses

was completed.
8.2 Recommendations

Several recommendations have been developed as a result of the comparison between the

NATFREQ code predictions and the Castine Bay field tests. These recommendations are:

®  Cable sag or slack cable effects often play an important role in the dynamics of marine

cables. The NATFREQ code is limited to taur cable dynamics. Consideration should be
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given to the development of a comparable code for the caiculation of the natural frequen-
cies and mode shapes of a slack cable with attached masses. At least one such code,

called SLAK, presently exists in rudimentary form (1).

®  Many of the data records from the 1981 Castine field experiment contain lengthy time

segments where the cable strumming is nonresonant, i.e. the vibrations and the vortex

shedding are not locked-on at a single resonant frequency. Consideration should be given
10 developing a simple but still effective method for taking nonresonant strumming effects

into account in determining the cabie response and the strumming-induced hydrodynamic

drag force and coefficient Cp.
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Appendix A
A LISTING OF THE NATFREQ COMPUTER CODE
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PROCRAN NEMNT
PROCRAN MEWNAT ¢ INPUT,OUTPUT, TAPES=INPUT , TAPEG=0UTPUT)
TITLEC 8) IS 88 COLUMNS OF TITLE INFORMATION
CDI =0(BULANK) IF NONUNIFORM CABLE WEIGHTS AND DIAMETERS ARE TO BE
SUPPLIED FOR EACH SEGMENT
O IF CABLE WIEGHTS AND DIAMETERS FOR ALL SEGMENTS ARE
SAME AS FIRST SECMENT
CT =0(DLANK) IF NONUNIFORM CABLE TENSIONS ARE TO BE SUPPLIED FOR
EACH CABLE SEGMENT
H IF CABLE TENSION FOR ALL SEGCMENTS IS SAME AS FIRST
SECMENT
NSEGC = ND. OF SECMENTS
NPLOT = BLANK -NO PLOT REQUIRED
PLOT -PLOT OF AMPLITUDE
SCRL -EACH MODE, SCRLL FASHION
PLEN = LENCTH OF DESIRED AMPLITUDE PLOT(IN)
DEFAILT = 20.
CL(I) = LENCTH OF I-TH CABLE SEGMENT (FT)
D(I1) = DIAMETER OF I-TH CABLE SECMENT(IN)
CDC(I) = DRAC COEF. OF I-TH CABLE SEGMENT
WC(I) = TOTAL VEICHT OF I-TH CABLE SEGMENT INCLUDING ADDED WATER
WEICHT (LB/FT)
TC(I) = TENSION IN I-TH CABLE SEGMENT (LB)
AW(I) = TOTAL ADDED WEICHT AT END OF I-TH CABLE SEGMENT INCLUDING
ADDED WATER WEIGHT(LB).  AW(NSEC) IS ARBITRARY.
CDACI) = CDSAREA FOR I-TH ADDED WEICHT IN FT%82
STWT(I) = SPRUNG MASS AT THE END OF SPRINC AT END OF THE I-TH
CABDLE SEGMENT INCLUDING ADDED MATER WEIGHT (LB)
HXNDS = MAX NO OF MODES TO BE FOUND IN SEARCH
ACC = ACCURACY PARAMETER IN MODE SEARCH,USE 0.001 NOMINAL
OMNAT = NATURAL FREQUENCY OF THE ATTACHED SPRING-NASS COMBINATION
ONSTRT = BECINNING FREQ. FOR MODE SEARCH (RAD/SEC)
OMSTOP = ENDING FREQ. FOR MODE SEARCH(RAD/SEC)
DELOM = FREQ. SEARCH INCREMENT (RAD/SEC)
—CALCULATED INTERNALLY IF DELOM=0
UNITS = { FREQUENCY SEARCH IN RAD/SEC
2 FREQUENCY SEARCH IN HERTZ
3 FREQUENCY SEARCH IN FT/SEC
4 FREQUENCY SEARCH IN CM/SEC
S FREQUENCY SEARCH IN KNOTS
ISUPRS = @ FULL PRINTOUT OF SEGMENT RESPONSE
1 SUPRESS FULL PRINTOUT
IETA = DAMPING RATIO FOR CABLE IN AIR
RHOW = WEIGHT DENSITY OF FLUID IN LB/FT883
S(I) = ARC LENGTH TD END OF I-TH SEGMENT
CP(I) = COUPLING PARAMETER
DUCI) = ARRAY OF DISTINCT CABLE DIAMETERS
DS = DIA OF STRUMMING CABLE SEGMENTS
STIF(I)=SPRING STIFFNESS AT END OF THE I-TH CABLE SECMENT(LB/FT)
COMMON/C1/7CLC 21).DC 21),MCC 21),TCC 21),AM( 24) ,NIX( 21) .%SEG.
fALP( 21)
COMMON/C2/A( 21) ,B( 24) ,PHAS( 21),P1,BSIZE ,AMPL( 21) RAM® 21)
COMMON/C3/CD( 21)
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COMMON/CA/BMAX, JPLTNO

CONMON/Co/STIF( 21),STUT( 21)

COMMON/C7/DNC 21) ,BNSIZE

COMMON/C11/CDC( 24),CDAC 21),CP¢ 24),DS,ZETA, ZETAE,RHOW,RNU,
1 © 1CDAS( 21)

} DIMENSION S 21),DUC 21)

INTECER TITLE(48),UNITS,CDI,CT

REAL KOMSRT,KOMSTP ,KDELOW

DOUBLE PRECISION ONCD,0NP,X1,X2,B1,B2,BP,IC

c
CASSSISET FUNCTIONS AND CONSTANTS
HERTZ(X) = X/(2.3P1)
JPLTNG=4
PI = ATAN2(S. ,~1.)
STRIN = 9.21
M =1
CESSSSREAD/WRITE INPUT DATA
10 READ(S, $0010) (TITLE(J),J=1,40)
C  IF(EOF(5))9999,11
1001 FORMAT(40A2)
C 11 CALL DATECIDAY)
C  CALL TIMECITIN)
WRITE (6,4002) (TITLE(K) ,K=1,48) , IDAY, ITIN
1002 FORMAT(SNS,40A2/6H DATE-,A10,7H TINE-,A10/1X,80(1H=)//)
ITIE = ¢
IAPROX = 0
READ(S,1003)CDI,CT
1003 FORMAT(2110)
READ(S,1904)NSEC,NPLOT,PLEN
1094 FORMAT(I10,A2,2X,F5.0)
WRITE(6,1985)ND
1005 FORMAT(1X,12HDATA SET NO.,13//17H CABLE PARAMETERS/)
WRITE(6,1006)
1806 FORMAT(1X,BSHNOTE- ALL WEIGHTS ARE TGTAL EFFECTIVE WEIGHTS AND INC
1LUDE EFFECTS OF ADDED WATER MASS)
CSS3X8READ FIRST CABLE SEGMENT INFO HERE
READ(S,1016)CL(1),D(1),CDC(1),MC(1),TCC1),A(1),CDAL1) .STIF (1),
{STNT(1)
1016 FORMAT(F10.0,2F5.0,6F10.0)
IF(CD1.EQ. 1 WRITE(6, 1807)
1007 FORMAT(7X,SIHCABLE WEIGHT AND DIANETER ARE SAME FOR EACH SEGK:NT)
IF(CT .€Q. 1)MRITE(6,1008) ,
1008 FORMAT(7X,3BHCABLE TENSION IS SAME FOR ALL SECHENTS)
WRITE(6.1009)
1009 FORMAT(//,1X,3HSEG,5X , 6HLENGTH, 3X, 0HARC LENGTH, X,
1 AHDIAM,3X, AHDRAG ,3X, PHMT/LENGTH, 3X, 7HTENSTON,
2 3X,8HATTACHED, 3X, 7HCDSAREA, 3X, THATT SPR ,4X, 6HSPRUNC,
3 3X,12H SPRING-MASS/
A 2X,2HN0,6X, SH(FT), 7X, AH(FT) ,6X, AHCIND , 3X, AHCOEF , 4 ,
S TH(LB/FT) ,SX,4H(LB) ,5X,8H4T  (LB),3X,H(FT$$2) . 3X. TH(LB/FT)
6 3X,BHNASS(LB),3X,11HN FREQ (HZ)/)
CSSXS8CHECK HERE FOR NON UNIFORM WEIGHT,DIA AND TENSION
IF(CD1.E0.0 AND CT.€G.9) GO TO 130
CSSRS8CHECK MERE FOR NON UNIFORM WEIGHT AND DIA OMLY

———
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IF(COL.ER.0) GO T0 128
CESSSSCHECK HERE FOR NOMUNIFORN TENSION OMLY
IF(CT.ER.8) €O TO 140
CASSSSUNIFORM VEICNT,DIA AND TENSION
DO 101 I = 2,N8EC
READ(S, 1811)CLCI),M(T) ,CDALT) , STIF(I),STUT(T)
1011 FORMAT(F10.9,30,4€E40.0)
¥C(D)=ELe)
D(I1)=D(3)
CDC(D) = COC(H)
TC(D=TC(1)
184 CONTINUE
C0 T0 148
CSSSIINONUNIFORN TENSION ONLY
110 D0 144 I = 2,NSEC -
READ(S, 1842)CL(T), TC(T) ,AUCT) ,CDACT), STIF(T) ,STUT(T)
1042 FORMAT(F18.0,20X,5F10.0)
¥C(D=NE(1)
CDCLI)=CRE( 1)
B(I)=b(4)
111 CONTINUE
€0 TO 148
CHSESRNON UNIFORN MEIGHT AND DIA ONLY
120 DO 124 1 = 2,NSEC
READ(S, 1843)CL(1),0¢1),COC(I) , WCCT) , ANCT) ,CDACT) ,STIF(D) , STWT(T)
1013 FORMAT(F10.8,2F5.0,F10.0,10X,4F10.0)
TCD=TC()
121 CONTINSE
GO T0 148
CESKASNON UNIFORM WEICHT,DIA AND TENSION
130 DO 134 I = 2,NSEC
READ(S, 1016)CL(T),D(D),CDC(I),WC(I), TCCI) , A(T),CDACT) , STIF(T),
{STHTC)
131 CONTINUE
CSSSSSMRITE OUT CABLE PARANETERS
148 CLT = 9.8
AT = 0.0
THIN = TC(1)
WNAX = C(1)
SARC = 0.0
DNAX = ¢.8
AW(NSEC) = 0.0
DO 141 1 = {,NSEC
St = 0.0
SARC = SARCeCL(I)
S(I) = SARC
OMNAT = 0.
IF (STNT(I) .NE.0) OMNAT = SQRT(STIF(I)$32.2/STWT(1))/(2.8PD)
WRITE(6,1044)1,CLCI),5(1),D(1),COC(D),MCCT), TECI), ANCD),CDALD) .
1 STIF(I).STUT(I), OMNAT
1014 FORMAT(1X,13,3X,F8.2,3X,F8.2,4X,F5.2,2X,F5.2,3X.F7.2,5X,F7.2,
1 3X,F7.2,3X,F7.2,2X,F8.2,4X,F7.2,6X.F8.3)
CSNSRACALCULATE ALPHACI) ,CLT,ANT THIN,WMAX
CLT = CLT + CL(D)
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AT = ANT + AICDASTHTCT)
IF (TCCI) .LT. TNIN) THIN = TC(D)
IF (MC(I) .CT. WMAX) WMAX = NC(I)
ALP(1)= SORT(MC(1)/32.2/TC(1))
IF (D(I) .CT. DMAX) DMAX = D(I)
IF (1 .€Q. 1) DNIN = DMAX
IF (DCI) LT. DNIN) DNIN = D{D)
141 CONTIME
COSSSSFIND MO. OF DISTINCT DIA. AND STORE
K=t
DUC1)=D(1)
IF(CDI.NE.0) GO TO 160
D0 150 J = 2,NSEC
KaK+i
K= D)
IL = J-
i D0 145 I = §,IL _
.- IF (ABSC(D(I)-DCI))/DCI)) .CT. . 0005) GO TO 145
K=K-1
¢0 T0 150
145 CONTINUE
158 CONTINUE
160 NOD = K
IF (MT/CLT .CT. WNAX) WNAX = AMT/CLT
READ(S, 1015)HXMDS ,ONSTRT ,ONSTOP , DELOM, ACC ,UNITS,, ISUPRS,
1 ZETA,RHOM
1815 FORNAT(I10,4F10.0,15,15,2F10.0)
IF(RHOW_EQ.8.) RHON = 62.4
CRRRSRCHANGE FRON INPUT SEARCH UNITS TO RAD/SEC
CALL UNIT (OMSTRT,ONSTOP,DELON,UNITS,DMAX,DNIN)
CXASERSET DEFAULT ACCURACY TO 0.005 PERCENT
IF (ACC .LT. 1.0E-7) ACC = 0.00805
IF (OMSTRT .EQ. 0.0) ONSTRT = { OE-10
CESEISCALCULATE DELON - FREQUENCY SEARCH INCRENENT
IF(DELON.NE.0.) CO TO 218
DELOM = SQRT(TMINS32.2/WMAX)/CLT/20.0
210 WRITE(6,1817) NSEC
1817 FORMAT (/24H TOTAL NO OF SEGMENTS = ,13/)
WRITE(6,1030) NXMDS
1430 FORMAT (1X,29HMAXTHUM NO OF MODES SOUGHT = ,13//
1 {5X,19H MODE SEARCH LINITS/11X,6H LOWER,4X,6H UPPER/
2 11X,6H LINIT,4X,6H LIMIT,2X,40H INCREMENT)
CBSSSIMRITE SEARCH LINITS IN RAD/SEC
WRITE(6,1031) ONSTRT,OMSTOP ,DELOM
1031 FORMAT (BH RAD/SEC,3F18.5)
COSSISMRITE SEARCH LINITS IN HERTZ
HOMSRT = HERTZ(OMSTRT)
HOMSTP = HERTZ(DMSTOP)
HDELOM = MERTZ(DELOM)
WRITE(6,1032) HONSRT HOMSTP ,HDELOM
, 1032 FORMAT (BM  MERTZ,3F10.5)
a CESSYIMRITE SEARCH LINITS IN FT/SEC
FOMSRT = OMSTRTS(DNIN/12.)/(2 $PISSTRHN)
FOMSTP = OMSTOPS(DMAX/12.)/(2. SPISSTRHN)
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FRELOM = DELONS(DMAX/$2.)/(2 SPISSTRHN)
WRITE(H,4833) FOMSRT ,FOMSTP ,FDELOM
1033 FORMAT (BM FT/SEC,3F10.5)
CSSSSSURITE SEARCH LIMITS IN CM/SEC
COMSRT = ONSTRTS(DNIN/12.)/(2.SPISSTRHN)S3Y .48
COMSTP = ONSTOPS(DMAX/42.)/(2.SPISSTRHN)S38 .48
CDELOM = DELOMS(DMAX/12.)/(2 SPISSTRHN)X3). 48
WRITE(6H,1034) COMSRT,COMSTP ,CDELOM
1034 FORMAT (@8N CW/SEC,3F10.5)
CESSSSURITE SEARCH LIMITS IN KNOTS
KOMSRT = OMSTRTS(DMIN/12.)/(2 SPISSTRHN)$0 5924
KOMSTP = OMSTOPS(DMAX/£2.)/(2.SPISSTRHN) 0 .5921
KDELOM = DELOMS(DMAX/12.)/(2. .3PISSTRHN) &0 .S92¢
WRITE(6,L103S)KOMSRT ,KOMSTP ,KDELON
1035 FORMAT (BM  KNOTS,3F10.5)
CSESSSURITE INITIAL CABLE DAMPING COEF. AND FLUID DENSITY
WITE(H,1036)ZETA,RHON
1036 FORMAT(//,33 FRACTION OF CRITICAL DAMNPING = ,F7.4,//,
1 $7H FLUID DENSITY = ,4PE10.4,10H (LB/FT%3),/)
CSXSSABECIN SEARCH FOR NATURAL FREQUENCIES
0w = 1.0
NROOT = {
ISERCH = ¢
OMCD = OWSTRT
300 IF (ONCD .CE. (DMSTOP + DELOW/$6.)) GO TO Sé¢
IFOUND = ¢
319 CaLL SOLV(OMCD)
BC = B(NSEC + 1)
IF (IFOUND . NE_8) CO TO 358
IF(ISERCK.NE.8) CO TO 320
P2 C
ISERCH = 1
320 IF(BCEBP)349,340,330
330 OnP = OMCD
BP = BC
OMCD = ONCD+ DELONM
€0 70 300
340 BL = BP
32 = BC
X1 = OW
X2 = OnCD
350 IFOUND = IFOUND +%
IF (IFOUND .CT. 108) GO TO 600
IF (DABS(BC/BSIZE) .LE. ACC) GO TO 380
IF(BisBC LE.0.) GO TO 340
BY = BC
Xt = OMCD
GO T0 370
360 B2 = BC
X2 = ONCD )
370 OMCD = X1-(X2-X1)8Bi/(B2-Bf)
GO TO 310
CRSRRINATURAL FREQUENCY FOUND
380 CONTINUE




ONC = ONCD
CERSRSCALCULATE NONINAL AMPLITUDE AND PHASE OF EACH SEGMENT
CALL ANPH
CSXSESCALCULATE NO. ZEROXINGS AND IDENTIFY MODE NO.
" CALL ZEROX(ONCD,HNO)
CE8383L00P FOR ALL DISTINCT DIAMETERS
DO 430 K = 1,NOD
DS = DUK)
CSSSASFORN COUPLING ARRAY
DO 385 I = §,NSEC
(D) = 0.
IF (ABS((D(I)-DS)/DS) LT. . 0005)CP(I) = §.
385 CONTINUE
CSSSESCALCULATE IN FACTOR AND OTHER INTEGRALS
CALL INODE(OAC)
COSXSSCALCULATE EFFECTIVE DAMPING FACTOR AND MASS
CALL DAW
CSSSESCALCULATE TRUE RESPONSE AMPLITUDE FOR EACH SEGMENT
CALL RESAP
CSSS3SCALCULATE CD/CDO FOR EACH CABLE SEGMENT
CALL SCDRG(ONCD)
CE$3X3CALCULATE TOTAL DRAG COEFF OF CABLE ALONE
CALL TTDRG (CDT)
CS¥SYSCALCULATE DRAG COEFF CORRECTION FOR STRUNMING OF
Coasss CYLINDRICAL ATTACHED MASSES
CALL TWDRG(DCDW)
COSSISCALCULATE TOTAL DRAG DUE TO STRUMMING OF CABLES
Cassas AND ATTACHED MASSES
CONCT=CDT+DCON
CHSSSRRITE OUT RESULTS FOR THIS MODE
HOMC = HERTZ(ONC)
VELFT = ONC$(DS/12.)/(2.SPISSTRHN)
VELCM = VELFT 8 30.48
VELKTS = VELFT & 0.5921
BN(NSEG#1) = BN(NSEG+1)/BNSIZE
IF (ITINE _EQ. 0) GO TO 2041
GO T0 2812
2011 WRITE(6,2040)
2040 FORNAT (1H1)
ITINE = 1
GO T0 2043
2012 WRITE(6,2004) A
2001 FORMAT(//1H .B(1SHER ~----n--~ /)
2013 IF (IAPROX .EQ. 8) GO TO 2014
WRITE(6,2020) -
2020 FORMAT (6%H NO CONVERGENCE THIS MODE---APPROXIMATE RESULTS LISTEDS
1888888/
IARIX = 0
2014 WRITE(6,2015)MNO,ONC,HONC , VELFT, K ,VELCM, VELKTS
2015 FORMAT (9H NODE MO ,I14,/13H FREQUENCY = ,F10.5,84 RAD/SEC.3H = ,
1 F10.5,6H HERTZ,3X,27H AVERAGE STROUMAL VELOCITY F18 S,
2 TH FT/SEC/SAX,21H BASED ON DIAMETER D(,I3.2H) ,F{C 5.7H CH/SEC/
380X,F10.5,6H KNOTS)
WRITE(6,2016)RNU, 2ETAE




2016 FORNAT(2BH EFFECTIVE MAGS PARMMETER = ,iPELN.4,
1 21H EFFECTIVE DAWPING = ,OPF10.5)
IF(CDY.€9.1) €O TO 3204
¢0 70 3304
3201 IF(ISUPRS.EQ.1) GO TO 429
WRITE(6,2002)
2002 FORWAT(/1X, PHSECHENT ,3X, GHLENGTH, 2X , { SHARC LENGTH,2X,
1 OHSEC RESP,2X,BHMAVE LNG,2X,11HND INTERNAL,
2 2X,9HDRAC COEF ,2X,BHATTACHED,3X,9MMASS RESP/
3 3X,2HN0, 7X, 4H(FT) ,6X, 4H(FT) , 5X, OHANPL (IN),SX,4H(FT),
A X, 6HZEROES 12X, 4X,SHNT NO,SX, FHANPL (IN)/)
GO TO 3504
3304 MRITE(6,3345)
3305 FORMAT (108X,8H SECNENT/1X,7HSEGMENT ,3X,5HLENGTH,2X,10HARC LENGTH,
§ 2X, FHSEC RESP,2X,GHWAVE LNC,2X,11HNO INTERNAL ,2X,9NDRAG COEF ,
2 2X,BHATTACHED, 3X,9MMASS RESP,7X,18H STROUKAL VELOCITY/
3 3X,24M0,7X, MH(FT) ,6X, ANCFT) , 5X, SHANPL (IN),
4 SX,4H(FT) ,6X,6HZEROES , 12X, 4X, SHWT NO,SX,FHANPL (IN),
S 3X,6HFT/SEC, 4X, 8HCH/SEC, SX, SRKNOTS/)
3504 NSECH = NSEG - 1
NIXT = ¢
BMAX = B(1)
DO 490 I = 1,NSEG1
IF(I(I) .CT. BMAX) BMAX = B(D)
IF(NPLOT.NE.2HPL .OR.NPLOT.EQ.2HSC ) CO TO 3580
IF(NZXCT) .GT. ) €O TO 3574

50 TO 3580
c .
c SEE IF CABLE ANPLITUDE EXCEEDS MASS AMPL -~ USE GREATER
c VALUE TO SCALE PLOT
c
3579 SEC = ¢.0

STEP = CL(I) / C(NIX(I) + 1) & 7.)
3574 SEC = SEC + STEP
IF(SEC 6T. CL(I)) GO TO 3580
AP = RANP(I) 8 COS(SECSALP(I)SOMC-PHAS(I))
IF(NP GT. BMAX) BMAX = ANP
€0 T0 3574
3580 WUL = 2.8PT/ALP(I)/ONC
NZXT = NZXT + NIX(I)
IF(CDI.EQ.1) GO TO 3704
¢0 T0 3804
3701 WRITE(6,2003)1,CLT),S¢I),RAMPCI), WL NZX(1),CD(1), T, BNCI4L)
2003 FORMAT(2X,13,2X,F10.1,F10.4,2X,F10.4,F11.1,6X,13,2X.F12.3,
1 6X%,13,F13.4)
GO TO 400
3804 VELFT = ONCS(D(I)/12.)/(2 SPIASTRHN)
VELCM = VELFT830.48
VELKTS = UELFT$0.5924
WRITE(6,2108)1,CL(I),5¢1),RAMNP (1), VL, NZX(I),CD(I), 1, BNCI+1),
1 VELFT,VELCN,VELKTS
2100 FORMAT (2X,13,2X,F10.4,F10.4,2X,F10.4,F11 1,6X,13,2X,F12.3,
1 6X,13,F13 4,3(4X,F9 3))

400 CONTINUE
100
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IF(NSEG NE.1) NZXT = NIXT + NIX(NSEG)

WAL = 2. 8 PI/ALP(NSEG)/OMC

1F(CD1.EQ.1) GO TD 450

GO TO 47¢

450 WRITE(6,2004)NSEG,CL(NSEG) ,S(NSEG) ,RAMP (NSEG) ,WVL ,NZX(NSEC)

1,CD(NSEG) ,BN(NSEG+1) .
i 2004 FORMAT (2X,I3,2X,F10.1,F10.4,2X,F10 4, F11.4,6X,13,2X,F12.3,3X,
; ¥ BHBOUNDARY,F{{ 4)
: GO 70 4%¢

} | 470 VELFT = OMCR(D(NSEG)/12.)/(2 SPISSTRHN)
! VELCM = VELFT$30.48
VELKTS = VELFT$0.5921
WRITE(6,21508) NSEG,CL(NSEG),S(NSEG),RAMP(NSEG),WUL ,NZX(NSEG),
-1 CD(NSEG) ,BN(NSEC+{) ,VELFT,VELCM,VELKTS
2150 FORMAT (2X,I3,2X,F10 4,F40.4,2X,F10.4 Fi1 §,6X,13,2X,F12.3,3X,
1 BHBOUNDARY,Fi1.4,3(1X,F9.3))
490 WRITE(b,2005)CLT,NIXT,CDT

2045 FORMAT(/,1X,SHTOTAL/ SX,F12.4,38X,14,2X,F12 3,26H (ADDED WTS. NOT
1 INCLUDED) )
495 WRITE(6,4000) CDNCT I
4000 FORMAT(81X,F12.3,22H (ADDED WTS INCLUDED))
6O TO 430
420 WRITE(6,2030)CDT,BN(NSEG+1) , IFOUND
2030 FORMAT (/2X,18H AVERAGE CD/CDO = ,F10.3,
1 26H (ADDED WTS NOT INCLUDED),SX,8H AMPL = ,F12.5,SX,
3 8H ITER = ,140)
430 CONTINUE
CH3SBIRESTART SEARCH FOR NEW MODES
BP = B2
ONP = X2
OMCD = ONP + DELOM
IF(NPLOT EQ.2HPL )CALL PLMPL (TITLE,MNO,OMCD,VELKTS,PLEN.S)
IF(NPLOT .£Q.2HSC )CALL SCRLL (TITLE,MNO,OMCD,NROOT.S)
NROOT = NROOT + {
IF (NROOT.LE .NXMDS) GO TO 300
C  SEARCH COMPLETE READ NEW DATA SET
S00 ND = ND + §
ITINE = 0
C GOTO 10
G0 TO 9999
, CES838TERNINATE SEARCH IF NO CONVERGENCE
600 IAPROX = §
G0 T0 389
C  CLOSE PLOT IFF PLOT WAS PRODUCED
9999 IF( JPLTNO.NE. 0) CALL PLOT(1.,1..999)
STOP
END
SUBROUTINE UNIT (A1,B1,C,UNITS,D1,D2)
COMMON/C2/AC 21),B( 21),PHASC 21),PT,BSIZE,ANPL( 21) ,RAMP( 2{)
DIMENSION OMEGA(3),DIAM(2)
INTEGER UNITS
CEA$RSUBROUTINE TO CONVERT FROM INPUT UNITS TO RAD/SEC FOR SEARCHING
C  OMEGA({) = DMSTRT
C  OMEGA(2) = OMSTOP

+ e S Amion AN e
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C  ONEGA(3) = DELOM
RAD(X) = X82.3P]
STRHN = 0.2
OMECA(1) = A4
OMEGA(2) = BY
OMEGAL3) = C
DIAM(Y) = Dy
DIAN(2) = D2
GO TO (30,40,50,68,70) ,UNITS
CSSSSBUNITS ARE RAD/SEC
39 RETURN
CESRSRUNITS ARE HERTZ
40 DO 42 J=1,3
42 ONECA(J) = RAD(OMECA(J))
€0 T0 £00
COSSISUNITS ARE FT/SEC
S¢ DO 52 I=1,2
52 ONEGA(I) = ONECA(I)82.SPISSTRHN/(DIAN(I)/12.)
OMECA(3) = ONEGA(3)52. SPISSTRHN/ (DIAN(1)/12.)
G0 T0 180
COSASUNITS ARE CM/SEC
66 DO 62 1=4,2
62 OMEGA(T)
OMEGA(3)
€O T0 108
COSRSRUNITS ARE KNOTS
76 DO 72 I=4,2
72 OMEGACT) = OMEGACI)/8.592182 SPISSTRHN/ (DIANLI)/12.)
OMEGA(3) = ONEGA(3)/0.5921%2 SPTSSTRHN/(DIAN(1)/52.)
100 A1 = OMEGA(1)
Bi = DMECA(2)
C = ONECA(3)
RETURN
END
SUBROUT INE SOLV(ONC)
COMMON/C1/CL( 21),D¢ 21),0C¢ 21),TCC 21),AC 24),NZX( 21) ,NSEG,
IALP( 21)
COMMON/C2/A( 21) .BC 21) ,PHASC 21),PI,BSIZE,AMPL( 21) ,RANP( 21)
COMMON/CS/AD , BD
COMMON/C/STIF( 21),STWT( 21)
DOUBLE PRECISION AD( 21),BD( 21),ARG,ONC,OMIT,COEF
AD({) = 1.0D0
A1) = AMY)
BD(1)= 8.
B(1) = BB(1)
BSIZE = 0.0
DO 190 1 = 1.NSEG
ARG = ALP (1)SONCSCL(I)
NAVL = 2. SPI/ALP(1)/0MC
AM = DSORT(AD(1)882+BD(1)%82)
IF ((CL{1).GT.WAVL/A.).AND. (AM.GT.BSIZE)) BSIZE = AM
BD(I+1) = ADCI)SDSIN(ARG)+BD(I)SDLOS(ARG)
BUI+1) = BD(Ie1)
IF (1.€0.NSEC) GO TO 100

OMEGA(L)/30.4882. SPISSTRHN/(DIAM(1)/12.)
OMECA(3)/30.4882 SPISSTRHN/ (DIAN(1)/12.)
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OMST = 0.0
IF(STUTAI) .CT.0.000004)0MIT=5QRT(STIF(1)832. 2/STWT(1))
IF (DABS(ONWT/OMC) .CT 1. 0701 .OR. DABS(ONWT/OMC).LT.0.9999)C0 TO 90
WRITE(6,80)0MC
80 FORMAT(3X,4SHSPRUNG WASS ACTING AS ISOLATOR AT FREQUENCY =,F10.5)
90 COEF = STIF(I)/ONC/(1.0-(ONNT/OMC)¥S2)~AM(1)SONC
AD(I+1) = ALP(I)S(AD(I)8DCOS(ARG)-BD(I)SDSINCARG) )STC(I)/ALP(I+1)/
{ TCCI+1)+COEF  8BDCI+1)/ALP(I+1)/TC(I+4)/32.2
AlT+1) = AD(I+)
IF ((CL(I) LE. WAVL/A.) .AND. (DABS(BD(I+1)) .GT. BSIZE))
{ BSIZE = DABS(BD(I+1))
100 CONTINUE
RETURN
END
SUBROUTINE ANPH
COMMON/CE/CLL 21),D0 21),MC( 24),TCC 21),AC 28),NZX( 21),NSEG,
1ALP( 21)
COMMON/C2/AC 21),B( 21),PHAS( 21),P,BSIZE,ANPL( 21),RAMP{ 21)
DO 108 I = 1,NSEC
Ci = SORT(ACINE32 + B(1)832)
€2 = ATAN2(ACI),B(I))
AYPLLD) = Cf
PHAS(I)e C2
100 CONTINUE
RETURN
END
SUBROUTINE IMODE (ONC)
COMMON/CL/CL( 21),D( 24) ,WCC 21),TC( 24),AWC 21),NZX( 21),NSEE,
1ALP( 21)
COMMON/C2/A( 21),8¢ 21) ,PHASC 21),P1,BSIZE,ANPL( 21),RANP( 21)
COMMON/C10/F2,F4,FG,F3,PIN
COMMON/C11/CDC( 21),CDAC 21) .CP( 21),DS,ZETA, ZETAE,RHOW,RNU,
1CDAS( 21)
F4 =

0.
0.
0.
8.

-
(2]
" oHoN

FG
DO 100 I=1,NSEG
ARG = ALP (1) S0MCECL(T)-PHAS(I)

PAR = ALP(I)XOMCSCL(T)/2.+( SINC2 SARG) + SIN(2.$PHAS(I)))/A
F4 = FA +(AMPL(1)854%((COS(ARG)S33SSIN(ARG)+COS(PHAS(I)) 8132
1 SIN(PHAS(I)))/4.+0 7S8PAR)/ALP(1)/0MC)BNC(T)+AN(I I 8B(1+1)88"
F2 = F2 + (AMPL(I)SR28PAR/ALP(I)/0MC)BUC(I)+AN(I)SB(T+1)4%2

FC = FG + CP(I)SAMPL(I)S523PAR/ALP(1)/0MC
NPI = ALP(I)SONCRCL(I)/PI -
EXTRAA = ALP(I)SOMCSCL(1)-NPISP]1
GANMA = PHAS(I)+3 $P1/2. -PISAINT((PHAS(I)+3.3P1/2.)/P1)
TERNL = SIN(EXTRAA-PHAS (1)) 8(COS(EXTRAA~PHAS(1)) 88242 )
TERNZ = SINCPHAS(I))8(COS(PHAS(I))8%2+2 )
TERNI = (1 -CP(1))SCDC(IAD(I)SAMPL(I)83/36 /ALP (I /ONC
IF(EXTRAA.GT .CANNA) GO TO 10
F3 = FI+TERNIS(A SNPI+ABS(TERNL+TERN2))
GO 10 100

10 F3 = FI+TERM3N(4 SNPI+ABS(2 BSIN(CANMA-PHAS(I))S
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1 (COS(CAMMA-PHAS(I1))882+2. )+TERM2-TERNS))
100 CONTINUE
PIN = FA/F2
RETURN
END
SUBROUTINE DAMP
COMMON/C1/CL( 21),DC 21),MCC 21),TCL 21) ,AN( 21),NZX( 21),NSEE,
{ALPC 21)
COMNON/C2/A¢ 21),B( 21) ,PHASC 21),PI,BSIZE,ANPL( 21) ,RAMP( 21)
COMMON/C10/F2,F4,FC,F3,PIN
COMMON/C11/CDCC 21),CDAC 24),CP( 21),DS,ZETA,ZETAE ,RHOW,RNU,
1CHAS( 21)
CH3888CALCULATE EFFECTIVE MASS RATIO PARAMETER
RMU = S76.8F2/P1/RHOM/DSE$2/FC
CSE3SSCALCULATE ADDED DAMPING TERM
ZADDED = §.
NSECt = NSEC-1
DO 20 I = 1,NSECH
ZADDED = ZADDED+CDA(1)3ABS(B(I+1)%%3)
20 CONTINUE
ZADDED = DSERHOMS(ZADDED+F3)/48./PI/SQRT(F2)/SQRT(F4)
CESSSSSEARCH FOR ZETAE
ZETAE = TETA
25 VAR = (RMUSZETAE)SS4 8
PAR = { +(9 68VAR)
DZETA = 1. + 17.28 SZADDEDSRMUSS{ BXZETAERS) . 8/PARSE2
FIETA = 2ETAE -2ETA -ZADDED/PAR
JETAEN=TETAE - FZETA/DZETA
IF(ABS(ZETAEN-ZETAE) LT..0001) GO 10 30
ZETAE = ZETAEN
GO 10 25
30 ZETAE = ZETAEN
RETURN
END
SUBROUT INE RESHP
COMMON/C1 /CL( 21),D( 21),MC( 21),TCC 24),AN( 21),NZX( 21),NSEG,
{ALP( 21)
COMMON/C2/AC 21),B( 21),PHAS( 21),P1,BSIZE AMPL( 21),RAMP( 21)
COMMON/C7/BNC 21),BNSIZE
COMMON/C18/F2,F4,FC,F3,PIMN
COMMON/C11/CDCC 21),CDAC 21),CP( 24),DS,ZETA, ZETAE ,RHOW,RMU
1CDAS( 21)
AMAX = 1 .29/(1.0+0 438(RMUSZETAE))$%3 .35
CONS = AMAXSDS/SQRT(PIN)
DO 108 I=1,NSEC
RANP(I) = CONSSAMPL(D)
BN(I) = ABS(CONSSB(I))
100 CONTINUE
BNSIZE = ABS(CONSSBSIZE)
BN(NSEG+1) = ABS(CONSSB(NSEG+1))
RETURN
END
SUBROUTINE SGDRG(OMC)
COMMON/CY/CL( 21),DC 21),MC( 21),TCC 24) AW 21),NZX( 21) ®SEG,
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160

100

i0

100
110

1ALP( 21)

COMMON/C2/A( 28),B( 21) PHAS( 21),PI,BSIZE,ANPL( 21) RANP( 21)
COMMON/C3/CD( 21)

COMMON/C11/CDC( 21),CDAC 21),CP( 21),DS,ZETA, ZETAE,RHOW, RHU,
1CDAS( 21)

DOUBLE PRECISION OMC

DO 188 I = {,NSEG

R = -1. 8 PHAS(D)

PAR = ALP(I) & ONC ¥ CL(D)

R2 = PAR + Ri - INT(PAR/P1)SPI

CALL SIMP(R1.R2,20,AREA) )

COCI) = (4. + 1.820248(RAMP(I)/DCI))S% 6SRCINT(PAR/PT)IS2. 2546+
1 AREA)/PAR)ICDC(I)

CONTINUE

RETURN

END

SUBROUTINE SIMP(R,R2,N,AREA)

F(X)= (ABS( COS(X)))880.65

DX = (R2-R1)/2./N

AREA = 0.

X = R1

DO 108 I = N

AREA = AREA + (DX/3 YR(F(X)+A SF(X+DX)+F (X+2 £DX))
X=X+ 28X

CONTINUE

RETURN

END

SUBROUTINE ZEROX(ONC,HNO)

COMMON/C1/CL{ 21),D( 21) MCC 21).TCC 21) .AWC 21) ,NZX( 21) ,NSEG,
1ALP( 21)

COMNON/C2/AC 21),B( 21) ,PHASC 21),PT BSIZE,AMPL( 21) RAMP( 21)
COMMON/CS/AD, BD

DOUBLE PRECISION AD( 21),BD( 21),0MC,PR,PID,PHASD,PH
PID = DABS( DATN2(0.DO0,-i.D0))

NZX(1) = IDINTCALP({)SOMCRCL(1)/PID)

ND = NIX(1)

NSEC1 = NSEG-1

IF(NSEG.EG.2) GO TO 140

DO 100 I=2,NSEGH

PH = ALP(I)SOMCXCL(I)/PID/2 D0

IF (BDCI)SBD(I+1) .GT. 0.DO) GO TO 10

NIX(I) = 25IDINT(PH) +{

GO 10 S8

NIX(I) = 28IDINT(PH+0 SDD)

MND = NNO + NZIX(D)

CONTINUE

PHASD = DATN2(AD(NSEG) ,BD(NSEG))

NL = (1+IDINT(DABS(PHASD)$2.D8/P1D))/2

IF (PHASD .LT. 0.DO) NL = -1#NL

PR = ALP(NSEG)$OMCSCL (NSEC)-PHASD+1 . 5D0

NR = ({+IDINT(DABS(PR)$2.D4/P1D))/2

IF (PR .LT. 0 DO) NR = -13NR

NZX(NSEG) = NL+NR

NNO = MNO#NZX(WSEG)




SUBROUTINE TTDRE (CDT)
COMMDN/CE/CLC 21),D¢ 21),HC( 21),TCC 21) AN 21) ,NZX( 21),NSEG,
{ALP( 21)

COMMON/C2/A( 21) ,B( 21) ,PHASC 21) ,P1,BSIZE,ANPL( 21) ,RANP( 21)
COMNON/C3/CD( 21)

PR =28

CLT = 8.

DO 100 I = t,NSEG

PR = PR + CL(DACD(I)IX(D{DI/12.0)

CLT = CLT + CL(IX(D(IN/12.0)

100 CONTINUE

€T = PR/CLY

RETURN

END

SUBROUTINE TWDRC(DCDM)

COMMON/CL/CL( 21),D( 21),WCC 21) ,TCC 21) ,AdC 24),NZX( 24),NSEG,
{ALP( 21)

COMMON/C2/A( 21) ,BC 24) ,PHASC 21) ,PT BSIZE,AMPLC 21) ,RANP( 21)
COMNON/C3/CD( 21)

COMNON/C7/BN( 21) ,BNSIZE

COMMON/C11/CDC( 21),CDAC 21),CP( 21),DS,ZETA, ZETAE ,RHOM,RMU,
tCDAS( 21)

NUWSEC=NSEC-1 .

PRD=8 .4

DO 88 I=1,NUSEC

CDAS(I)=( (1 .0+f B20248(BN(1+1)/D(1)))%88 65)4CDACI)
PRD=PRD+CDAS(])

8¢ CONTINUE

CLY=8.8
DO 1600 =1, 6NSEC
CLT=CLT+CL(I)8D(1)/12.0

100 CONTINUE

DCDN=PRD/CLT

RETURN

END

BLOCK DATA

CONMON/C1/CLC 21),DC 24),WCC 24),TC( 21),AWC 24),NIXC 21) ,NSEG,
{1ALP( 21}

COMMON/C2/A( 21),B¢ 21),PHAS( 21),P1,BSIZE,AWPLC 21) ,RANP( 21)
COMMON/C3/CDC 21)

COMMON/C4/BNAX, JPLTNO

COMNON/CH/STIFC 21),STUTC 21)

COMMON/C7/BN( 21) ,BNSIZE

COMMON/C11/CDC( 21),CDAC 21),CP( 21),DS,ZETA, ZETAE ,RHOW,RNU,
1CDAS( 21)

DOUSLE PRECISION ADC 21),8D( 21),ARG,ONC,OMT ,COEF
COMMON/CS/AD, BD

COMNON /C10/F2.F4,FG,F3,PIN

END




, Appendix B
- INPUT DATA FOR NATFREQ

TEST RUNS 1-20 FROM TABLE 1




1981 CASTIME BaY TESTS 8 MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN

t i
ISCRL
25.80 £.25 ¢ 2 7.704e-04 S12.0 0.441E+01 3 .SO00E-04
25.%0 0.441E+01 3.S00E-04
25.00 0.444E+01 3 SHOE-01
i2 N S0.0 0.001 2 N} 0.0644

1981 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN 2

i i
3SCRL
25.60 1.25 1 2 0.132E+01 450.0 0.7S9E+404 3 .SRGE-01
25.00 0.759€+84 3.500€-01
s 0.7S9E+0{ 3.S00E-0{
12 9 S0.¢ 0.001 2 0 M 64.0

1981 CASTINE BAY TESTS $ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN 3

i i

6SCRL
£12.50 £ 29 1.2 7 704E-04 S20.0 0.444E+01 3 SE0E-01
12.58 0.444E+01 3 SO0E-04
12.50 0 441E+0f 3 SH0E-04
12 S8 0 4431E+01 3.500E-04
12.50 0.444E+04 3 .S00E-01
12.50 0 441E+01 3.S00E-04

i2 00 S0.0 0.0 2 6 .ot 0.0644

1981 CASTINE 3AY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS X RUN 4

i i
8SCRL
12.50 1.25 1 2 0 132E+04 520.0 0.759E+01 3.500E-04
12.50 0.759€404 3 S00E-04
12.50 0.759€+01 3.500E-01
i2.50 0.759E+01 3.500E-01
12.50 0.7S9E+01 3.500E-01
§2 S0 0 759E+04 3.500€-0¢
i2 [ 56.0 0.004 2 ] 01 64 9
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1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS & RUN S

t t
SSCRL

9.376 .25 1.2 7.704E-04  S32.0 0 441E+01 3.SO0E-01

18.750 0.441E+01 3.5008-01

18.750 8 44LE+03 3.S00E-01

18.750 0.441E+01 3.500-01

9.375 0. AME+DS 3 SO0E-01
2 0.0 50.9 0.000 2 0 .01  0.0644

1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSDR HOUSINGS % RUN 6

i i
SSCRL
9.375 1.25 1.2 0.132E+04 475.0 0.759E+04 3.S00E-04
18.754 0.759E+04 3.SO0E-0{
18.750 §.759E+04 3.S06E-04
18.750 0.759€+01 3.500¢-01
9.375% 0.759E+04 3.500E-01
i 0.0 50.0 p.004 2 L} 64.0

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR HOUSINGS ¥ RUN 7

i i

8SCRL
9.375 1.25 1.2 7.704E-D04 504.0 0.445E+04 3.S00E-04
9.375 0.441E+01 3.500E-04
9.375 0.444E+04 3.500E-01
9.3 0 441E+04 3 S00E-0t
9.378 0.444E+04 3.S80E-04
9.375 0.441E+01 3.500E-04
9.375 0.441E+01 3.S00E-0%
9.37% 0.441E+01 3.500€-01

12 0.0 %8.0 p.o0s 2 ¢ .o D 0644

1981 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR HOUSING' ¥ RUN 8

| i

8SCRL
9.3754.25 (.2 0.£32e+0¢ 475.0 0.759E+04 3.500E-01
9.375 0.759E+81 3.500€-04
9.375 0.759E+81 3.580E-01
9.375 0.759E+01 3.500e-01
9.375 0.7S9E+84 3 S00E-01
9.37% 0.759E+04 3.500¢- :
9. 375 8.759E+04 3.S00€-01¢
9.375 0.759E+04 3.500c-

t2 00 50.0 0.00t 2 ' 94 4.0
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1981 CASTINE BAY TESTS § MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN 9

i i
ISCRL
25.80 £.25 1.2 7.704€-04 S40.0 0.997E+01 3.S00E-01
25.00 0.997e+01 3.S00E-01
25.00 0 .997E+61 3.508E-01
i2 60 S0.9 g0t 2 0 0t 0.0544

1981 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % R 10 ’

P : 1 1
- 3sCRL
25.00 1.25 1 2 01326401 600.0 1 .370E+D4 3.SH0E-01
3 25.00 1.370E+01 3.500€-01
25.08 1.370E+01 3.S00E-41
12 00 50.9 pode 2 0 84.0

; 1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS ¥ RUN i1

1 1
65CRL
§2.50 1 25 1.2 7 704E-04 728.0 0.997€+01 3 .S60E-01
12.50 0.997e+04 3.500€-01
12.5¢4 0.997E+04 3.S00E-01
12.50 0.997E404 3.500€-01
12.50 §.997€+01 3 SH0E-0
12.50 0.997e+04 3 SO0E-04
2 0.0 500 .00t 2 o .01 0.0644

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR HOUSINGS * RUN 12

i i

6SCRL
12.50 1.25 1.2 0 132€+04 580.0 1 370E401 3.S00E-0t
f2.50 £ 370E+08 3.500E-04
12.58 £.370E+01 3 S00E-01
12.50 1.370E+01 3 S00E-01
12.50 1.370E+04 3.S00E-04
12.50 1 370401 3 SO0E-04

12 09 S0 0 § 00t 2 " 0f 64 .0
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1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

i i

SSCRL
9.375 1.25 1.2 7.704E-01 650.0 0.997E+04 3.500E-84
1B.750 0.997E+014 3.S00E-04
18.750 0.997E+01 3.S00E-04
£8.750 0.997e+01 3.500€-01
9.375 8.997E+01 3.S00E-01

12 0.0 %6.0 0.00¢ 2 0

1981 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR

i i
SSCRL
9.375 1.25 1.2 0 {32E+04 650.0 1 370E+0% 3.S00E-01
18.750 1.370E+01 3.500E-01
18.750 1.370E+0¢ 3.S60E-01
18.7%0 1.370E+04 3.500E-01
9.375 §.370E+8% 3 .SO0E-01
i2 6.0 S0.0 0.60¢ 2 ¢

1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR

i i

7SCRL
12.50 1.2 1.2 7.704E-04 732.0 0.997E+04 3.S00E-04
12.50 0.997e+04 3.560E-04
12.50 0.997E+0t 3 S00E-01
9.37% 0.997€+01 3.S00E-04
7.3715 0.997E+88 3.SH0E-81
9.375 0.997E+401 3.560E-01
9.315 0.997E481 3 S00E-01

12 0.0 %0.9 o064 2 0

1981 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

1 i

7ScRL
12.50 £.25 1.2 0. 432E+04 §95.0 1.370E+01 3 .S00E-1
12.5¢ §.370E+01 3.500E- 01
12.50 §.376E+04 3 S00E-01
2.375 £.370E+04 3 S00E-":
?.375 § J70E+81 3 SROE-i:
9.375 1.370E+01 3.500€-01
9.3 f.370E+01 3 SO0E-04

i2 6.0 S0 0 0.004 2 0

HOUSINGS & RUN §3 !

UGS T

01 0.0644

HOUSINGS % RUN 14

.84 64.0

HOUSINGS & RUN 1S

.01 " 0644

X e

HOUSINGS ¥ RUN 16

A 64.0




1984 CASTINE BAY TESTS 8 MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN {7

i
bSCRL

i

12.50 1.25 1.2 7.704E-01

12.50
12.5¢
12.99
t2.58
12.50

i2

S0.0

800.0 0.997e+01 3.500E-04

0. 444E+04 3.500E-01
0.997E+81 3.S00E-01
0.444E+01 3.500E-04
0.997E+84 3.S00E-01
0.997E+01 3.5008-01

0.004 2 ]

1984 CASTINE BAY TESTS & MARINE CABLES WITH ATTACHED SENSOR

{
§SCRL

i

£2.50 £.25 1.2 0.132E+04

12.5¢0
12.50
i2.50
12.5¢
12.58

i2

0.0

50.0

765.0 1.370E+08 3.S00E-01

0.759E+01 3.500€-04
1.370E+41 3.S00E-01
0.759E+01 3.500E-04
1.370E+84 3.S0E-01
1.370€+04 3.5006-01

0.004 r 0

1984 CASTINE BAY TESTS % MARINE CABLES WITH ATTACHED SENSOR

i

7SCRL
12.50 1.25
12.50
12.58
9.375
9.375
9.37%5
9.3715

12

i

i

.2 7.704€-04

S0.9

800.0 0.441E+04 3.S00E-01

0.997E+08 3.500E-01
0. AME+DS 3.SO0E-01
8.997e+04 3.500E-01
0.997E+84 3.500E-04
0.997€4014 3.500€-04
0.997E+01 3.S00E-01

s.o0e 2 0

.01 0.0644

HOUSINGS % RUN 18

04 64.0

HOUSINGS % RUN {9

13} 0.0644

1981 CASTINE BAY TESTS ¥ MARINE CABLES WITH ATTACHED SENSOR HOUSINGS % RUN 20

i
7SCRL

i

12.50 1.25 { 2 0 132E+0¢

12.50
12.50
9.375
9 375
9.375
9.3

12

0.0

50.0

B00.0 0.759€+0% 3 SG0E-01

1.370E+94 3 S00E-41
§.759E+01 3 SOBE-01
1.370E+01 3.S00¢-01
1.370E+84 3.S00E-01
1 370E+81 3 SO0E-01
1.370E+01 3.S00€-01

oo 2 0

112
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Appendix C
STRUMMING DRAG CALCULATIONS

An important side effect which accompanies the oscilations of structures and cables due to vortex

shedding is the amplification of the mean hydrodynamic drag force (or the corresponding drag
coefficient Cp). A method for employing these measurements in the analysis of marine cable struc-

tures was developed by Skop, Griffin and Ramberg (20)." This procedure has been improved and

{ extended to the case of flexible, cylindrical marine structures by Griffin and others (1,21,22,25).

A program of tests which were conducted at the David Taylor Naval Ship R&D Center during the

1940’s and for which the results were released a few years ago demonstrate the strong resonance due to

e

vortex shedding that typically takes place when a bare circular cylinder or cable moves in steady motion
relative to the surrounding water and undergoes large-amplitude cross flow oscillations: see Ref. 21.

This cylinder was also fitted with various vortex suppression devices in order to investigate their

effectiveness in suppressing the cross flow oscillations. The drag on the cylinder was measured over a

range of towing speeds up to 10 knots and the results are plotted in Fig. Cl. A clear resonance

occurred near ¥ = 4 knots and the drag force (and coefficant Cp) was iacreased by a factor of 220 per-

cent at a towing speed of 4.25 knots. At this and nearby towing speeds, the cross flow displacement

{ amplitude of the cylinder was +1.5 10 2 diameters. Whan the cylindcr was towed at spceds above and

! below the resonance, the usual

5 Drag « (Flow Speed)?

dependence was obtained. Methods for calcufating the increased mean drag forces which accompany
the vortex shedding are described in the discussion that.follows. Details of the method and extensive

comparisons with experimental results are given by Griffin 122}, and by Every, King and Griffin (25).

The drag coefficient Cp, for a cable or structure which vibrates due 10 vortex shedding is increased

t . .
Numbers in parentheses denote refercnces listed at the end of this renc =t

1
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Fig. C1 — Steady drag force measured on a free-ended circular cylinder towed steadily through still water. A clear resonance 1n
the drag due 10 the vortex-excited oscillations normal to the incident flow is shown between relative flow speeds of ¥ = 3 and 6
kts. from Griffin (21).
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as shown in Figs. 26 and C1 of this report, and Fig. 2.9 of Ref. 1. The ratio of Cp and Cpq (the latier
is the drag coefficient for a cylinder, cable or other flexible, bluff structure which is restrained from

oscillating) is a function of the displacement amplitude and frequency as given by the response parame-

ter (20),
w, = (1 +2Y/D)(V,S1)", (cy

Here again 2Y is the double amplitude of the displacement, V, is the reduced velocity V/fD and St is

the Strouhal number £, D/ V. The ratio of the drag coeflicients is given by

Cp/Cpp=1. w <1 (C2a)
Cp/Cpg =1+ 1.16(w, — N0,y >1 (C2b)

which is a least-squares fit to the data in Fig. 2.9 of Ref. 1. The equation

1.29y,
[1 +0.43Q2n Sk )P

Yuax/D = (C3)

from Table 4.1 of Ref. 1 can be combined with Eqs. (C2a) and (C2b) to compute the unsteady dis-
placement amplitudes, the drag amplification and the amplified static deflection that is caused by the
vortex excited oscillations. The local displacement amplitude along the length of a flexible member

such as a cable (in the ith normal mode) is given by

F(z2) = Y,(z) sin Qa fi1)

where
?,(Z) - YEFF.M{\'YI(Z)' (C4)
In this equation
Dy, ()
Y= -——l,‘,z (CS)

where /, is a modal scaling factor defined in Ref. 1. These equations can be employed 1o iteratively
compute the static deflection of a structure or cable due to the vortex-excited drag amplification as

shown in Refs. 1, 20 and 21.

Every, King and Griffin (25) recently have shown by comparison between sample calculations and

the experimental data reported by them that this method for calculating the steady drag amplification
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and deflections is quite accurate and that it can be employed with some confidence to evaluate the
hydrodynamic loading, deflections and material stresses on marine structures and cable systems. The
and unsteady loads and deflections must be considered in any such evaluation. An example of the

comparison reported by Every, King and Griffin is given in Fig. C2.

The average drag coefficient or force (with respect to time) can be derived from Eq. (C2b). The
steps required to do this were carried out by McGiothlin (8) who failed to recognize that Eq. (C2b) is
based on the peak amplitude of vibration for any given mode. When McGlothlin’s derivation is
corrected to account for the root-mean-square vibration amplitude the correct result is

Cpavg = Cpoll + 1.043(2)7RMS/D)0.65]

for a sinusoidal mode shape.

The hydrodynamic force due to cable strumming on the system comprised of the cable and
attached masses can also be calcylated in much the same manner. Then the total drag force is equal to
the sum of the drag contributions from the cable strumming and from the attached masses. This can
be stated as

FT.I-FC.I+FW,1' (C6)

Then the two contributions at the Ah cable segment are

Fe..= 3 ¢ VLDCux, (C7a)

and

Fy = %P V2L w, DwiCow.i (CTv)
for each of a total of N segments of length L, and diameter D,. There are N —1 cylindrical attached
masses of length Ly, and diameter Dy, situated at the ends of the individual cable segments. Let the
total drag force on the segment be defined in terms of the local cable diameter D; and segment length

L, Then

Fr. =1 VLDCor, (Cc®)
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Fig. C2 — The steady tip deflection x, of a cantilever beam. wibrating due to vortex shzxdding. compared with the measured
values for a cylinder of relative density SG = 3.5. The prediction using a constant Cp, = 1.2 (stationary cylinder! is shown by
the dashed line: from Every. King and Griffin (25).
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and
*';"p WL,D;CDI - -;'p VZL;DJCDC i + %‘p VZLWIDIMCDWJ- (C9)
When this is simplified and the summation is taken over N cable segments,

N N N=1
LDCpr =Y LDCpc ,+ Ly, Dy, C . (C10)
i§ i~DT, i I; 1%~ DC, I; wi “wi “Dw, i

The overall average drag coefficient Cpr 4y can be defined as

N
l ;Ll D,]CDT' AVG' (C’Z)
=3
Then
C ol (¥ Loc "% LuDwC (C13)
- i + iDwiCpw, i}
DT, AVG ’;il lg Coc, 1 E wiDwiCpw.

which is a weighted-average drag coefficient for the entire system based upon the cross-section areas of
the cable and the attached masses which are projected into the incident current. For a spherical mass
the cross-section area L,D, can be replaced by #D?/4 and the drag coefficient Cpy,; by the appropriate
drag coefficient for a sphere when an appropriate drag amplification algorithm becomes available. Both
drag coefficients Cpc ; and Cpy, ; are amplified to the strumming. And the cable segment vibration
amplitude and the vibration amplitude of the attached mass are computed in the NATFREQ algorithm,
so that the drag amplification using Eq. (C2b) can be computed in a straightforward manner. It is
assumed that the drag on the attached mass (a cylinder of L/D = 3.4) is amplified similarly to the drag
on a long cable or cylinder. The summation for the second term on the right hand side is taken over

N — | segments since there are no attached masses at the terminations.

The NATFREQ code was modified to compute the drag on the cable system in this way. This
now is done in the two subroutines TTDRG and TWDRG. The drag coefficients computed with the

modified version of NATFREQ are compared with selected examples from the field test data in Sec. 7.3

of this report.







