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I. INTRODUCTION

The Civil Engineering Laboratory, under the sponsorship of the

Naval Facilities Engineering Command, is engaged in a program of

research on th e dynamics of cab les and cable structures in the deep ocean.

The program considers two specific problem areas: (1) the relatively

small amplitude, relatively high frequency vibrations of cables due to

periodic lift forces induced by vortex shedding (generally termed

“strumming”); and (2) the large displacement, relatively low frequency or

transient response to disturbances during implantment or while in place on

the ocean floor, from shock waves or uns teady hy drodynamic forces associated

with geostrophic, tidal, inertial or density flows. In both parts of the

program, the objective is the development of effective methods for the

analysis and des ign of subsurface cable structures.

The vortex—excited vibration of cables is a commonly observed

phenomenon in the ocean. This motion frequently results in degraded acous-

tic or environmental sensor performance and accelerated fatigue of struc-

tural elements. Further, the drag of a strumming cable is signif icantly

higher than that of a non—vibrating cable, producing higher s tresses in

the elements and greater distortion of an array in a given current field.

An integral part of the research into cable strustmting in this program is

the development of efficient, effective techniques to suppress the flow—

excited motions of cables
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II. SCOPE 
- 

-
~

The vortex—induced motions of cables and cable systems can have

a detrimental effect on the system which employs the cable as a structural

menber. Cable strumming affects the response of instrumentation such as

hydrophones and enhances the possibility of a fatigue failure; therefore,

the suppression of this vibration is desirable from a structural viewpoint

as well as from a system performance aspect. This report presents a survey

of existing literature .rn this subject and is an attempt to consolidate

existing information concerning the suppression of vortex—induced motion.

Although the present requirement is for the reduction of cable strumming,

the literature cited includes information from any attemp t to suppress

the vibration due to flow around a bluff body. A future report will discuss

that research specifically oriented to cables as it impacts the present

state of the art of cable strumming suppression.

III. SUPPRESSION DEVICES

The suppression of vortex—induced motion can be accomplished

either mechanically or f l uid dynamically. The system can be detuned

mechanically by increasing the structural stiffness or using mechanical

dampers . This detuning generally tries to ensure that the natural

frequency of the sys tem is separated by at leas t an orde r of magnitude

from the frequency of vor tex shedding . The installation of dampers or the

st iffening of the structure is not always technically or economically

- . 
feasible and a fluid dynamic solution would be needed. 

- 
- -

Fluid dynamically, the vibrations of a cylinder can be substan—

cylinder which interact with the vortex—shedding mechanism. This

- ~~~~~~~~ - tially reduced by introducing dis turb an ces on or near the surface of the

2
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interaction can affect the vortex mechanism in four different ways: (1)

minimizing the adverse pressure gradient by influencing the point of

boundary layer separation ; (2) in terfering with the vortex interaction in

the near wake directly behind the body; (3) disrupting the vortex fo rma-

tion length in the wake of. the body , and (4) disrupting the coherence of

vortex shedding along the length of the cylinder.

The papers cited in this bibliography discuss predominantly

fluid dynamic solutions to the problem of vibration.. In particular, with

reference to the four basic methods mentioned previously , streamlined

fairings, vortex generators and studs have been used to influence the

boundary layer separation points; splitter plates have been used to

prevent vortex interaction; “hair” f airing, “fringe” f airing and ribbons

have been used to disrupt the vortex formation length; helical strakes,

“hair”, ribb ons , herr ingbone and twisted pairs of cable have been used

to disrupt the spanvise coherence of th€~ vortex shedding. No attempt

is made in this paper to compar e the advantages and disadvantages of

these various suppression methods .

Figures 1 through 10 are included to provide a pictorial

representation of the various types of suppression devices which have

been investigated. Many devices such as the studs in Figure 1, the split ter

plates in Figure 4, the shroud in Figure 5, the rigid guide vane in Figure

7 , the “Flexnose” f airing and radial fins in Figure 8, and the rings and

NACA sectional .fairing in Figure 10 reduce strumming to varing degrees ;

however their use in reducing the strumming of a long (up to 20 ,000 feet)

flexible cable is probably not practical or economical. Methods shovn in

Figures 1 through 10 that may offer a practical solution are ribbons , ridges,
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hair fairing or fringe fairing. Some of the variab le parameters for these -
, 

-

devices which affect their suppression effectiveness are:

ribbon — type of material
helical or longitudinal application
length
width
spacing
angle of ribbon attachment

ridge — round or rectangular
helical or longitudinal
height  or diameter

fringe — type of material
helical or longitudinal
length
spacing

hair — type of material
length

IV. ORGANIZATION

The presentation of existing literature is divided into two

sections: (1) Appendix A — Bibliography of Strumming Suppression and (2)

Appendix B — Annotated Bibliography of Strumming Suppression literature.

— Appendix A is an alphabetical lis ting of all references cited , followed

by a lis ting of U. S. Patents on suppression devices .

Appendix B contains comments and a brief abstract for each

reference. The abstract prepared by the author of the reference (indicated

by “(Author)” following the citation) was used verbatim when it contained

sufficient detail. These were extended when necessary by the writers of

the present report .

The three parameters lis ted for each reference which provide a

I ~~~~~ brief summary of the experimental parameters are
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(1) Reynolds Nuaber Range

(2) Angle of Attack

(3) Type of Device

Although numerous references utilized a “crossflow” Reynolds nuirber

defined as ,

d U s i n 4Re = _ _ _ _ _

where d cylinder diameter

U = free stream velocity

V kinematic viscosity of fluid

angle of attack

all Reynolds numbers in this report are the frees tream Reynolds number

defined by,  Re = .
, to provide a consistent basis for comparison . The

angle of attack is defined as the angle between the longitudinal axis of

the cylinder and the direction of fluid flow (at 00 the axis is parallel

to the flow) .
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Albertsen , N. D. ,  “A Survey of Techniques for the Analysis and

Design of Submer ged Mooring Systems” , Technical Report R—8 15 , Civil

Eng ineer ing Laboratory , Aug 1974.

Reynolds Number Range: not applicable

Angle of Ai:tack: 900

Type of Device : twisted cables, hair, antinode splitter plates, stream—

line fairing

The survey presents a summary of computer analysis of moored cable

systems. It is divided into three broad categories : (1) steady

analysis, (2) dynamic analysis, and (3) cable strumming analysis and

design considerations. Information concerning each analytical

technique is presented in tabular form for easy reference and use by

the engineer.

All strumming characteristics and drag coefficients were taken

from a 1969 report by Dale and Holler. A description of the cable

fairing is presen ted alon g with per fo rman ce , Reynolds number , normal

drag coeff ic ient  and tangential drag coefficient.
a -
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Apelt, C. J., West, G. S.,, and Szewczyk, A. A., “The Effects of

Wake Splitter Plates on the Flow Past a Circular Cylinder in the Range

l0~ < Re < 5 x 10k , ,
, Journal of Fluid Nech., Vol. 61, Part 1, 1973,

pp. 187—198.

Reynolds Number Range : 10 ” < Re < 5 x 10~

Angle of Attack : 900

Type of Device: sp l i t t er plate

Experiments were carried out using models having L/D < 2 (splitter

plate length/cylinder diameter) and the resulting pressure distributions

and vortex shedding characteristics are presented. A simple visualization

technique which provides explanations of some of the measured results is

described.

Tests used rigidly—mounted two—dimensional cylinder models spanning

the test—section of a closed—jet water tunnel 8.4 inches in diameter.

Pressures at various locations on the cylinder were measured and photos

were made of the wake with tracer dye injection. The experiments were

primarily to inves tigate the ef fec ts  of spli t ter  p lates on drag .

It was concluded that splitter plates reduce the drag markedly by

stabilizing the separation points, produce a wake narrower than that

for a plain cylinder, raise the base pressure by as much as 50% and

affect the Strouhal number to a lesser degree. (Author)
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Apelt , C. J., and West , G. S.,  “The Effects  of Wake Splitter Plates

on Bluff—Body Flow in the Ran ge 10” < Re < 5 x 10” . Part 2 ,” Journal of

Fluid Mechanics, Vol. 71, Part 1, Nov 1975 , pp. 145— 160 .

Reynolds Number Range : 10” < Re < 5 x 10”

Angle of Attack : 90 °

Type of Device: sp litter plate

The work reported in part 1 has been extended to cover flows past

circular cylinders with wake splitter plates having 2 < L/D < 7 (length

of plate to diameter or characteristic length of bluff body) and to

include flows past normal flat plates with splitter plates having

L/D < 37. Pressure distributions and wake Strouhal numbers were

measured and visualization studies carried out. The results obtained

indicate that no f ur the r changes would be produced by lengthening the

splitter plates beyon d the limits tested.

The combined results of parts 1 and 2 provide cohe rent descriptions

I . of the effects  of wake splitter plates for all values of L/D of signifi-

cance for the two pro files, which are representative of two distinct

classes of bluff bodies , viz., those with cross—sections of curvilinear

shape for which the flow separation points are not determined uniquely

by the geometry and those fo r which the separation points are fixed.

Short splitter plates in the wake of a circular cylinder very signif—

icantly modify the characteristics of the flow past the cylinder. Even

though short splitter plates have less effect on the flow past a normal

flat plate, the effect is significan t even when the splitter plate is

- 
~
j . very short. 
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Splitter plates longer than 2D in the wake of a circular cylinder

progressively modify the drag and vortex shedding until LID 5. For

L/D > 5 there is no further change; CD is constant at 0.8 and vortex

shedding from the cylinder is eliminated. However, a vortex Street forms

well downstream from the cylinder/splitter plate combination.

Splitter plates in the wake of the normal flat plate modify the drag

and vortex shedding monotonically as L/D increases from 0 to 3. No

further change occurs for L/D > 3; C
D is constant at 1.84 and vortex -

shedding has ceased. (Author)

I
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Baird, R. C., “Wind Induced Vibration of a Pipe—Line Suspension

Brid ge , and Its Cure” , Transactions of the American Society of Civil

Engineers, Vol. 77, No. 6, Aug 1955, pp. 797—804.

Reynolds Number Range: not given S

Angle of Attack : 900

Type of Device: splitter plate

The adverse affect of wind—induced vibrations on a pipe—line

suspension b r idge over the Colorado River near Blythe , California, is

dis -ussed. It was determined that the wind was exciting the 0.5 , 1.0

and 1.5 wavelength modes . Methods considered to reduce the transverse

oscillat ion o f the pipeline were an chorin g the midpoin t of the pipeline

to the river bed , mechanical dampers and aerodyn ami c dampers . It was

determined that an aerodynamic solution was the best for the long term ,

and wind tunnel experiments conclude d that a sawtooth arrangement of

splitter vanes eliminated the vibrations. The field installation of

this arrangement proved successful in eliminating the flow induced

vibrations.

~ I.
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Barrington, E. A., “Acoustic Vibrations in Tubular Exchangers”,

Chemical Engineering Progress, Vol. 69 , No. 7 , July 1973 , pp. 62—68.

Reynolds Number Range: 1.7 x i0 5 < Re < 2.0 x l0~

Angle of Attack: 90°

Type of Device : baffles

An approach to suppress acoustic resonance in tubular exchangers

is presented. Vortex shedding and acoustic resonance can h ave a

“tuning” e f fec t  and noise generation begins if the vortex shedding

frequency approaches to within 20% of the acoustic resonance frequency .

The met hod presen ted to detune the ex changer employs the placement of

baffles to modify the characteristic cavity dimension . This approach

is not applicable to cable strumming suppression .

~i.
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Bearman, P. W., “Investigation of the Flow Behind a Two—Dimensional

Model with Blunt Trailing Edge and Fi t ted  with Sp li t ter Plate” , Journal

of Fluid Mechanics, Vol. 21, Part 2, 1965 , pp. 241—255.

Reynolds Number Range : 1.4 x i0 5 < Re < 2.56 x i0~

Angle of Attack : 90 0

5 

Type of Device: splitter plate

The flow in the wake of a two—dimensional mo de l with a blunt trailing

edge was examined at Reynolds numbers (based on model chord) between

1.4 x l0~ and 2.56 x l0~ . The ratio of total boundary—layer thickness

at the t railing ed ge to model base height was approximately 0.5.

Measurements were taken of base pressure and vortex shedding frequency

together with traverses of the wake using a hot—wire anemometer.

Traverses carried out along the wake showed a peak in the root—mean—square

velocity—fluctuation at a distance equal to one base height from the model

rear face. The position of the peak is referred to as the position of

the fully formed vortex. The investigation was extended to a model fitted

with splitter plates up to four base heights long. For each plate tes ted , L
a position of the fully formed vortex was found, and its distance from

the model base was discovered to be inversely proportional to the base

pressure coefficient. The flow about the model with splitter plates is

described as being separated into five r~gimes of flow . (Author)
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The base pressure was found to increase for all lengths of splitter

plates over that recorded for the bare cylinder. A significant reduction

was noted for 1/h < 1.0 (length of the splitter plate to the base heigh t

of the model) . Although strumming suppression was not directly addressed , ‘

vortex formation behind the model was suppressed for 1/h > 2.5.

a
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Berezow, J. ,  and Sallett, D. W., “An Experimental Investigation of

Means to Suppress Flut ter Motion of Elastically Suspended Cylinders

Exposed to Uniform Cross Flow ” , TR— 72—6 , Naval Ordnan ce Laboratory, Feb ,

1972 .

Reynolds Number Range: 5.2 x 10” < Re < 3.8 x

Angle of Attack: 90° — 880

Type of Device: helical strakes, studs, herringbone, longitudinal

strakes, sp li t ter p late

An elastically supported twen ty—one inch diameter , 108—inch long

circular cylinder was towed through a tes t tank at velocities up to 2.2

knots. Tests were made with a bare cylinder and twenty—one surface

modi fi cations to the cy linder. Vibration amp li tude and tow angle of the

cylinder were recorded photographically. The data shows that the vibra—

tion amplitude of the bare cy linder was reduced by the application of all

surface modifications; however, the most effective surface modification in —

the subcritical Reynolds number range was not necessarily the most effect ive

S in the supercritical flow region. The most effective overall suppressor

was a 5/8” nylon rope in a herringbone pattern attached at 45° to the

cylinder generators with the rope separated three inches on center.

This work involved the use of a finite cy linder; therefore end

effects will contribute to flutter motion and drag on the cylinder.
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Berge r , E.,  “Suppression of Vortex Shedding and Turbulence Behind

Osci llating Cyl inders” , The Physics o f Flu ids Supp lement, Boundary Layers

and Turb ulence, 1967 , pp. 5191—5193.

Reynolds Number Range: 77 < Re < 300

Angle of Attack : 90°

Type of Device: forcing oscillator

The laminar Ka~mai~ vortex flow in the wake of a cylinder can be sup— —

pressed in a certain Reynolds number range , if the cylinder is s t imulated

to smal l osci llations in a direction normal to the mean flow either exter-

nally by high—frequency fluctuations , or internally by negative feedb ack

of a hot—wire signal picked up in the wake. If suppression is obtained ,

the t ransverse mean ve loci ty p rofi les be come deepe r in comparison with

those of vortex shedding, h owever the drag is of the same orde r in both

cases . On the other hand the laminar vortex flow can be stabilized and

extended to both lowe r and higher Reynolds numb ers , by excitin g the

cylinder with frequencies , which synchronize the wake fluctuations .

(Author)

Tests were made on an oblong cylinder with cylindrical leading and
‘- . S trailing edges at Reynolds numbers from about 77 to 300 in a wind

—
S 

tunnel; howeve r , onl y for  the Reynolds number range of 77 < Re < 80 was

suppression of vor tex flow achieved.
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Blevins , R .,  “Vortex Induced Vibration of Bare and Ribbon Cables”,

Unpublished Naval Ships Research and Development Center Document ,

Carderock, Mary land, September 1971.

Reynolds Number Range : 9 x i0 3 < Re < 3.8 x 10”

Angle of Attack : 300 , 4 50
, 

600 , 90 °

Type of Device : spiraled ribbon

Visual and quantitative measurements were made of vortex induced

vibration of bare cables and cables with plastic ribbon attached to the

cab le st rands f or a range of geometric and flow parameters. Visual

studies show that a flow parallel to the cable longi tudina l axis is

entrapped in the near wake of a cable inclined to the free stream.

Measurements of acceleration amp litude and frequency of cable vibration

show that the frequency of vibration of a bare cable may be predicted by

a modified Strouhal relation. The amplitude of vortex induced vibration

increased with flow velocity and decreased with inclination to the flow.

~~ The addition of ribbons to a cable lowers the frequency and amplitude of

vibration below that of bare cable (Author) .
S 

- The optimum ribbon configuration for minimum vibration was determined S

to be six diameters long, two diameters wide and a spacing of between one

and two diameters .

- S.



Calkins , D. E . ,  “Faired Towline Hydrodynamics ,” Journal of

Hydronautics, Vol. 4. No. 3 , July 1970 , pp. 113—119 .

S Reynolds Number Range : not given

Angle of Attack : 100 — 90° 
5

Type of Device: NASA airfoil

A theoretical an alysis for  determining the hydrodynamic forces on

a fa ired towline is developed. The analysis requires that the hy dro—

dynamic forces acting on an element of the towline be defined as a fun c-

tion of the towlines local inclination angle to the flow, and of the

Reynolds number. These hydrodynamic fo rces are known as loading functions .

The analysis is based on consideration of the boundary layer formed on

the airfoil  shaped cross section used for the towlines. The Reynolds

number e f fec t  on the loading functions is derived using momentum theory , 1
and requires that the pressure distribution around the airfoil section

~~ be defined. Po tential flow theory is used , and gives excellent results

when compared with p ressure distribution measurements made on models .

The theoretical loading functions are compared with model data obtained

from water channel , tow tank , and wind—tunnel tests. The analytical

-
: results show excellent correlation with the data. The analysis has

been te rme d Boundary—Laye r Loading Functions (BLLF) . (Author)

_ _  
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they, Y. H., “Strum and Drag Measurements of Underwater Cables”,

TM 990—2014 , General Electric Comp any , Jun 1975 .

Reynolds Number Range : 3217 < Re < 6435

Angle of Attack : 60 0 , 90 °

Type of Device : fringe fairing, helical st rake , helical fringe fairing

A hydrodynamic s tudy was conducted in the towing basin at DTNSRDC S

to dete rmine the strum and drag behavior of underwater cables . The

magnitude of the vertical and horizontal acceleration amplitudes and the

normal and t an gen tial drag were compa red to those of a ba re cable fo r

cables with a wire helix wrap , h-d r helix wrap and two types of fringe

fairing. Tow angle and cable tension were varied. The fringe fairing

significantly reduced the acceleration amplitude f s-~r the fundamental

mo de o f vibration as well as the second and third harmonics . The wire

helix wrap had a normal drag coefficient approximately that as noted

for the bare cable , b ut its strum suppression was not as e f f e c ’ive as th e

fr inge fairing. The norma l drag coeff ic ient  for the fringe f a i r i n g  ~nd

helical fringe was about 1.5 to 2 times that  of the bare cable . S

2
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Cohen , S. H., “The Hydrodynamic Behavior of a Streamer Type Faired

Cable in Various Fkws”, Thesis presented to the Massachusetts Institute

of Technology , Cambridge , Massachusetts , in 1975 in partial fulfillment

of the requirements for the degree of Master of Science.

Reynolds Number Range: 1.8 x l0~ < Re < 5.4 x 10”

Angle of Attack : 90°

- - Type of Device : fringe fairing

An experimental investigation of the hydrodynamic forces associated

with a streamer type faired cable was conducted in a recirculating water

tunnel located at MIT.

The experiment involves a mode l of the cab le mounted as a rigid

vertical cantilever in the flow stream of the MIT circulating water

tunnel. The drag , lift and moment on the model are measured for each

angle the model is rotated about its longitudinal axis while the flow

velocity is held constant. These measurements are repeated at intervals

of velocity from 0.54 to 15.75 feet per second. The frequency and ampli-

tude of vibration are also measured when the mode l strums. (Author)

The coe f f i c i en t  of drag for  the faired cab le was foun d to be s l ight ly

higher than that for a bare cable at all velocities. Within the velocity

range where strumming was significan t the faired cable reduced the ampli—

tude of vibration from 33~ to 77% depending on the velocity of the flow.

37 —
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Cowdrey, C. F., and Lawes , J. A ., “Drag Measurements at Hi gh

Reynolds Numbers of a Circular Cyl~nder Fitted with Three Helical

Strakes”, NPL/Aero/384, National Physical Laboratory , July 1959.

Reynolds Number Range : 8.5 x 10” < Re < 3.8 x 106

Angle of Attack : 90°

Type of Device : helical strakes

Results are given of measurements of the drag of a circular cylinder

with three equally spaced helical strakes in a Compressed Air Tunnel.

End plates were used to produce two—dimensional flow over the whole of

the model.

The experiments were made for normal flow only wi th  strakes having

st rake hei gh t/ d iamete r ratios of 0. 059 and 0.118. The drag coeff ic ient

of the cy linde r with strakes , based on ba re cylinde r diameter , became 
S

-
- - essentially independent of Reynolds number and increased wi th  increasing

st rake hei gh t .  If the coefficien t was based on the diameter of the cir—

cumscribiag cy linder , the results were the same and did not differ

great ly from the subcr i t ical  value for a bare cy linder ( i . e . ,  approxi—

mately 1.2) .
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Dale , J. R. ,  McCandless , J. M. ,  and Holler , R. A . ,  “Water Drag

Effects  of Flow Induced Cable Vibrations”, 68—WA/FE—47, American Society

of Me chanical Engineers , Dec 1968.

Reynolds Number Rang~~: 300 < Re < 1300

Angle of Attack : 90°

Type of Device: haired fairing, twisted pairs , splitter plate

This study attempts to determine the water drag characteristics of

a smooth circular cylinder due to vortex induced strumming. The drag

coefficient for the cylinder was determined at various Reynolds numbers

for different diameter cables. An analytical expression was then for-

mulated to determine the strumming cylinder drag coefficient based on an

equivalent diameter cylinder. A rule of thumb developed was that

cable strumming results in appro~~mately a 35% increase in the drag

coe f f ic ien t .

4 Of the st rumming suppression devices uti l ized an omnidirectional

weather vane fairing reduced the drag coefficient by 60%. The haired

fairing drag coefficient ranged from 1.8 to 1.1 for Reynolds numbers

of 600 to 1200 respectively.

ii .
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Dale, J. R. , and Holler , R. A. ,  “Spurious Signals from Cable—

Suspended Sonar Systems”, Journal of Hy onaitics, Vol. 3, No. 2, April

1969 , pp. 83—87.

Reynolds Number Range: not applicable

Angle of attack: 90°

Type of Device: twisted cables, hair, anti—node splitter plate ,

stre amline fair ing

This paper is a consolidation of p revious work by the authors . It

is intended to provide an overview of the problem of cable strumming——

its cause and possible cu re. The last section in the paper discusses

st rumming suppression as follows :

“The “twisted pai r ” o f cables exhibits a drag reduction of

about 30% and attenuates strumming forces by more than 50%.

The mos t ef fec t ive  pitch of the twist was found to be 15 diam .

- 

- Twisting the pair of wires produces an e f f ec t  similar to that

sought with towe rs and smokestacks whe re helical strakes are 
S

used to suppress vortex excitation. The “haired streamers”

is stable when the hairs are attached to the downstream edge;

however, the drag is increased about 20%. The design is

omnidirectional if the hairs are attached sp irally (sp iral

p itches up to 9 in. on 0.1—in. diam cables have been

4 ~~~~~~~~ effect ive) . The “antinode sp l i t ter ” cable design is partially

effective in reducing strumming when the spl i t ter  tabs are

40
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placed at the predicted cable antinodes . An effective tab

geometry is 10 diam with the stream and 20 diam along the

cable . The “weathervane fairing” consists of streamline S

S. omnidirectional tabs. This design is flow—stabilize d and

reduces the drag almos t 50%. ”

- 1
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Dale , J. R. ,  Holler , R. A. ,  and Goss, G.,  “Flow—Excited Underwater

Cable Vibrations”, Naval Air Development Center.

Reynolds Number Range : not applicable

Angle of Attack: 90°

Type of Device: twisted cables

Provides a b rief qualitative backgroun d of the mechanism of

strumming. A hydrogen bubble flow visualization technique is employed

to show the span —wise correlation of the vortex sheddin g when the

cable is vibrating such that the amplitude of vibration is greater

than 10% of the cable diameter. Correlation exists only along the

length of cable between nodes. Strumming suppression using twisted

pai rs of cables is mentioned. No quantitative data were presented.

-
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Day, D., and Michailidis, H., “Hydrodynamic Cable Test Facility and

Results of Tests on Six Different Cable Fairings and a Bare Cable”,

National Research Council (Canada) , Division of Mechanical Engineers ,

Report LTR—SH— 167 , Dec 1974.

Reynolds Number Range : 2.8 x 10” < Re < 5.7 x 10”

Angle of Attack : 90° — 300 °

Type of Device : “Flexn ose ” Fathom Oceanology Ltd.

Six d i f f e rent faired cables and a bare cable were tested at the

towing tank fac i l i ty  in the Marine Dynamics and Shi p Labo ra tory of the

National Research Council of Canada. The normal and tangential drag

coefficients were determined for  the cables at velocities of 5.9 , 8 .9

and 11.8 kno ts with the ang le o f the axis of the cables wi th  respect to

the flow direction being varied from 90° to 30° in 10° increments . The

normal drag coeff ic ient  was foun d to lie within 10% of the sin 2 
~ rela-

tion for a bare cable whereas the tangential coeff icient  usually peaks

S at a cable angle of 40 ° — 50 ° , and then falls to a value one—hal f of

the peak value at 00 . The drag coeff ic ient  at an angle of 90° r anged
S 

from 0.12 to 0.89 for the faired cables as compared to a value of 1.04
_

S 
fo r the ba re wire . S
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DeChetto, K.,  and Long , W.,  “Dynamic Stability Design of Stacks

and Towers”, Transactions of the American Society of Mechanical

Engineers, Journal of Engineering for  Indus t ry, Nov. 1966 , pp. 462—466 .

Reynolds Number Range : not applicable

Angle of Attack : not applicable

Type of Device: not applicable

A method is outlined for determining the critical wind speed ,

S natural frequency , and approximate maximum amplitude of vibration of

tall heater stacks and pr ocess towers caused by vortex shedding.

Correction procedures reported are: (1) increase diameter to length

ratio; (2) addition of an internal gunite or refractory lining; (3)

utilization of bracing, guying or frictional dampers; and (4) dynamic

spoilers. No experimental data are presented.
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Diggs , J. S., “A Survey of Vortex Shedding from Circular Cylinders

with Application Toward Towed Arrays”, Technical Report No. 122, MAR

Inc., Rockville, Maryland, July 1974.

Reynolds Number P,ange: not applicable

Angle of Attack : var iab le

Type of Device: splitter plates , r ibbons , hair and flag fairings ,

- - helical r idges S

A su rvey was conducted to identif y the significant advances in the

state—of—the—art vortex shedding problem and give a brief historical

background of previous research . Emphasis was placed on those theore—

tical app roaches and experimental techniques that are directly applicable

to towed arrays . Additionally,  the survey contains the results of

research e f fo r t s  to reduce tow cable s trum with splitter vanes , ribbons,

hair and flag fairings and helical ridges . An extensive bibliography on

related research is included in the appendix.

45 

____

k. i — — 5———— 5-.—s— — ..-‘~ ~~~~~~ IS_S ~~ _ S S ~~S 5~~~~~~~ S5~ ~~~~~~~~~~~~~~~~~~~~~~ -5



___________________ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 5--
~ 

- -~~J - -

-1

Diggs, J. S., “Hydrodynamic Characterization of Various Towed Array

Towcables”, Technical Report No. 128, MAR Inc., Rockville, Maryland.

Reynolds Number Range: 6 x 10” — 2.5 x iü~

Angle of Attack : 0° — 200 1

Type of Device: helical strake , ribbon . -1

Towing basin and at—sea tests were conducted to determine the nor— 1
mal and tangential drag coefficients for bare cable and cables with a

he lical strake or ribbon fai ring. The hydrodynamic drag charac teris tics

of each cab le were evaluated in terms of the measured cable tension S

gradients , dT/ds , the cable angle , ~~~, and the kite angle 4~ using

equations derived for three—dimensional towing confi gurations . Tow H

S 
angle and kiting were controlled by the tow speed which ranged from

3 — 18 knots . Extens ive data comparing the drag coefficients of all

the cab le conf igurations are p re~sen ted as a fun ction of the Reyn olds

number. The results obtained in the basin were found to correlate -

with those obta ined at sea.

The tangential drag coeff ic ient  for a specif ic  tow cable was found

to have an emp irical relationship with Reynolds number of the form II

descr ibed by Reid and Wilson. The p la t form towing tension for a cable

S array sys tem towed at its critical angle can be es timated within 5%

when the tangential drag coefficient and tow angle are known . -

t
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Doolittle , R. D.,  “NSRDC Basin Cable Strum Tests ” , Unpublished

Report , MAR Inc ., Ro ckvi lle , Mary lan d , Jan 1974.

Reynolds Number Range : Re < 3.4 x 10”

Angle of Attack : 15°

Type of Device: ribbons , helical strakes, hair fairing, lumped masses ,

rings and collars

Tests were conducted in the NSRDC towing basin to compare tow cable

strum reduction techniques through a comparison of the maximum amplitude

of the acceleration of the strumming cable and the narrowband acceleration

spect ra expressed in dB for  each run. The techni ques inves tigated

included trailing ribbons , helical wraps , fairing bodies , masses , rings 
S.

and collars . Tra i l i ng  ribbons were foun d to suppress strumming as much

as 99% depending on their  length and width , and a single helical wrap ,

-
~ reversing its sp i ra l  at midspan , reduced st rumming up to 66%. The

reduction of strumming by the othe r techniques was negligible . No

measurements of the drag associ.~’ted wi th the trai l ing ribbon or helical

wrap tech ni ques we re recorded.

:
151~4
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ENDECO, “Hair Fairing”, Data Sheet #23, Marion , Massachusetts ,

May 1975.

- Reynold’ Number Range : ~~ < Re < 106

Angle of Attack : varied (towed)

Type of Device: haired fairing

Technical data sheet describing the proprietary product of ENDECO.

N~ expe rimental data are presented , but the following advantages are

claimed: (1) reduction in drag coefficient from 1.2 — 1.4 for unfaired

cable to 0. 4 — 0.6 at R = i0~ fo r faired cable ; (2) reduction in cable

v ib ra t ion by 20 — 30 dB compared to unfaired cable of the same diameter;

( 3) fa i re d ct h l e  can be winched and sheave d with conventional equipment.

In d iv idua l  “hairs ” are polyu rethane ribbons about six diameters long, - S
sp aced in pairs about 0.5 diameter apart  and held on the cable by a metal

basket—weave braid. The data sheet indicates that the before—mentioned

performance was measured at speeds from 3 to 30 knots.

- S

L ~
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Etter, R. J., and Huan d , T. T., “An Experimental Investigation of

the Static Hydrodynamic Characterization of Several Simulated Faired

Cables Having Symmetrical NACA Airfoil Sections”, Technical Report 530—1,

Hydronautics, Inc., Contract No. N123(953)53212A, July 1967.

Reynolds Number Range : 0.5 x 106 < Re < 1.6 x 106

Ang le of Attack : 30° — 90°

Type o f Device : NACA a i r foi l  sections

The results of a systematic experimental s tud y of the s ta t ic

hydrodynamic characteris tics of several cable fairing models are

presen ted. All models are of symmetrical NACA airfoil sections and

vary in maximum thickness from 20 percent to 25 percent. The models

were tested with and without the presence of a f r ee su rf ace while angle

of yaw was varied from +3° to — 5° . In addition , the models were tes ted

at a reduced ambient pressure to produce a nominal cavitation number

of 0.366. Photographs of typ ical cavitation and ventilation pat terns
S are prese~~ ed and the ventilation character is t ics  of all models are

summarized. (Author)

Vib ration data were not measured. Drag and lift coefficients for
S 

above tests were presented.
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Evans , 0. D.,  “Trial Instal lat ion Made to Evaluate Self—damp ing

Con ducto r” , T ransmission and Dis?ribution, Vol. 23, No. 3, Mar 1971 ,

pp. 34—35.

Reynolds Number Range: not given

- Angle of Attack : 900

Type of Device: self—damping conductor

A self—damping conductor was field tested by Oklahoma Gas & Electric

Co. on a 3.7 mile section of a 17.8 mile line. H—frame construction was

used with a running span of 800 f t .  Vibration recorders were p laced on

both the sel f—damping and regular line. A reduction in the peak to

peak t race of vibration on a s t r ip chart indicated a 9 2% reduction in

vibration. A recording made with mechanical dampers showed a 84%

reduction in vibration. No data are presented. S

- 5 -
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Fabula, A. G., and Bedore , R. L., “Towing Basin Tests of Cable

Strumming Suppression”, NUC TN—1188, Naval Undersea Center , San Diego ,

Cali~ ornia, Oct 1973.

44 4+Reynolds Number Range : 5.5 x 10 — 8.7 x 10

Ang ]e of Attack : 5° — 20 °

Type of Device: helical ridge

A tow— tank technique of simulating cable strumming vibration and of

investiga ting its suppression has been developed and app lied. Twenty—

foot lengths of plas tic pi pe , held under tension and at various yaw

angles to the flow , were used with a variety of helical—rid ge con fi gura—

dons to investigate the dependence of strumming suppression effectiveness

upon r icici ~c con f i guration. A systematic dependence of effectiveness upon

r idge heigh t and ic l i x  p itch was found for the 1.31 in. 0.D. pipe diam eter

used. No hydr odynami c benefi t of shif ting f r om a single rid ge to a

trip le ridge was detected for the one case tested (a case of medium

e f f ~o:tiveness). The re~-oil ts — h o w , as expected , that for equal effective—

ness a rectangular (sharp—cornered) ridge wil l  not have to be as h igh

as the round—corns :r d ridge. A1~~o , as expec ted , the ridge wid th/height

ratio is not important in til l - range of prac tical in ter es t, such as 1

to  2. (Author)
S S 

The recommended ridge height to cable diameter ratio for thet_ rI-rran gular rid ge ranges from 0.25 to 0.30 and rid ge pitch to cable

diameter ratio is 20.

4 51 
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Fabula, A. G., and Bedore , R. L., “Tow Basin Tests of Cable Strum

Reduction (Second Series)” , NUC TN— 1379 , Naval Undersea Center , San Diego ,

California, Aug 1974.

Reynolds Number Range : 5 x l0~
’ < Re < 1.75 x l0~

Angle of Attack: 5°, l5° , 25°

Type of Device: helical strakes, ribbons , hair, helical hair, boundary

H layer trips

The reduction of flow—excited vibrations of tow cables with surface

flow control devices was investigated with twenty—foot lengths of 1.31—

inch diameter pipe held under tension at angles to the flow of 5° to 25°.

Tested cable treatments included flags , ribb ons , hair , helical  ridges

and boundary—layer trips. Pipe vibration and hydrod ynamic loads were

measured with a pipe—midpoin t accelerometer and pipe—end load (tension)

cells. Two types of tow tests were made : constant—acceleration runs

for coarse surveys of vibrational and hydrodynamic load behavior for the

speed range of 4 to 16 fps (2.4 to 9.5 knots), and constant—speed runs at

6, 10 and 14 fps to obtain vibration spectra . Strum reduction effective— S

S ness was judged in two ways : (1) oscilloscope p ic tu res of accelerome ter

and load cell outputs for the acceleration runs , and (2) spectrum peak

line levels of accelerometer and load cell outputs for the constant speed

runs. The results show a wide range of strum reduction effectiveness 
5-

dependent on speed and flow angle. Heavy flags with adequate width and

S 
lee—side tie—on hair had outstanding effectiveness . Single helical 

-

-

ridges we re mostly moderately effective but ine ffective for certain

SI t

52 

—- S-- S~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -  5- - - - - - --5- --- ~~~~ 5-



S ’S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ UU_SU_

~W~~~~
SSSSSSSS ~~~~~~~~~~~~~~~~~~~~~~~~~

conditions. Lighter flag and various ribbon treatments were moderately

effective. Boundary layer trips were only slightly effective and mainly

made the vibration more tonal. The hydrodynamic load coefficients vary

appreciab ly with type of strum reduction treatment. The lee—side tie—on

hai r has appreciab ly lower normal and axial force coefficients combined

with somewhat less strum reduction effectiveness in comparison to the

flags of maximum effectiveness. (Author)

S
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Farmer , M. G. ,  “Summary of Langley Wind—Tunnel Studies of Groun d Wind

Loads on Launch Vehicles ” , Nation al Aeronautics and Space Administration ,

Langley Research Center , Pape r p resen ted at meetin g on Groun d Wind Load

Problems in Relation to Launch Vehicles, Jun 7—8 , 1966.

Reynolds Number Range: 106 to l0~

S 
Angle of Attack : 90°

S Type of Device : splitter plate , helical st rakes , mechanical dampe rs

High Reynolds number wind tunnel tests were conducted with Saturn V

launch vehicle models equipped with mechanical and aerodynamic dampers.

Viscous dampers , tuned viscous damper, electromagnetic dampers, splitter

plate , helical strakes and disks were tested to be effective but not

enough to totally eliminate the vibration . Trailing cloth in the wake

and wire mash screen around the vehicle as a shroud were found ineffective

I in vortex suppression. The diameter of the vehicle was 30 feet  and the

simulated wind speed was as hi gh as 60 knots .

S

V5 

-~~•

~~ : ~~~~~~~~~S - -~~~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ ~~~~-- 5 -~~~~~~~~



Goldman , R. L., “Ka~maic Vortex Forces on the Vanguard Rocke t ” ,

Shock and Vibration Bulletin, Part II, U. S. Naval Research Laboratory,

Washington , DC , Dec 1958.

Reynolds Number Range : 1.5 x l0~ < Re < 2.5 x l0~

Angle of Attack : 90°

Type of Device : rectangular spoilers

An experimental investigation was conducted to determine an optimum

-
~~ spoi ler configuration to suppress the Ka~ma~ vortex forces on the

Vanguard Rocket. A cylinder was mounted both rigidly and elastically

in a wind tunnel to determine the force coefficient and the reduction

of the coef f ic ien t  due to a series of rectangular  spoilers mounted in—

line with the cylinders axis. For the Reynolds number range investigated ,

a spiral arrangement of spoilers was found to eliminate the dangers

f rom wind—induced oscillations to the Vanguard .

II 
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Grimminger, C., “The Effect of Ri gid Guide Vanes on the Vibration —

and Drag of a Towed Circular Cy linder” , David Tay lor Model Basin ,

Be thesda , Maryland, Apr 1945.

Reynolds Number Range : Re < 3.5 x l0~

Angle of Attack : 90 ° 5

S 
Type of Device: rigid guide vanes

The experiments described in this report show that strumming can

be reduced or eliminated by a t ta ching a pair of rigid guide vanes , one 
5

on each side and extending the length of the cylinder.

- The shape of the vanes does not seem importan t in eliminating vi—

bration ; in fact  a simp le fl at plate fin extending alon g each side of

the cylinder is suf ficien t f or this purpose .

— However , the drag of the system of cy linder plus guide vanes varies

-
- greatly with the shape of the vanes, and is found to depend mainly upon

(1) the distance between the trailing edges of the vanes and (2) the

angular position of the leading edges of the vanes relative to the axis

S f of the cylinder. With one pair of rigid guide vanes tested, it was pos-

sib le to reduce the drag of the sys tem to one—half that  of the plain

cy linde r without guide vanes.

The experiments revealed that the drag of a vibrat ing cy linde r is

considerably greater than that of a non—vibrating cylinder in the speed

- . ran ge wh ere the amplitude of vibration is a maximum . A simple analysis
~~

is given to explain this phenomenon . (Author)
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~~~~~~~~~~~~~ 56

—~~~ — 5- 5- —



5- - -

Hays , E. E ., Nowak , R. T . ,  and Boutin , P. R., “Strumming Tests on

Two Faired Cables”, Woods Hole Oceanographic Inst i tu tion , Woods Hole ,

Massachusetts , WHO I—75—47 , Oct 1975. 5

Reynolds Number Range : 400 < Re < 8 .1  x l0~

S Angle of Attack : 90°

Type o f Device : ribbon , hai r fair ing,  fringe fair ing

Meas urements are presented of the transverse accelerations of

faired and unfaired cables , suspended in water six ty fee t deep wi th

currents up to one knot while unde r 1000 lbs . tension . Four types of

fairing were tested on 3/8” steel double armored wire rope , and one

type was tested on 3/4” f ibre line . The greatest reduction in

strumming was obtained by use of many transverse fibres about eight

times as long as the line diame ter . (Author)

The re is a large spread in the measurement resul ts which limi ts the
S 

use of the data to a general qualitative interpretation . 
S

5;
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“The Hydrodynamics Technology of Towed Arrays, FY75”, Naval Ship

Research and Development Center , Towed Systems B ran ch , Bethesda , Maryland ,

Jun 1974 .

Reynolds Number Range : not app licab le

Angle of At t ack : not applicable

Type of Device: not applicable

An outline of the work in the development of the hydromechanic

technology of towed array s during fiscal year 1974 conducted at NSRD C

is presented. This format includes a qualitative overview of:

The contribution to array low frequency self—noise

due to array , tow cab le an d ship motions .

~ Tow cable tangential drag and strum suppression .

— The adequacy of array towing geometry algorithms for

straight , steady courses.

~ The development and validation of an array lo cation and

condiguration al gorithm for  maneuvering tows .

~ The characte r istics of the ONR Baseline arr ay ;  the

correspon den ce between v ib ration an d acoustic measurements ;

array and VIM long it ud5.. ial oscillatory characteristics

b y me ans of in—basin experiments. (Author)

Prooosed future work for f iscal  year 1975 is presented.

S

t
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Johnson , F. W., and Gibbons , T., “Evaluation of USNUSL Sectional

5 Fairing” , David Tay lor Model Basin , Bethesda , Marylan d , Report C—92 0 ,

Feb 1958.

U 
Reynolds Number Range: Re < 3.5 x ~~ S

Angle of Attack : 90°

Type of Device: streamline sectional fairing

S Sectional fairings of airfoil cross—section , 6 inches long and

9 inches on chord were towed in a deep wa ter basin at speeds up to

16 knots . The results of a series of tes ts indicated that the fairing

design was not adequate for high speed towing sys tems due to poor

mechanical and material design.  Handling d i f f i cu l ty  was also expected.

Drag coefficients were measured to be in the range of 0.15 to 0 .6;

vib ration was not measured.

1 -
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Jones, G. W., Jr., and Farme r , M. G.,  “Wind Tunnel Studies of

Ground—Wind Loads on Saturn Launch Vehicles ” , Journal of Sj acecraft and

Rocket s, Vol. 4 , No. 2 , Feb 1967 , pp. 219—223 .

Reynolds Number Range : 2 x 106 < Re < S x 106

Angle of Attack: 90°

Type of Device : disks , helical strakes, splitter plate

Investigations in the Lan gley Transonic Dynamics Tunnel were made

using aeroelastic models of Saturn vehicles with Apollo payloads.

Va riations with wind velocity, azimuth ang le , and s t ructural  damping

o f the bending momen ts imposed b y gro un d winds were investiga ted for

fueled and unfueled configurations. The results indicate that the

unmodified , unfueled Saturn lB and Saturn V vehicles have loads which ,

— at certain wind velocities and azimuth angles , exceed the design bendin g

moments. It was found that these excessive loads may be reduced to

acceptab le levels by increasing the s t ructural  damping to about 3%

S of cr i t ical . Aerodynamic fixes were investigated which ten ded to

alleviate the loads for  some of the critical wind velocities and

azimuth ang les. (Autho r) S

5 Fu r ther  ful l—scale  ground wind  tes ts to evaluate the data were

p lanned for  a fu tu re  date . i n f o r m a t i o n  appl icable  to cable strumming

-
~~ supp ression is not present .

I
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Joube r t , P. N . ,  and Hoffman , E. R. ,  “Drag of a Circular Cylinder

with Vortex Generators”, Royal Aeronautical Society , Vol. 66, Jul 1962,

pp. 456—457.

Reynolds Number Range : 6.4 x < Re < 5.7 x

Angle of Attack : 90°

Type of Device : vortex generator

Tes ts were conducted in a low speed wind tunnel to determine the

effect on the drag of a smooth circular cy linder , due to placing of

vortex generators on the cylinder. The generators were 1.2 times the

height of the boundary layer , and were placed at 50° from the

forward stagnation point. Data show that below a Reynolds n~niber of

3 x io~ the drag coefficient is reduced and above this Reynolds number
the drag coefficient is increased. A maximum reduction of the drag

coefficient of 71% occurs at Re = 1.7 x lO s.

5 
The drag coefficient was also determined at varying vortex gener-

ator positions at a Reynolds number of 1.3 x l0~~. A position of 50°

- 
- f rom the f r ont st agnation point was found to minimize the drag

S 

coe f f i c i en t .
S
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Kan , I . ,  “Cable Strumming Expe r iments ”, Mass achusetts Inst i tute of

Technology, Cambr idge , Massachusetts , Jul 1975.

Reynolds Number Range: 360 < Re < 6850

Angle of Attack : 90°

Type of Device : helical hair

A study of cable strumming of faired and unfaired cables was con-

ducted in Holbrook Cove along the coast of Maine. Seventy—five foot

cables were extended horizontally along a sand bar which was period-

ically covered by the incoming tide . The cable was instrumented for

S both accelerometer readings and direct readings of cable vibration

amp litude. The single faired cable tested reduced the Strouhal number

to 0.12 to 0.13, and reduced the amplitude of vibration by 30%. All of

the da ta collected have no t been reduced to da te, and a second report

is expected in the spring of 1976.

This reduction in Strouhal number was due to the change in vibra-

tional frequency of the faired cable. An example cited in the study 
—

at a velocity of 0.57 meters/second shows the frequency of the faired

cable to be 18 hertz as compared to the bare cable frequency of 25 hertz.
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Kelly , R. E., and Goff, C. N., “Drag and Vibration of Some Wire

Ropes and Fairings ”, Report i—l32, U. S. Navy Mine Defense Laboratory,

Sep 1967.

Reynolds Number Range: 14,500 < Re < 58,000

Ang le of Attack : varied (towed) t

Type of Device : hair fairing, fringe fair ing

The report covers at—sea tests made on bare and faired cable to

determine the effect of various modifications on the drag and vibration

of the cab le. The drag coe f f i c i en t  was a value calculated from the

da ta ; howeve r , the vibrat ion was b ased on visual observations and

represents only a qualitative measure.

¶ The haired fair ing manu fac tu red by Braincon exhibi ted  the smallest

U drag coef f ic ien t  of the fair ings tested with  a value of 1.32 at a

Reynolds number of 6.3 x 10 k
• Visual observations of cable vibration

S 

- indicated that strumming was negli g ible fo r all fair ings tes ted . S

1 4

5U

63

L 
_ _  

~~~~~ I - I

~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 5—



S 
- _ s~ —— ~~~~~~~~~~~~~~~~~~~~

-I
S 

Landweber, L., and Grimminger , G.,  “Late ral Vib r ation of Ci rcular

~~linder Casued by Motion Through a Fluid” , David Taylo r Mode l Basin ,

Bethesda , Mary land , Report R—326 , Apr 1948.

Reynolds Number Range : Re < 2 . 5  x l0~

Angle of Attack : 90°

Type of Device: boundary layer trip -
S

IIFI

The phenomenon of the lateral vibration of circular cylinders nor—

mal to a stream was investigated experimentally . A smooth cylinder ,

clamped at one end , in a vertical position , was towed at various speeds

and the amplitude and frequency of its vibration were measured. The

ef fec t  on the vibration of disturbing the boundary layer by means of

fine wires soldered vertically along the surface of the cylinder was

also investigated. It was found that the peak vibration occurred at

reson ance , when the eddy frequency was approximately equal to th e

S natural  frequency of the clamped cylinder. The e f f e c t  of a gene rator

wi re having a diameter equal to the thickness of the boundary layer

placed at 60 degrees from the front stagnation point caused resonance

to occur at a lower speed and reduced the amplitude of the vibration
- I 

to one half of its bare cylinde r value. (Author)
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Payne , P. R . ,  “On Reducing the Cri t ical  Reynolds Number of a Yawed

Cylinder or Cable ” , Wo rking Pape r No . 118—8 , Payne Inc. ,  Annapolis , Mary lan d ,

Jan 1974.

Reynolds Number Range : 2.5 x l0~

Angle of Attack : varied S

5 Type of Device: vortex generator

A cable surface treatmen t is described in this paper which eliminates

the coheren t periodicity of the boundary layer separa tion of normal

Reynolds numbers above about lO~1
, and hence eliminates the vibration

attributable to it. This is achieve d by winding a fine wire around the

cable , or by cutting shallow grooves in its surface . The wire rings or

grooves are essentially n ormal to the cab le ax is , ra ther than parallel

to it. They are effective in triggering the laminar boundary layer into U;

turb ulen ce beca use , when the cable is a t an ang le to the f low , the

boundary layer tends to flow more along its length than across it. (Author)

The approach described in the paper is aimed primar ily a t higher  
5

speeds and shallow angles appropriate to towed arrays . The objective is

to promo te early (i.e., lower Reynolds number) boundary layer transition
S 

from laminar to turbulent by using rel atively small “trip” wires or

shallow grooves ; no experimental data for these approaches are given ,

except a normal drag coefficient of 0.65 at R = 2.5 x 10
L
. The paper

suggests another appr oach wh ich cons ists o f a stepped cable or collars

on the cab le.
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Price , P., and Thompson , R. W., “Suppression of the Fluid—Induced

Vibra tion of Circular Cy linders”, Proceedings , Journal of the Eng ineering

Mechanics Division, American Society of Mechanical Engineers , Vol. 82 ,

No. EM3, Jul 1956, pp. 1030—1 — 1030—22.

Reynolds Number Range: 3 x i03 < Re < 5 x i0~

Angle of Attack : 90°

Type of Device : parallel ridges , helical strakes , perforated shroud ,

- radial f ins, collars

An investiga tion of the vibra tion of circular cy linders in f l uid

- - streams has been made in an effort to evolve a means of suppressing the

dangerous , wind induced oscillation of tall steel smokestracks .

Exp loratory vibration tests of p lain and modif ied cy linders we re

5 
1 made over a wide ran ge of cy linder flexib ility at subcritical Reynolds

number~, in a water channel. These tests established that the enclosure

of a cy linder wi thin a concen tric per fo r ated shroud was the most e f f e c tive

vibration suppressor of the profile modifications investigated. Wind

tunn el tes ts prove d the shroud to be an ef f ective vibra tion suppressor

at transitional and supercritical Reynolds numbers .

The drag coefficient of the shrouded cy linder was found to be sub—

stantially immune to Reynolds number effects in the range explored and the

value for a typ ical configuration was approximately 0.6. (Author)
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Rispin , P., “Test Plan to ~nvestigate and Optimize Cable Strum—

Suppression Techni ques”, Towed Systems Branch , Naval Ship Research and

Developmen t Cen ter , Be thesda , Mary land , Jul 1973.

S.

Reynolds Number Range : 2 x iø~ < Re < 2 x lO~

Angle of Attack : 0 0 
— 30°

Type of Device: ribbon , helical s trake , rings

The report outlines a test and evaluation program to be conducted

at the Naval Ship Research and Development Center. Each cable configur-

ation is to undergo a ser ies of tes ts to de termine its strum suppress ion

qualities as compared to the strumming produced by a bare cable. The

comparison is to be based on the average vibration amplitude of the sup—

pressed and bare cables . Prospective candidates for strumming suppression

will be tested at sea aboard the R/V Daniel L. Harris III to obtain the

correlation between at—sea and laboratory data.

S 5

5’

- 5
- I

‘5

67 

- - — 5 - S~~~~~5--- 5-~~~~~~~



____ ________________  ______ - - - -

Roshko, A., “Experimen ts on the Flow Past a Circular Cylinder at

Very High Reynolds Number”, Journal of Fluid Mechanics, Vol. lO,• 1961,

p o .  345—356.

Reynolds Number Range : 106 < Re < i0 7

-

. 

Ang le of Attack: 90°

Type of Device : splitter p la te

Measurements of the base pressure , drag coefficient and vortex 
5

shedding frequency were made on a large cy linde r in a pressurized wind

tunnel at very high Reynolds number. A definite vortex shedding fre—

— quency was not observed for 2 x l0~ < Re < ~~~~~~~ x 106
; however, above

Re 3.5 x 106 a shedding freq uency was observed. The values of base

pressu re coefficient and dr ic coefficient confirmed Re = 3.5 x 106 to

be a transition point from th~ supercritical area to what Roshko termed

- 
1 the transcritical area. In chis t r anscr i t i ca l  area the drag coefficient

remains fairly constan t at a value of 0.7. The use of a splitter pla te

did not 1iffect the values of the coefficients of drag and base pressure

in the supercritical are;i , but it did lower their values in the trans—
4

cri tical area sligh tly. “e r ti x shedding was suppressed due to the

sp litter plate.
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¶ Sallett, D. W., “A Method for Stabilizing Cylinders in Fluid Flow” ,

Journal of Hydronautics, Vol. 4, No. 1, Jan 1970.

t
Reynolds Number Range: ~~

Angle of Attack : 90°

Type of Device: splitter plate

The stability of a finite circular cylinder in a uniform flow was

investigated. An analytical expression was derived which relates the

location of vortices , vortex strength, and relative velocity of the

vortices to the length of the sp litter plate necessary to isolate

opposing vortices. Four different assumptions were made to calculate the

sp l i t te r  plate length in an effort to bracket the actual value required

and determine which assumption was relevant. Experimental work concluded

that for a laminar boundary layer a length of 3 diameters w as needed to

supp ress vibration , and a len gth of 1.5 diameters was needed when a

tu rbulent boundary layer existed.
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Sallett , D. W . ,  “On the Reduction and Prevention of the Fluid

Induced Vibrations of Circular Cylinders of Finite Length”, Shock and

Vibrations Bulletin, Bulletin 42, Part 4, Jan 1972, pp. 215—228.

Reynolds Number Range: 4 x 10” < Re < 2.8 x l0~

Angle of Attack : 90°

Type of Device: splitter p la te

A brief review of the potential flow model of a cylinder in a

uniform flow with point vortices is presented. Stability criteria for

the vortices are presented , and a splitter plate is shown to enhance

stability and prevent the familiar Von Kafmaf~ vortex street. Experi-

mental data are presented graphically which show that vibrational

amplitude of a circular cylinder is reduced from 80% — 95% when a

splitter plate three cylinder diameters in length is employed.
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Scan lan , R . H ., and Wardlaw , R. L., “Reduction of Flow Induced

Structural Vibrations”, Isolation of Mechanical Structural Vibrations,

Impact and Noise, American Society of Mechanical Engineers, AND , Vol. 1,

U Sep 1973.

Reynolds Number Range: not applicable

An gle of Attack : not  app licable

Type of Device: shrouds , helic al strakes , splitter plate , streamlining

A review of the nature , ca use and suppression of s tructural 
S

vibrations is made. General conclusions are drawn for suppression

devices based on work performe d usin g shr ouds , helical strakes,

streamline desi gn, splitter p lates , and other devices which apply

to transmission lines. No data are presented fo r any supp ression

device discussed. An extensive list of references is given for the

vortex shedding phenomenon .
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Scruton , C., and Welshe , D. E. J., “A Means for Avoiding Wind

Excited Oscillations of Structures with Circular or Nearly Circular Cross—

Section ” , Report Aero 335 , National Physical Laboratory , Teddingt on ,

England , Oct 1957. 
S

Reynolds Number Range: not given

Angle of Attack: 90°

Type of Device: helical strakes

An investigation was conducted to determine the effect iveness of

a three—start helical strake vortex suppression device attached to a

circular cylinder. The height of the strake was varied.

In the tests , the critical wind—speeds were found for various

values of the structural damping; observation was also made of the

maximum amplitudes attained. In addition the aerodynamic exci tation S

was measured at the win d speed f or maximum amplitude , and its variation

with amplitude was plotted. Finally , the efficacy of the device was

tested on a cantilevered tube which closely represented a full—scale

chimney stack. (Author)

There was no indication that the strake sys tem produced galloping

instability . The optimum height for a pitch of fifteen cylinder U

diameters was 0.09 cylinder diameters.

i
_
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Scruton , C. ,  “Note on a Device fo r the Suppression of the Vortex—

Excited Oscillations of Flexible Structures of Circular or Near—Circular

Section , With Specia l Re fe rence to its App lication to Tall Stacks ” , NPL

Aero No te 1012 , Nat ional  Ph ysical  Laboratory , Teddington , England, Apr
U 

1963.

Reynolds Number Range: not app licable

Angle of A ttack : 90 0

Type of Device : helical strake

Pas t experimen tal work performed at the National Physical Laboratory

utilizing helical strakes to suppress vortex induced motion is discussed.

An optimum design for welded steel stacks and columns is a three—start

system of rec tangular—sect ion  strakes of height  0.10 diameters and of

pitch about 5 diameters. The system need only be app lied to the top

third of -a flexible cantilever such as a smoke stack . It was also

noted that circular—section strakeg were not as effective in suppressing

the vortex—excitation as were the rectangular section strakes of equal

height .
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~1

Scruton , C., “On the Wind Excited Oscillations of Stacks, Towers,

and Masts ” , Proceedin gs , Wind Effec ts  on Buildings and Structures

Conf erence , National Physical Laboratory, Teddin gton , Englan d , Jun 1963.

Reynolds Number Range : not applicab le

Angle of Attack: 90° U

S 
Type of Device: shrouds, helical strakes , triangular spoilers

This paper is a discussion of the aerodynamic stability of tall,

slender s tructures.  Vortex sheddin g frequency and the l i f t  due to the

von Kafma f~ vortex street are discussed with reference to a cylinder of

circular section. Devices for the suppression of vortex excitation

discussed are shrouds as adopted by P. Price , t riangular—shaped spoilers

used by R . C. Baird and helical strakes suggested by C. Scruton and

U 
D. B. J. Walshe. Several case studies are presented to show how

instability was eliminated. Only pas t experimental work performed

at the National Physical Laboratory is presented. -
S
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Votaw , C. W., and Griffin , 0. M., “Vor tex Shedding from Smooth

Cylinders and Stranded Cab les”, Transactions of the American Society of

Mechanical Engineers , Journal of Basic Engineering, Vol. 93 , Sep 1971,

• pp. 457—460. - S

Reynolds Number Range: 240 < Re < 500

Angle of Attack: 90 0

Type of Device: none

A wind tunnel investigation was made to determine vortex shedding

frequency and region of formation for a smooth cylinder and four stranded

cables. The outer diameter of all test specimens was the same. The 
5

cable lay angle varied depending on the number of strands . The results

of the experiments indicate that there is little diffe rence in shedding

frequency for smooth and stranded cables , so long as either the helix

angle or the ratio of strand and total. diameters of the cable remain

small.

- - 
Likewise, the wake formation processes , evidenced by the vortex

formation and near wake fluctuating velocities , were no t appreciably

a f f e c ted by the different cable strandings investigated. The small

v1)r t € - :-: formation region behind the vibrating cab le indicates increased

U drag due to the transverse motion , and the increase in drag is very much : 
-

the same for both smooth and stranded cables. Therefore it is possible,

under appropriate circumstances , to use smo o th cylinder da ta to de te rmine

the parameters for flow about stranded cables . (Author)
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Walshe , D. E. J., “The Influence of Wind inclination on the

Effectiveness of Strakes in Suppressing Wind Excited Oscillations of

Cylinders of Circular Sec tion”, NPL/Aero/l007 , National Physical

Laboratory , Teddington , Eng lan d, Jan 1963.

Reynolds Number Range: 1.2 x i05 < Re < 5.8 x

Angle of Attack : 90° — 20°

Type of Device: three—s tart helical strake

Wind tunnel tests were made on a cylinder model fitted with three—

start helical strakes on a 33° pit ch wi th a strake heigh t to cylinder

diameter ratio of 0.125. A bare cylinder was also tested to provide a

comparison. The cylinders were moun ted on springs and were free to

osci lli te . The maximum amplitude allowed by the suspension was 0.38

cylinder diameters . The amplitude of oscillation of the bare cylinder

fer all angles tested reached the maximum allowed by the sys tem, but

the strakes tested were found to reduce the amplitude of the oscillations

to at most 1 .09 diame ters at all angles tested.

4
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Walshe , D. E. J., “Wind—Tunnel Investigations of the Dynamic

Behavior of Some Tall Stacks and Gas—Turbine Exhaust Towers”, NPL/Aero/

1263, National Physical Laboratory, Teddington , England, 1968.

Reynolds Number Range : l0~

An g le of Attack : 90°

Type of Devices: shroud

The modelling of chimney stacks for wind—tunnel investigations is

discussed and the results of four such investigations are summarized.

S 
It is shown that the aerodynamic exci ta t ion of multi—flue stacks with

exposed flues is dependent upon the flue spacing and that the excita-

tion can be reduced by the three—start helical strake system hitherto

used on sing le cylinders. Other tests indicate that excitation can

also be substantially reduced either by the use of a perforated shroud 
S

or by perf ora ting the upper par t of suppor ting outer cy lindrical shells.

(Author)
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Walshe , D. E. J., and Cowdrey, C. F., “The Use of Aerodynamic Stabi—

l izing Strakes on Chimney Stacks Supporting Pi pes ” , NPL/Aero/l3lO,

National Physical Laboratory , Tedding ton , England, 1970.

S 
Reynolds Number Range : Re < 3 x 10”

Angle of Attack : 90°

Type of Device: helical strakes

Aerodynamic stability tests were carried out on linear—mode models

to compare the excitation of a model representing a stack of circular

cross—s.~ction with that for a stack supporting a small—diameter pipe.

The influence of a three— s tar t helical strake sys tem on the ins tab ili ty

of the stack was examined. The strake system was p laced on only the

top one—th ird of the stack ; the pitch to diameter ratio was five, and

the st rake  hei ght  to diameter ratio was 0.10 . It was found that the

presence of the pipe increased the exci tation and tha t this exci tation 
S

was reduced , bu t no t elimina ted , by the strakes.
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Waishe , D. E., and Woo tton , L. R., “Preventing Wind—Induced

Oscillations of Struct ircs of Circular Section”, ~~~~~~~~~~ Institute

of Civil -~ng ineering, Vol. 47 , No. 9, Sep 1970, pp. 1—24 .

Rey nolds N umber Range : n ot app licable -
S

Angle of A ttack : 90°

Type of Device : helical strakes , shrouds

S 
A survey of meth — ds for preventing wind—excited oscillations of

structures of circular section ~s presen ted. It is shown that there are

three :e~in directions in which a solution may he sough t. (a) The struc—

ture ensures that the critical wind speed for the onset of instability is

higher  than the r-a;-: i num expected wind  speed;  the c r i t i ca l  wind speed is

propor t iona l  to the p roduc t  of the n a t u r a l  f requency and the diameter of

the s t r u c t u r e , and t~~ero f~~re may he increased b y an increase in one or

both p a r a m e tor s . (h)  Resoon s ol  the  st r u c t u r e  to the aerodyn a~1ii~. forces

S is~~-iin. i n i L z e d  b y ~n cr o asln~’ I h e  mass a n d/ o r  the damp ing of the s t r u c t u r e ;

:;everal types of mechan ica l  and s t r u ct ~ir .11 dampers are av~ i 1able. (c)

Sect ion shape is a 1te r -~~ by f i t t i n g  s t r ~~~es or shrouds so as to reduce the

per iodic  ae r n d - -~1 ;r1ir t o rces ;  a number of other devices are available for

direc tional flows. The criteria for vortex—excited instability and the

e f fe c t  of ae rod ynam ft spo i l e r s  on the steady wind loads and on the

dispersal  of the e f f l u e n t  fr~ m chimney stacks are discussed in the

Append i ces . (Author)

~)lmens ional sL z ing  of strakes and shrouds is presented in terms of

the diameter ef the model cylinder.
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S Wal ton , C. 0., and Merr iam, 14. 14., “Vibration and Towing Character-

istics of Surface—Suspended Hydrophone Sys tems”, Report 1558, David Tay lor

Mod el Basin , Naval Sh ip Research and Developme n t Center , Bethesda ,

Mary land , Aug 1961.

Reynolds Number Range: 2 x i03 < Re < 5.5 x 10 ”

S Angle of At tack : variab le——towed

Type of Device : s treamline plastic tubing

An experimental program was established under the Fundamental Hydro—

mechanics Program at the David Taylor Model Basin to study the cause and

effects of flow—created problems as they pertain to typical surface—

suspended h v d r o~ hone systems . The s p e c i f i c  obj 1~ctives of the program

were : to investigate the capabilities of such systems wi th re gard to

speed , depth , and steadiness of tow ; to determine how well the behavior

S of full—scale systems can be predicted for a range of operable conditions ;

and to provide info rmation which is required to accurately def ine  the

con f iguration of a given system.

This invest igation was conducted in three phases .

1. Shallow—water towing tests to determine the magnitudes and

sources of vibrations or low—frequency noise components in the acoustic

system ,

2. Open—water tests to determine the effects of cable scope

and fairing in the reduction of vibrations and to obtain information

relative t o  the towing attitude of the system , and
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- - 3. Evaluation tests at sea to determine the towing behavior
S and con f iguration of a proposed system for submarine radiated noise

measurement s .

It  was concluded tha t :

1. The vibrations of the single cables interfere with acoustic :
5

measurements in the lower end of the frequency range of interest. In

- general , bundling a number of cables , thereby increasing the effective

size of the cylinder , decreases the frequency of vibration below the

range of interest.

2. Fairing hydrophone cables reduces cable vibration , aids

in obtaining ~r~ ater operating depth and speed , and improves the

stab ility of the system. (Author)
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Weave r , W . ,  “Wind— Induced Vib rations in Antenn a Members ” , Journal

of Engineering Mechanics, American Society of Civil Engineers , Vol. 87,

No. EM1 , 1961 , pp. 141.

Reynolds Number Range: 10” < Re < 4 x l0~ 

U

Ang le o f Attack : 90°
- 

- 
Type of Device : helical tubular spoilers

1
A wind tunnel study was conducted on tubular aluminum circular

-! 
cylinders to investigate the magnitude of the fluctuating lift for

various end conditions and methods of suppressing the lift using

helical tubular spoilers. The number, size , pi tch and leng th of the

- - spoilers were varied. The cylinder diameter ranged from 1½ in. to 3 in.

Spoiler tests show that a configura tion of fo ur hel ical windings

is most effective in suppressing lift forces. A spoiler diameter of

-
- d/ l6 to d/ 8 is ne cessary for  good suppression (d is the diameter  of

- the cy linder), and a diameter of 3d/32 reduces the lift forces to a

minimum . Although the pitch of windings is an impor tan t proper ty of

the spoilers , the phenomenon is not particularly sensitive to the S

pitch . The most effective p itch in the wide range of choice (8 d to U

16 d) was determined to be 12 d. (Author) 
U
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Welsh , R. I . ,  “The Effectiveness of a Splitter Plate in Reducing

Transverse Oscillations of a Finite Circular Cylinder in Turbulen t 
S

— Flow ”, NUSC Report No. 759, Naval Underwater Systems Center , New London ,

Connecticut , Sep 1966.

Reynolds Number Range: 4.24 x l0~ < Re < 2.16 x 106

Angle of At tack : 90°

Type of Device: splitte r p la te

This investigation studied the drag and oscillating lift forces

at supercri tical Reynolds numbers on a finite length circular cylinder

with a length—to—diameter ratio of 1.5. Drag coe f f i c i en t s  we re computed

and compare d to those for infinite cy lind ero and wer e f ound to agree

-
~ 

fairly well with the results of Delaney and Sorensen. A splitter p la te

w i t h  a chord length equal  to on e cy l i n d e r  d iamete r  was placed in three

posittons behind the cy linder , and drag and lift forces were measured to

determine the best plate position for reducing drag and suppressin g

w ak e — i n d u c e d  t ransverse  osci l la t ions.

The result s  of this study indicate that a splitter plate attached —

very close to the downstre am side of a finite cyl inder is mos t effec—

tive in reduc ing both  drag coe f f i c i ent and t ransverse osci l la t ion.

(A u t h o r )
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Woodgate , L. , and Maybrey, J. F. 14., “Further Experiments on the

Use of Helical Strakes for Avoiding Wind—Excited Oscillations of

Structures of Circular or Near Circular Section ” , NPL/Aero/38l , National

Physical Laboratory, Teddington , Englan d , Jun 1959 .

Reynolds Number Range : not given

Angle of Attack : 90 °

Type of Device : helical strakes

The utilization of helical st rakes as vibration supp ression devices

was studied uti lizing an aluminum cy linder placed in a wind tunnel .

The height, pitch and number of strakes was varied. Comparison of the

strakes was made using a non—dimensional damp ing coefficient .  The

S ¶ optimum configuration consisted of a three—strake system with a pitch

of about 5 diameters and a height  to diameter ratio of 0 .09 . A

reverse helix arrangement was not used , and interruption of the strake 
S

did not produce optimum suppression .

F
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Zdravkovich , M. M ., “Circular Cylinders Enclosed in Various Shrouds ” ,

Paper 7l—V ibr—28 , American Society of Me chanical Engineers , Nay 1971.

Reynolds Number Range : 5 x l0~ ~ Re < 1.5 x

Angle of Attack : 90°

Type of Device: shroud

The e f f ec t  of enclosing a p lain cir cular cy linder within a concentric

-
. 

shroud was studied .

The present work examines a new geometry of the shroud , one made of

cy lindrical rods p ara llel to the cy linder- axis held in spacers f ixed

around the cylinder. The author has investigated the e f f e c t s of vary ing

S (a) porosity, (b) shroud to cylinder diameter rat io , and (c) circumfe r-

ential  var iation of porosity on the vibrational characteristics and has

measu red the e f f e c t s  on the mean pressure distr ibution around the cylinder

and shrouds .

An interest ing feature is the correlation between the me an pressure

[ distribution aroun d the rear side of the cy linder and the supp ressing

effectiveness of the part icular  shroud. A constan t pressure distribution

behind the cylinder means that the shroud will  be ineffective , and a

p arabolic one indicates the effect of a good shroud. (Author)

An examination of the e f fec t  of the shroud on the drag force was

not made .
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