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flow. The transverse force has been decomposed into two components and the
appropriale force coefficienls have been delermined experimentally through
the use of a Fourier-averaging techinique. The resulls were then incor-
porated into the equalion of motion to predicl Lhe dynamic response of
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in good agreement wilh those obtained experimentally.

The resulls of the discrete-vorlex model of the separated fFlow Field
about an oscillaling cylinder will be described in a separate reporl
enlitled: "Transverse Oscillalions of a Circular Cylinder in Uniform Flow-
rart-11."
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NOMENCLATURE

Anplitude ofAfransverse oscillations

Mass ratio, (see Eq. 11-a))

Drag coefficient, see Eq. (1)

Another drag coefficient, see Eqs. (2) and (1)
Mother drag coefficient, see Eqs. (6) and (7)
Steady-Flow drayg coefficient

Mean in-line drag coefficient

Lift coefficient

An inertia coefficient, see Eq. (1)

An inertia coefficient, See Eqs. (2) and (5H)

An inertia coefficient, see Eqs. (6) and (8)
Cylinder diameter

A frequency

Cylinder oscillation frequency

Natural frequency of an elastically-mounted cylinder
Vortex shedding frequency for a cylinder al rest
Lenglh of the test cylinder

Mass of the oscillating cylinder

Reynolds number

Strouhal number

Response parameter, material damping ratio/mass ratio
Time

Period of transverse oscillations

Velocity

Velocity
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Maximum velocity in a cycle
Velocity of the ambient flow
Reduced velocity, VI/D

Displacement

x/D

x/A : '
Material damping ralio unless otherwise statled
Kinematic viscosily of fluid

Density of fluid

Density of Lthe cylinder, (apparent densily)
Fluid densily/apparent structural densily
Circular frequency

fS/f", Strouhal frequency/natural Ffrequency

fc/f", Cylinder oscillation frequency/natural frequency
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1. IHTRODUCTEON

A.  GENERAL REMARKS

The linear or nonlinear transient or stleady-state response of a body
lo forces acting on it has long been a source of inleresting and practi-
cally applicab}e research. In fluid flow, the problem arises from the
fundamentally ﬁnstable nalure of Lhe shear layers and the feed-hack
from the wake Lo the shear layers. The resullting vorlex motion gives
rise, in addition to a mean drag force, to a significant fluctualing
transverse ferce provided that part of the body contour lies in the
region of the transverse pressure gradient, i.e., downstream of the
separation poinls. ELvidenlly, the shape c¢f Lhe aflterbody and the pressure
gradient are relaied and‘au aflerbody wirich prevenls Lhe nonlinear inler-
action between Lhe two shear layers may eliminate the transverse pressure
gradient without prevenling the symmelric vortex formation.

Cxperiments have shown thal elaslic bodies or elastically-mounted
rigid bodies with a suitable afterbody subjecled to steady or time-
dependent flow can develop self-exciled oscillations with Timit-cycle
behavior and Lhal energy may be Lransferrved from the fluid Lo the hody
vhen the vortex-shedding frequency brackels the nalural frequency of
oscillation of the body. Thus, not only the shape of Lhe hody but also
its material characleristics (e.g., density, elaslicily, internal
friction, tension, type of mounling, swr-face condilion, yaw angle,
proximity of other bodies or free surface, elc.) play significant roles
in Lthe overall mechanism. Some of these variables controls the spanwvise
coherence of Lhe vortices and hence Lhe integrated lransverse force along

the body; some controls the natural frequency of the body and Lhe mode
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of its vibration; and sume changes llie internal damping of the body and
the work done by its survoundings. Evidently, means may be discovered
through painstakingly-difficull experiments Lo reduce or destroy the
spanwise coherence so as Lo minimize Lhe exciling force, to increase the
internal damping so as to minimize the net energy transfer, or Lo increase
Lthe natural freqdency (stiffening of the body or of its supports) so
thal Lthe vorlex-shedding frequencies are well below er above the natural
frequency of the body. In doing so, however, Lhe ubjective is nol only
Lhe reduction or eliminalion of the hydroelaslic oscillations butl also
the minimizalion of an in-line dray-force parameler such as (liA/U)Cd.
In olher words, the penally for the reduced transverse oscillations
should not be a large in-lTine drag force.

The vhenomenon is relalively more complex since one is conéerned
nol only with the oscillalions of the body and Lhe in-line and Lransverse
forces acling on }t but also with fatigue and Lhe sound generated by the
oscillations and vortices. [Ilurthermore, in affecling the natural frequency
of the body by additional tension or mass, Lhe question is not merely the
determinalion of the separation needed belween the vortex-shedding and
nhatural frequencies but also of the range over which the exciting mechanism
can lock onto thevfrequency of Lhe body. '

The material damping which is often combined or confused with fluid
damping, cannot be increased Lo desired levels wilhout severe penalties.
As to the efforts to change Lhe body shape, it is obvious that a circular
cross-section is most desirable partly because of ease of its
construclion and.partly because of the fact that often the flow is
omnidirectional as well as Lime-dependenl. IL is for Lhe reasons ciled

above that the reduction of lhe inlegraled Lransverse force by a reduction
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of the spanwise coherence (increasing the force-cancelling effects of
phase shifts which may be brought about by three-dimensional effects)

by means of helical strakes. eccenlric rings, uneven roughness, and
various Llypes of fairings has been lhe primary method of vibration
suppression. It should be noted that such devices are often referred Lo
as Lhe "vortex suppression” devices even though lLhey do not actually
suppress Lhe vortex sheddiny. They merely reduce Lhe integrated 1ift
force Lhrough phase shifts.

It is evident from the foregoing remarks thal there are substantial
gaps in Lhe understanding of the fundamenlal mechanisws at work in the
forcing of a body by Lhe forces acling on its afterbody and in the
prediction of the lock-in range in which resonanl and pseudo-resonant
oscillalions occur. It is also evidenl that Lthe control or prevention
of the oscillations requires first of all the prediction of whether such
oscillations will al all occwr and if so for what range of tae controlling
paranclers.

In view of the foregoiny considerations, the present research program
vas undertaken wilh two main objeclives: (a) Lo determine the in-phase and
out-of-phase components of the time-dependent force acting on a rigid
circular cylinder-undergoing forced transverse oscillations in'a uniform
stream and lo predict Uwough the use of Lhese farce components Lhe
dynamic response of an elastically mounted cylinder for which the material
damping coefficient and the ‘mass parameler' are knowm; and (b) to predict
tirough the use of the discrete vortex model the kinematic and dynamic
characleristlics of the fluid motion about a circular cylinder undergoing
harmonic oscillations. The second objective will, hopefully, help lo

synthesize the information gathered during the past decade from specific
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practical vibratidn problems and from highly idealized experimental and
theoretical investigations.

This report does not deal wilh vibration suppression methods, the
effect of time-dependence and shear of the ambient flow, galloping motion,
the effect of yaw, coupled in-line and transverse oscillations of flexible
cylinders or cables, the proximily effect of other tubes or bodies, elc.
Furthermore, no atlempt has been made to offer a chronological survey or
a state-of-the art appraisal of the flow induced oscillations. Only those
viorks vihich have a direcl bearing on the evalualion and/or discussion of

the present resulls are reviewed in some delail wvherever appropriatle.

B.  SELF-EXCITED OSCILLATIONS

The nel result of allernale vortex shedding is an oscillating side
thrust, upon a cylinder of suitable form, in a direction away from the
last vorlex. This side Llnust or 1ift force exisls practically at all
Reynolds numbers regardless of whether the body is allowed to respond
dynanically or not. For a body held al rest, Lhere is a finely-tuned,
relalively delicale, interaction and balance helween various features of
Lthe flow. Upstream boundary layers generate Lhe vorticity which feeds
the vortices. Downstream boundary layers, interaction between.the
oppositely-signed shed vortices, and turbulence conlrol the dissipation
mechanism, the amount of vorticity each vortex rveceives or retains, Lhe
mobility of the separation poinls, Lhe average vortex shedding frequency,
etc. The fact that the various components of such a flow is delicately
interrelated and susceptfble to inlerference has been amply demonstrated.
The appreciation of the fact that the alternate vortex shedding is a
consequence of flow instabilily, or of the breakdown of the cause and

12




effect symmetry, is particularly important in underslandiné as to why
the vortex-induced oscillation is not a simple cause-and-effect phenomenon.
From a fundamental point of view Lhe question is the understanding of
both Lhe modification of the steady flow mechanisms and the interdependence
betvieen the resuliing tine-dependent force Lhat causes the body Lo oscillate
and the oscillgtiOn. From a practical point of view the question is how
to prevent the body from Laking conlrol of vortex shedding.

Numerous experiments have showm that (e.g., Blevins 1977) when
the vortex shedding frequency brackels the naltural frequency of a body wilh
a suitable afterbody, the body takes conlrol of the shedding in apparent
violalion of Lhe Strouhal relationship. Furthermore, the spanwise
correlation of the wake, the vorlex slrenglh, and Lhe drag force increase.
The base pressure, wake widlh, vortex-shedding frequency may iuc}ease or
decrease as one approaches Lhe synchronization region. These are merely
some of Lhe simply-observable or measurable flow fealures which in reality
reflecl the changes in the fine-grain flow structure due to the complicated
interaction betweén the oscillator and Lhe oscillated. Thus, il may be
said that Lhe lock-in phenomenon over a range of velocities owes its
cccurrence Lo the precarious nature of the base flow. The nore, precarious
the basic flow feﬁlures are about the body, the more susceptibfe is Lhe
body to synchronoﬁs oscillalions in a wider velocily range. In other
vords, a body's ability to aller the flow fealures through its oscillations
or simply to amplify the lift force is a measwre of its ability to
hydrodynamic response. It is nol reasonable Lo Lhink that the flow
characteristics about an oscillating body would be the same as those about
a body at rest. Should this have been the case, there would have been

resonance at one particular velocily of flow only, namely, when the Strouhal
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frequency is equa{ to the natural frequency of the body.

The interplay between the different physical quantities involved in
the phenomenon can be adequately established and a deeper insight could
be gained into the physics of the flow only through an analytical model.
To a degree, the difficulties in devising a model stem from an inadequate
knowledge of the precise mechanism of flow separalion and its consequences
in steady flow past a stationary body. To be sure, analytical models in
vhich the equations of motion are conditioned in a manner analogous with
experimental techniques, such as conditioned sampling, for instance,
could also assist in exposing the details of the physical phenomena. On
the other hand, models conltrived Lo suit the available experimental dala
give only an illusion of understanding of the physics of the flow and
become at best an'interpo]ation between various experimental results.

So far, it has nol been possible Lo calculale, by appropriate viscous
or inviscid wodeling, the develomment of coiled-up vortex sheels springing
from two- or three-dimensional separation lines on a body of general shape.
Thus, isolating a small number of flow features either to describe Lhe wake
development about a stationary body or the differences between Lhe charac-
teristics of stationary and oscillating body so as lo arrive at,a
Lheoretical unification of the existing observations and measurtments may
be an 11lusive search. llowever, the end resull may be less important than
the practical understanding that the effort has brouyht. In the main,

il seems that Lhe compulation of the characteristics of the near wake
region and the interaction of that region wilh an oscillaling body will
continue Lo remain essentially empirical and the success of numerical
schemes will be sensitive Lo the choice of independent parameters. It
appears that heavy reliance on experimental investigations of vortex-

induced oscillations and the evolutich of essentially empirical models
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to bridye between sets of experimental resulls will dominate the problem

of fluid-structure interaction for a long time Lo come.

] C.  DISCUSSION OF RELEVAHT PUYSICAL PARAMETERS

Flow about an oscillating body necessarily concerns such parameters
as the Strouhal nﬁmber, damping coefficient, natural frequency, added mass,
etc. These paramélers are variously interpreted, evaluated, or assumed
by various workers. hus; it is necessary Lhat Lhey be discussed here
briefly so that the reader can assess the validily of somé of the

assumptions made in their use in various analylical models.

a. Strouhal Number
The separation proceés is a time-dependent phenomenon with alternate
shedding vortices creating a Lransverse pressure gradient. Unsteady
hydirodynamic loads'arising from this pressure gradient acting oun the
afterbody can excile dynamic structural response as noted earlier. Body
natural frequencies near the exciting frequency raise the spector of load
and response enhancement. Thus, the spectral content of the forcing
. funclions are important to dynamic structural response analysis. If the

shedding process is periodic or quasi-periodic, a siwmple charagteristic

Strouhal number S$°= f:D/U is defined where f; is the shedding frequency
when the cylinder is at rest. The shedding process may be random
(broadband) over a portion of the Reynolds number range for which a
statistical response analysis is required based on Lhe spectral content.
Aiso required is 5 measure of the correlation length along the cylinder.
If the correlation lengths are long compared Lo the cylinder diameter,
sectional analyses are valid, and the loads acl in concert along Lhe

cylinder. If short correlalion lengths are present, Lhe structural




analysis must be three-dimensional, and the tolal load on the bLody is
reduced. Evidently, the characlerization of the vortex shedding process

by a simple frequency is a praclical simplification. Power spectral
densily analyses df uns leady cylinder loads reveals Lhat in certain
Reynolds number regimes Lhe shedding process is periodic and can be
characterized by a single frequency. At subcritical Reynolds numbers,

Lhe energy containing frequencies are confined to a narrow band, and lhe
Strouhal number is about 0.2 for smooth cylinders. 1t must, however, be
emphasized that only an averaye Strouhal number may be defined for Reynolds
numbers larger than about 20,000. In the crilical Reynolds nunber regime,
a broad band power speclral densily is usually observed. At higher
Reynolds numbers, the Strouhal frequency rises to about 0.3 and ghe
shedding process is quasi-periodic. The spectral content of the exciting
forces is particularly important for bodies which wmay undergo in-line and/or
Lransverse oscillétions since the vortex shedding frequency locks onto the
frequency of the transverse oscillations of the cylinder.

Various attempts have heen made lo devise a universal Strouhal number
vihich would remain constant for differently shaped two- or three-dimensional
body shapes (e.g., Simmons 1977). Unfortunately, these definitions suffer
from the obvious drawback that their definition requires the soaution of
the wake formation problem first, or Lhe measurement of one or more flow
characteristics. Thus; their importance Yies not so much in their ability
to predict but rather to uncover the intricate relationship between, say,
the flow velocity, vortex shedding frequency, wake width, base pressure,
the streamvise distance from separalion edges to Lhe point of minimum
base pressure, or the dislance apart of the peaks of the r.m.s. value of

Lhe velocity across the wake, etc. 1t appears Lhat isolating a small
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number of simple scales Lo describe Lhe wake development may not be
possible.

As noted earlier, the Strouhal number appears Lo be a function of
the Reynolds number. The Ffacl that inviscid flow models such as the
discrete vortex analysis predict the Strouhal number almost exaclly
in conformity:with the exveriments in the subcritical Reynolds number
range is rather surprising.

The constlancy of the Strouhal number over a broad range of Reynolds
numbers does not imply thalt the base pressure remains constant and that
a single vortex emanates from a separalion line each time a vortex is shed.
In reality, there is not only a phase shiflL belween various sections of
the vortex, separated by a correlation length, but also variations in both
the intensity and the frequency of Lhe vortex segments. The varialion
of the base pressure wilh Reynolds number in Lhe range where the Strouhal
number remains constant may be relaled to the variation of the correlation
length with the Reynolds number. The net effect of the spanwise variations
of the vortex tube is that the lift coefficienl oblained from a pressure
integration is nol necessarily identical with that obtained from the direct
total force measurements. Partial spamvise correlation leads to variations

'

in both the frequency and Lhe amplitude of the l1ift force, the variation
of the latter being more pronounced than that of the former. The reasons
for Lhese variations and the lack of total spamwise correlation are not
quite clear. The end effects, wall-boundary layers, freestream turbulence,
non-uniformity of.the velocily distribulion are mentioned quite often as
possible reasons. It is.possible that the flow along the cylinder is
Just as unstable as il is cross to it. The instability of the shear layers

lo a band of frequencies and Lhe amplification of the disturbances in
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response Lo various frequencies alonyg the cylinder could léad to a three
dimensional flow. This, in turn, may yive rise Lo a complicated interaction
between the near Qake and the mobile separation point on a circular cylinder.
It would, however, be wrong Lo assume Lhat the mobility of the separation
points is primarily responsible for the imperfeclt spanwise cohierence. Even
bodies such as, 90 degree wedyes, square cylinders, elc., with fixed
separation lines {assuming no reattaclment) do not exhibit perfect correlation.
To be sure, the v%riation of the base-pressure coefficient for bodies with
mobile separation lines is greater Lhan that for bodies with fixed separation
poinls (Roshko 1970).

Suffice iL to note Lhat there is a lack of coherence in the data for
the 1ift coefficient for a cylinder al reslL bhecause of the various reasons
discussed above. The recoynition of Lhe flow instabilities and Lhe three-
dimensional uaturé of the base flow give a greater appreciation of the
difficullies encountered in assessing Lhe influence of the dynamic response

of the body on the enlire flow structure and in devising suitable models.

b. Damping Coefficient

It is a well-known fact Lhat all systems dissipate energy through
various mechanisms. The abilily of Lhe system Lo do so is calléd damping.
Its rate depends on the internal friction of the material, the support
conditions, and the surrounding medium. The effect of the internal or
external fluid medium May be to increase the apparent mass, fluid friction,
flow separation, fluid sloshing, or a combination thereof. From a
practlical poiﬁt of view, it is simpler and often more desirable to
determine the overall damping of a structure in the fluid medium in which
it may be subjected to hydroelastic oscillations. This, however, may cause

several mathematical and conceptual difficulties. Firstly, the part of
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the damping which is attributed to the surrounding fluid is also part

of the driving or resisting force, depending on the relative directions

of the fluid forée and the body velocity. Thus the inclusion in the
damping term of a constant damping coefficient viould be wrong since the
fluid-induced damping is nol and cannot be constant. On the olher hand,
the partition:of the effect of the fluid motion partly as fluid damping
and partly as driving-or resisting force would make the matters worse

or hopelessly complex. The inclusion of the entire effect of the fluid
motion in the damping term would require the assumption of a highly
nonlinear damping coefficient. This, in turn, would give rise to
additional assumptiuns and perhaps Lo unexplainable conclusions. In
spite of these arquuenls, it has often been assumed that the damping
coefficient (and:the natural frequency) may be determined by phicking
excilation of the cylinder in the fluid medium. Oscillations created

in this manner are of small amplitude and often free from vortex shedding,
if not from flow separation. For A/D smaller Lhan about unity, Lhe
effect of Lhe fluid motion is Lo increase Lhe linear friction force and
the mass of the body by the added mass (not necessarily the displaced mass),
(Sarpkaya 1976). On this basis, il is often assumed that frictlional
effects of the fluid wotion may be included in the overall danlping
coefficient and Lhe added mass effecls may be accounted for by properly
decreasing the natural frequency. UWhen a body, for example a cylinder,

is subjecled to transverse oscillations in a steady flow, the fluid faorces
resulting from vortex shedding (essentially fnrm dray) are taken as the
effective driving fluid force. The apparent success of this procedure
owes its successvto the relatively small amplilude oscillations observed

and partly to the difficulty of determining the total force.




The use of a similar procedure for the added wass causes even move
difficult problems as will be discussed later. There is no reason in
the laws of flu{d dynamics that the added mass, or the drifted mass,
should be the same for a body oscillaling, al its natural frequency,
in a fluid otherwise at rest with that osciltlating in a fluid in motioun.
It is of course recognized Lhat it is ralther difficult Lo determine the
material damping of a hody in vacuum and the added mass as a function of

time in a time-dependenl flow.

c. Hatural Frequency and Added HNass

Hatural frequency is perhaps the mosl important parameter related
Lo the dynamic response of a system since Lhe synchronization takes place
al or near to it. The determination of the naltural frequency of a body
in air (say by plucking excitation) is quile correct since the added mass
due Lo the displaced mass of air is much smaller than the mass of the
body. In water, however, Lhe added mass may be quite large and Lhe
apparent natural frequency may be significantly lower. The justificalion
for the use of a nalural frequency measured by plucking excitation in a
fluid olherwise at restl is necessarily based on lhe assumption that the
added mass is approximalely equal to its inviscid Flow value (not the mass

'

of the fluid displaced by the body!) regardless of mode shape, vibralion
amplitude, or presence of vortex shedding. Strictly speaking, what is
added to Lhe mass of the body is not the "wass of fluid displaced by the
body" bul rather the added mass obtained by classical potential flow
melthods for the particular direction of the molion of the body. For
example, Lhe displaced mass of a thin rectangular plate is practically
zero. Its added mass may be equal Lo Lhe added mass of the cylinder

accepting the plate as ils diameter or to zero depending on whether the
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. of the.fluid

plate is oscillating normal or parallel lo ils surface. It is also
important to note that the added-mass and the added-mass moment of inertia
coefficient depend, in addition to the direclion and type of molion, on
the proximity of other bodies and the free surface.

The acéepténce of the assumption that the added mass does not
depend on the mode of vibration, vibration amp]itude.lor presence of
vortex shedding may lead to unexplainable predictions.' The added mass
coefficient obtained by plucking excilation of a cylinder in a fluid
olherwisé at rest does not prove Lhat it remains constant for all Llypes
of fluid motion; It rather proves that the added mass calculated from
potential flow Lheory is essenlially correct for the conditions approximating
the potential flow. .

Added mass is one of the ]éast understood and most confused charac-
terislic of time-dependent flows. Several faclts need to be made clear.
Firstly, added mass exists regardless of whelher the fluid and/or the
body are accelerating or not. It is a drift of mass resulting from the
"elastica shaped" path of the fluid particles during the motion of the
fluid about the body (Darwin 1953). This mass, like all masses, reveal§
its existence only when it is subjected to an acce]eration; Thus, the
inertial force required to accelerate the fluid about a body at rest is
a sum of thé forée required to accelerate the added mass and the force
acting on the displaced mass of the body due to the pfesspre gradient

causing the flujd to accelerate. The inertial force required to accelerate

a body in a‘fluid otherwise at rest is a sum of the force required to

- accelerate the mass of the body and the force to accelerate the added mass.

Secondly, added mass depends on the type of motion of the body or
?about the body; proximity of other bodies, free-surface, etc.,
v ;'j{l". N ) ' :
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and time. It is not always possible, nor advisable, to determine Lhe
instantaneous value of Lhe added mass. For example, for a periodic
flow characterized by u = Umsin 2xt/7, Lhe added mass coefficient
cannot be properly defined al certain Limes.
Thirdly; the added mass coefficient (or its time averaged value
over a suitable time interval) depends on the vortex shedding. For a
cylinder undergoing harmonic oscillations with a relative amplitude of
A/l nearly equal to unily in a fluid oltherwise al rest, there is no
vortex spedding and the added mass coefficienl is equal to its classical
value of unity. For larger values of A/D vwhere there is vortex shedding,
Lhe added mass coefficient may even be negalive (sarpkaya 1976).
Consequently, it is wrong to equate the two flow siluations where in one
case the cylinder oscillates wilh amplitudes of A/D smaller than‘unity
in a fluid otherwise at rest and the other case where Fhe cylinder
oscillates at similar amplitudes in a Lransverse direction in steady
flow. The former does not involve vartex shedding whe?eas the latter
is accompanied by complex separation and vortex-shedding phenomena
even though the amplilude of oscillations is no greater. The empirical
models arrived at by ignoring these well established facts require
variable empirical constants to simulate the particular set of data and,
as noted before; become at best an interpolalion between varidus sets of
data. - : i .4
Suffice it to nole that the modeling of the separated flow about an
oscillating body requires first of all the elucidation of the correct
physics and.the separation of the fluid forces acting on the body from
such quantities as ihe actual mass, material damping, ;nd the spring

constant of the body. The empirical models (i.e., van der ﬁol oscillator

1}
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model or its improved versions, wake-oscillator models based on a hidden
flow variable and the integral-momentum equation, etc.) are highly
conditioned by the available experimental data. Thus, their power of
prediction is not only uncertain but also limited to the range of the
experimental data used in their evolution. 1[It is a]so.unforlunate that

the empirical models obscure the physics of the flow and make it iwmpossible
to establish a meaningful relationship between certain observed or measured
features pf the near wake (e.q., narrowing or widening of the wake, the
increase or decrease of the wake establishment region, the increase or
decrease of the strength of the shed vortlices, elc.). As staled earlier,
however, Lhe oscillation of a body in a fluid in wotion is a further
complication added onto an already complex and relatively unstable flow
situation. Thus; it does not appear Lhat there will ever be an exacl
solution or a comprehensive model capable of predicting the observed
characteristics of the phenomenon. After all, those who have concentrated
on semi-empirfcal models may have been Lhe wiser in recbgnizing the need

to get to the designer before the understanding of the problem arrives.




11, EXPERIMENTAL EQUIPMENT AND PROCEDURES

The experiments were performed in two separale water tunnels.
The first one was a recirculating water tunnel with a capacity of
approximately 500 gallons. The galvanized test section, four inches
wide, eight inches high and 16 inches lony, was closed on top with a
removable plexiglass plate to eliminate the free surface effects. A
small space adjacent to the side walls was provided to.allow the passage
of thin jeaf arms connecting the cylinder, in Lhe test seétion, to Lhe
driving hardware above the Lesi section. A low RPM, high capacily,
14-inch-diameter discharge centrifugal pump was used to civculate the

fluid through the test section. The velocity of Lhe fluid was regulated

by a butterfly valve arrangement si(uated downs Lream of the test seclion.

Velocilies of 0.72 Lo 1.55 feet-per-second were obtained by adjusling
the vanes of the butterfly valve.

The'periodic motion was obtained by use of a small ,variable speed,
electric motor and flywheel and pivol assembly. The amplitude A of the
vertical periodic molion was set by adjusting the radial position of the
bearing attached to the flywheel. For these experiments the amplitudes
_ranged from 0.25 to 0.84 inches. The frequency of oscillation was
regulated by adjustment of the variable speed motor. The system was
designed aﬁd cbnstructed Lo produce essentially sinuso?da] oscillation,
free of secbﬁdary oscillations.

The test specimens used were 0.7 inches and 1.0 inch in diameter
and conslruct;d from aluminum tubing. The cylinder vias held in the test
section by‘é“;hke assembly coﬁnected to the pivot arm by a verticallyj
constrainedf;ad.‘ The action of the pivot arm caused tﬁe cylinder to
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oscillate.vertically in the Ltest seclion, transverse to the flow. The
aluminum yoke assembly was inslrumented with strain gages and acceleromelers
to monilor ihe forces and the acceleration fell by the cylinder.

The mean velocity of Lhe fluid was deltermined by use of a pitot tube
and a hot-film probe installed in the test section upstream of the test
cylinder. The velocity was continuously monitored using one channel of
a two channel recorder during the experiment.

The frequency and period of oscillation was determined by use of an
acceleroheter mounted on the yoke assembly. The signal was processed
through ; filter to remove high frequency, low amplitude, vibrations and
vas recorded on one channel of a two-channel recorder. The second channel
of the recorder was used to record the forces acling on the cylinder.

The instantaneous forces wvere sensed by four piezoelectric strain gages
mounted on a canlilever-beam type arradgement, formingjthe top of the
yoke assembly. The yoke was instrumented so as to measdre both in-line
and transverse forces. Figures 1 through 3 show the test section of the
tunnel and the cylinder-yoke assembly.

System checkout and sensdr calibration preceded the experimental runs.
Several test runs were made to verify the proper operatioh of Lhe test
system, sensors, processing and recording equipment, and to establish the
test run procedures to be used. It was verified that the mechanical
. system produced the required periodicity of oscillation for frequencies
- below about four cycles per second and amplitudes of about one inch.

It was verified that the sensors and processing equipment had adequate
sensitiv1ty,and phase reproduction to allow measurement of the required

PTARRUN )

physical pérameters:
P CRY

The flrst set of experlments had as its obJective. the measurement
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- of the meaﬁ fluid-induced force on the cylinder, in the direction of
the stream fioﬁ. (in-line force) for various frequencies and amplitudes
of cylinder oécillation transverse to the flow. It was vgrified by
experiment that there was no in-line component of inertial force.

The physical recording of the in-line force was accomplished with
a lloneywell recorder. Pitot differential pressure waé recorded simul-
taneously Lo verify the magnitude and conslancy of fluid velocily during
the runs. Accelerometer output was recorded on the two channel recorder
to provigle data on oscillalion period and phase angle.

Subsequently, the mean in-line force, the flow velocity, the oscil-
Tation period and amplitude, and Lhe cylinder diamneter were recarded
from the charts. A mean drag coefficient Ehi was calculated from this
data for correlation with the frequency parameler D/VT and the normalized
amplitude A/D for the range of Reynolds numbers under consideration.

The second set of experiments had as an objective the measurement of
the timg-dependent forces in the divection of cylinder motion, i.e.,
transverse to the direction of flow. Since, in this case, there was an
inertial force in the direction of interest, it was necessary to adjust
the experimental procedure in order to idenlify Lhe instantaneous value
of the inertial force. Separation of the inertial foéce from the total
force was reqdired to evaluale the resistive force produced by the fluid
alone.

The total force was recorded simultaneously with thé acceleration.
The water level in the tunnel was alternately raised and lowered for each
run in ofder to allow the recording of the total "wet" force and the

inertial "dry" force at a common amplitude and frequency of oscillation.

The acceleration trace provided the reference for the time correlation of
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the wet and dfy forqe data. Because of the necessity to properly
correlate wet and dry phase informalion, exlreme care Qas taken in
verifying thé zeros for the acceleralion and force recordings.

From force traces similar to Fig. 4, the Lransverse force was
read and recorded from both the wel and dry run curves. Starting from
the zero acceleration time (illustrated on Fig. 4) the wet and dry
forces were recofded each 0.0]1 second, for at least three complete cycles.
This data was then punched on 1BM cards for evaluation.

]
The, second test apparatus consisted of a recirculating waler chamnel.

The test section, 12 inches wide, 18 inches high and 36 inches long, was
ciosed on top with a removable plexiglass plate to elihinate the free
surface effects. Furthermore, two thin plexiglass p]étes (10 inches long,
8 fnches high, and 1/16 inches thick) were mounted on the walls of the
test section, each at a distance of 0.8 inches away from the wall. The
cylinder axis, at its mean position, was al Lhe centef of the plate. The
test cylinder was placed between Lhese two plates. The gap between the
plate and the cylinder end was 1/32 inches. The purpose of the two plates
was to eliminate the effect of the wall boundary layers.

The drive system used in connection wilh the recirculating tunnel
was transferred to the waler channel and Lhe test cylinder was connected
to it by two thin leaf arms. The velocity of Lhe fluid at the test section
was regulated by adjusling the speed of the variable speed pump.
Extensive velocity surveys with a hot-film anemometer were made to
determine the velocity and turbulence distributions. The velocity was
found to be uniform in both the vertical and horizontal directions within
2% of the mean velocity. The lurbulence level was about 0.3% for a mean

velocity of 1.5 feet per second.
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As before, a beam-Llype accelerometer was mounted on the rigid arm
connecling tﬁe twodriving arms. The acceleration signal was electronically
subtracted from the total force signal by means of a differencing unit.

The mass of the accelerometer beam and the sensitivity of the signal
amplifier were adjusted so as to oblain zero net signal when the cylinder
assembly was oscillated in air at desired amplitudes and frequencies.

The natural freqﬁency of the accelerometer was about 80 times larger Lhan
the largest vortex shedding frequency.. The accelerometer had a logarithmic
damping ;oefficient of £ = 0.008. Thus, it has correctly detected the
inertial force acting on Lhe system without any amplification. )

Dynamic calibration tests were made by attaching known masses Lo the
cylinder and oscillating them at kpnown Fixed amplitudes and frequencies.

It was found thaf the magnification factor of the force transducer-
amplifier-recordeyr system was nearly unity, and the nﬁtura\ frequency

of the entire oscillating system was 45 lz in air and 40 llz in water.
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ITI.  DATA ANALYSIS

The numerical calculations as well as measurements in time-dependent
flow yield the résu]tant force as a function of time fbr a given set of
numerical values of the independent parameters. Thus, it is not possible
without a suitable hypothesis, Lo express Lhe force both as a function of
time and remaining independent parameters as one ordinarily would in a
closed form:solution. Such a working hypothesis is particularly
necessaﬁ& for the cable slrumming problem since Lhe resulls are Lo be
incorporated into the dynamics of the cylinder motion in the form of a
forcing function. It should be stated at the oulset that there is, at
present, no generally accepled hypolthesis to decompose Lhe time dependent
force into suitable components.

Stokes, in a remarkable paper on the motion of péndulums, shovied
that the expression for Lhe force on a sphere oscillating in an unlimited
viscous fluid c&nsists of two terms, one involving the acceleration of
the sphere and the other Lhé velocity. This analysis shows that the
inertia coefficient is modified because of viscosity and is augmented
over Lhe theoretical value valid for irrotational flo&. The drag
coefficient associated wilh Lhe velocily is modified because of accele-
ration, and ifs‘value is greater than it would be if the sphere were
mov ing withbconstant velocity. In general, the force'exnerienced by a
' 'bluff body at a given time depends on the entire history of its accele-
ration as well as the instantaneous velocity and acceleration. Thus,
the drag coeff%ciént in unsteady flow is not equal to that at the same
instantaneous velocity in steady flow. MNeither is the ineftia coeffi-
cient equai:fb that found for unseparalted potential flow. As yet, a

theoretical solution of the problem for separated flow is difficult and
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much of the desired information must be oblained both experimentally and
numerically, for example, through the use of Lhe discrele vortex model.
In this respect, the experimental studies of Morison and his co-workers
(1950) on the forces on piles due Lo Lhe aclion of progressive waves
have shed considerable light on Lhe problem. The forcés are divided
into two parts, one due to the drag, as in the case of flow of constant
velocity, and thé other due to Lhe acceleratlion of the f*. id. The
concept qecessitates the introduction of a drag coefficient Cd and an
inertia coefficient Cm in the expression for force. In particular if F

is the force per unit lenglh experienced by the cylinder, then

.

F = 0.5 Cypb]UJU + C, wpD’/4 . dU/dt (1)

where U and dU/dt represent respectively the undisturbed velocity and the
acceleration of the fluid.

On the basis of irrotational flow around the cylinder, Cou should be

|
equal to 2 (cyliﬁder at rest, the fluid accelerating ; otherwise Cm = Ca = 1),
and one may suppose that the value of Cq should be ideﬁtica] with that
applicable to a constanl velocity. llowever, numerous experiments show

that this is not the case and that C, and Co show cons%derable variations
from those just cited above. Even though no one has suggested a better
a]ternatiﬁe, theluse of the Morison's equalion gave rise to a great deal

of discussion on:what values of the two coefficients should be used.
Furthermore, the importance of the viscosily effect has remained in doubt
since the’ experimental evidence published over the said period has been
quite inconclusive.

The most systematic evaluation of the Fourier-averaged drag and

“inertia coefficients has been made by Keulegan and Carpenter (1958)

30




through measurements on submerged horizontal cyllndersiand plates in the
node of a standing wave, applying theoretically derived values of velo-
cities and accelerations. Exlensive measurements by Sarpkaya (1976)
have shown that the drag, 1ift, and inertia coefficients depend on both
the Reynolds number and the Keulegan-Carpenler number (q"T/D) and that
Morison's equation predicts remarkably well Lhe measured force provided
that the kinematics of Lhe flow field is known accuralely.

It 15 on the basis of Lhe foregoing that the Lransverse force
acting on a circular cylinder undergoing harmonic oscillations in the

transverse direction to a uniform flow is expressed in Lterms of the

Morison's equation as

urT

c, = —l—f 5= Cy| () 25?7 sin 2
ooV VI
5 p‘l.()V
uT
-y 292 (257 Jeos 1| ¢ (2)
dl }] VT

where Cm] and Cd] are the inertia and drag coefficients, respectively.
Evidently, the normalized force as well as the drag and inertia coeffi-
cients depend on the parameters U T/D = 2«A/D, and D/VT. The first
parameter is directly proportional to Lhe relalive amplitude, and the
second parémeter-may be regarded as the frequency parameter D/VT or the
reduced vejocjty.VT/D. Within the range of Reynolds numbgqrs considered
- herein (Re = U.D/v from about 7,000 to 20,000), in accordance with the
Specificatioﬁ§ of the Sponsor, the drag and inertia coefficients are
considered to be “independent of the Reynolds number (Sarpkaya 1976).

For the purpose under consideration it is more advantageous to
expand the |cos wt|cos wt term in series and Lo retain only the first
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term. This procedure yields,

T u T
_ 2. °m .2 » 8 m 2 D 2 3
CL = Cpy T I shn ol - 52 €y (51 (=% cos it (3)

VI VI

in which cdl and le are given by their Fourier-averages as,

Zn ‘
Cyy = -(3/4)f (F cose) do/(u"2|n) ' (8)
0
. 3 Zn 2
Cup = (20 T/47D) j‘(r sino)do/ (Y 1) (5)
0

In the foregoing, the inertia and drag coefficients have been denoted

as C

‘ml and Cd] in order to distinguish them from those corresponding to

in-line oscillations. The subscript "1" carries the meaning of "1ift"
or force in the direction Lransverse to the slream. Furthevmore, C ,
anﬁ Cqy Were obtained by normalizing F with 0.5an£ in Eqs. (4) and (5).
If the 1ift force is normalized by o.spuvz in detenninfng the drag and

inertia coefficients, then Eq. (2) reduces to

C, =¢C

L mhsin 2ut/T - thcos 2ut/T - (6)

where th and th are related to q"] and Cd] by

L 2, 21,0522, 2 :
~and ‘
S 3 2.2 108
. Chh = le [24°A/D]/[VETC/D7] (8)
It should Bg noteéd in passing that th and th are identical to those

o, used by Hart]én and Currie (1970).

The force acting on the cylinder in the in-line direction due to
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the oscillations in the transverse direclion is expressed in terms of

a mean drag coefficient, denoted by E;i’ given as
Ehi = [Force in the in-line direction]/(O.SpDVZ) (9)

The experimental dala ave analyzed according to the Eqs. (4)-
(9) through the use of appropriate compulter programs.

The drag and inertia coefficients obtained as described above were
obviously a consequence of Lhe use of Eq; (3) and the hethod of Tourier
averagin;. It was, therefore, necessary Lo compare the predictions of
Eq. (3) through the use of Lhe calculated coefficients with those measured
directly. Evidently, only such a comparison could show whether the
decomposition of the instantaneous force into an in-phase and oup—of—phase
component is justifiable. The calculations performed along these lines
have resulted in compuler plots similar Lo those shown in Figs. 5 Lhrough
9. There are three curves on each plol: one marked by COSA is the normalized
instantaneous velocity; one marked by CLTM is Lhe normalized instantaneous
transverse measured force; and finally, the one marked with CLTC is the
normalized instantaneous force calculated through the use of Eq. (3). It
is evident that the measured force is fairly well represented by Eq. (3)
particularly for VT/b values near critical synchronization. Further aviay
from synchfonization additional vortex-shedding frequencies appear and

require the consideration of higher harmonics in Eq.;(3)a Such an analysis

has been carried out but will not be reported herein.
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IV. DRAG AND INERTIA COEFFICICHTS

The results will be discussed in two parts. The first will be the
average in-line force acling on the cylinder undergoing forced periodic
oscillations in the transverse direciion. The second Qil] be the time-
dependent 1ift force and its in-phase and out-of-phase components.

Evidently, the average in-line force is coupled with secondary
oscillat!ons due to vortex shedding. llowever, such oscillations are
rather small in both steady and periodic flows and certainly not larger
than about 7% of the average force. It {is for this reason that only the
average of the in-line force acling on the oscillating cylinder is
presented herein. |

Figures 10-12 show the variation of the normalized in-line force
as a function of D/VT for representalive values of A/D: Each figure
represents the data obtained wilh two velocities, namely, V = 0.84 and
V= 1.3 ft/sec. In normalized form, these velocities correspond to the
Reynolds numbers Re = VD/v = 7,000 and Re = 10,833. F%gure 13 shows
a carpet plot of the mean drag coefficient for four representative values
of A/D.

Evidently, the in-line force increases wilh A/D since the cylinder,
undergoing transverse oscillations, presents a larger apparent-projected
area to the mean flow. - This, however, is only part of thé explanation.
In addition, the.vortex growth and motion are affected by the oscillation
of thé cyiinder thch in turn affect the in-line and transverse forces
acting on fhgtéy]fnder. This is evidenced by the fact that the in-line
force for'a'QIQen A/D increases at first, reaches a maximum, and then

‘ decreasesfa§yD/VT increases. A simple minded calculation based on the
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steady flow drag coefficient for a stationary cylinder and the apparent

projected area for the in-line force, which may be written as

Ci = cds(l + 2A/D) (10)

yields values which are almost equal to the maximum values given in
Fig. 13. It should be noted, however, that the phenomenon is far more
complex and that such a simple minded procedure should not generally be
used, even though the results are surprisingly good.

Figpre 13 shows that Lhe in-line force coefficient reaches ils
maximum at D/VT between 0.18 and 0.20. Ordinarily, the Strouhal number
for a stationary cylinder would be 0.21 for Lhe Reynolds numbers cited
previously, and one would expect that the forces acting on the cylinder
will undergo dramatic changes as Lhe vortex shedding frequency g%ven Qy
the Strouhal numLer coincides with the frequency of the cylinder
oscillations. The present results show that such a synchronization
takes place at a frequency slightly Jower than the Strouhal frequency.

- The occurrence of synchronization as well as the increase of the amplilude
oonscillations in the force Lrace are shown most dramatically in Fig. 14.
This figure was obtained by setting the free stream velocity at 0.84 ft/sec
and the A/D ratio equal to 0.5. "Then, beginning with }he case of non-
oscillating cylinder, the frequency of the oscil]ationﬁ was gradually
increased up to.about 4 Wz and the resulting in-line forcg was continuously
recorded. The figure shows that thé in-line force increases rapidly but
with very. little oscillations superimposed on it. As soon as the frequency
of oscillations nears the Strouhal frequency, the amp]3tude as well as

the frequéncy;of the force oscillations increases. This fact is worlh

remembering in connection with the difficulty of obtaining the drag and
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inertia coefficients at oscillation frequencies in Lhe'vicinity of the
Strouhal frequency.

From an engineering viewpoinl, Lhe significance of the magnilude
of the in-1line force is Lhat a cylinder or cable excited by the flow to
oscillate in the Lransverse direction may be subjecled Lo in-lire forces
several times larger than Lhose assumed in ils design. Furlhermore, Lhe
deflections caused by the in-line force of sufficiently llexible cylinders
Ltend to couple with transverse oscillalions and not only affect the
magnitudé of the transverse oscillations bul also the path of Lhe cylinder

motion,

The time-dependenl Lransverse force is described, as noted earlier,
in terms of a drag coefflicient Cqp or th and an inertia coefficient Cnl
or chh [see Eqs. (3) and (6)] as a function of Vr= VI/D. Figures 15
through 24 show Cd] and Cm] for representalive values of A/D, (A/D = 0.13,
0.25, 0.50 ,0.75, and 1.03).

It is seen from these figures that important variétions occur in C
and le particulqr]y in the vicinity of the Strouhal frequency where the
natural eddy-shedding is bolh enhanced and correlaled by the oscillations.
The inertia coefficient or the normalized in-phase component of the
'transverse for;e undergoes a rapid drop as the frequency of oscillations
».approaches:thenstrouhal frequency. In other words, synchronization or
lock-in is_msnifested By a rapid decrease in inertial forée and a rapid
increase in tﬁe absolute valﬂe of the drag force. Thus, the lock-in is
a phase t;ansforwer. Cqually important is the fact that Cm] reaches a
va]de of aﬁout 2-at a Vr value slightly under Lhat cor}esponding'to the

perfect syncﬁronization. It has been noted earlier that C ., is equal to

ml
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unitly for a cylinder oscillating in a quiescent fluid and is equal to
2.0 for a flow oscillating about a cylinder at rest. %hus, the data
presenled herein show that Uhe net effecl of Lhe cylinder-flow interaclion
near sychronization is not unlike that of a periodic flow aboul a
cylinder at rest. In other words, the fluid becomes the oscillator.
The data also show that the use of an iunertia or added-mass coefficient
equal to unity, as delermined by oscillating the cylinder in a fluid
olherwise at resl, is not correct in modeling the vortex-induced
oscillat}ons. None of the exisling flow-induced vibrétion models
predict the inertia coefficient accuralely as far as the present dala
are concerned.
The data for all values of A/D show thal Lhe peak value of F.ml

decreases from aboul 2 to wmity as A/D increases from 0.75 to 1.03.
In olher words, the wake gradually ceases .o hehave Tike an oscillalor
as A/D approaches unity. Tor very small values of Vr, well below the
synchrohization range, le drops to unily, as would be expected on
physical grounds. For values of V. above Lhal corvesponding to Lhe
perfect synchronization, le first drops sharply and then becomes
negative. A similar phenomenon is observed in a harmonic flow about a
cylinder at rest (Sarpkaya, 1976), (or when a cylinder is oscillaled in
‘_.a quiescehf.fluid) for UMT/D values from about 8 to 40, depending on the

j p&rticu]aE:Véfue!of Dz/vT. This is a consequence of fractfona] vortex
shedding as‘discussed by Sarpkaya (1976) and simply means that Lhe tolal
vdrift mas&fddfinb the period of flow deceleralion is larger than that
during the.period of acceleration. |

The dramatic varfation of Cm],in the vicinily of the synchronization
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region shows that the (luid molion jusl before Lhe perfect synchronization
is significantly difflerentl from that just afler Lhe synchronization. For
example, Griffin and Volaw (1972) have observed Lhal "vibration frequencies
above and below Lhe natural frequency f" respeclively decrease and increase
the longitudinal spacing from its value at Lhe natural frequency" and that
"bolh the vortex formation region and the longitudinal spacing are influenced
in Lthe same way by Lhe frequency, vesulling in an expansion and conlraction
of the wake at the lower and higher frequencies."”
'

The drag coefficient Cdl or Lhe normalized out-of-phase component
of lhe lolal instantaneous Lransverse force given in Figs. 15 through 19
becomes negative for Vr values in Lhe neighborhood of 5. Oulside Lhis
range the drag is moslly posilive, thus in Lhe opposile direclion La Lhe
molion of the cylinder. Wilhin the range of Vr va]ueé cited above, Lhe
drag force is in phase wilh Lhe direction of molion of the cylinder and
helps to magnify the oscillalions rather than damp them out. Tor this
reason,:the region in which Ca is negaltive is somelimes referred to as
the negative damping reqgion. The fact of Lhe matter is that Lhis is not
damping in the proper use of Lhe word but ralther an energy transfer [vom
the fluid to the cylinder via the mechanism of synchronization. The
values of Vr at which Cd] or th changes its sign depend on A/D. The
maximum absoluté value of Cd] in the synchronization range decreases
_rapidly as A/D {ncreases. Field studies have shown that:synchronization
does not occﬁr for relative amplitudes larger than abbut unity. The trend
of the presént data is in conformity with such observations.

Finally, an unexpected and previously unknown observation in connection
with the variation of Cal will be described. For normalized velocities
Vr in thg ngighBorhood of 4, Lhe data yield once again negative drag
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coefficients‘fqr A/D smaller Lhan about 0.5. The occurrence of Lhis
second region of synchronization at higher frequencies shows that there
is not a sing]e‘region of lock-in and that there are at least two and
possibly more regions of frequency in which synchronization can occur.
The narrowness of the regions in Lhe second region of.synchronization
makes it rather difficult Lo observe the phenomenon. In fact, one may
easily miss guch a region by simply not taking smaller incremenls in
frequengy. It suffices Lo nole Lhal a cylinder may be excited first at
frequenties near the Strouhal frequency and lhen al the mulliples of Lhe
Strouhal frequency. llowever, Lhe largest energy transfer from the fluid
to Lhe cylinder occurs in Lhe first syncronizalion region near Lhe
Strouhal frequency.

The variations of Cah and Cl wilh Vr for representative values of

1
A/D are shown in Figs. 25 through 34. Evidenlly, this particular set of
data, obtained from Cd] and le’ carry the same information as Cdl and
le. A caréful examination of the data shows that in Lhe synchronizalion
region th incrgases al first gradually and Lhen more'rapidly wilh A/D,
reaching a value of about -1.0. Subsequently, th deéreases rapidly wilh
increasing A/D and becomes positive near A/D = 1.0. gimilar]y, th
increases with increasing A/D and reaches a maximum value of about 1.65
al A/D = 0.8.  For larger values of A/D, th decreases rapidly as A/D
approaches unity. '

The vaiués of th‘and th corresponding to the V; value at the point
of perfe;t.synchronization vere entered into the computer and the equalion.
of motfon was solved, as described later, through the use of a fourth-
order RunjagKutta numerical procedure. This method h;s enabled the

prediction:of the dynamic response of cylinders at peffect synchronization.
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V. ANALYSIS

The equation of molion for an elaslically mounted, linearly damped,

and periodically forced cylinder may be wrilten as (see Fig. 35)

ALLLLLL LA L LLL

i

Fig. 35 Elastically mounted, linearly-damped cylinder

M b cx b kx = F = 0.50f|)|-V2CL S (11)

where m represents Lhe mass of the cylinder, ¢ Lhe linear material
damping, and k the spring constant. The derivatives of x are taken with

respect to real time t, i.e.., dzx/(lt2 = X, elc.

Defining,
W = vk/m , w = 2u fn , T = mnf , x/0 = X
» _ c _ -.‘ _
=5 o’ w, = f /f‘ = SV/f"D ,» X_ =A/D (11a)
2,2 2 ‘

.prD fs T B4

A=t Sl 25 —5 55, X = —-
2m w S W A ¥




equation (11) may be reduced tlo

o . 2. . 2
X ¥ Zcxr tx.=nQ [leSln Qv - (16/31%) chd‘coF Q] (12)

in which pp= pf/”s = 2n3aS2

Equation (12) may be solved exactly only for constant values of
Cm] and Cd]" There is of course no difficully in solying this equation
eilher for assumed values of Lhe force coefficienls or for theorctically
or experiméntally obtained coefficienlts. The purpose of Lhis report is
to solve Eq. (12) through the use of Lhe experimentally obtained force-
Lransfer coefficients, particularly for perfect synchronization, and
compare Lhe results with Lhose obtained experimentally by others under
comparable conditions.

Equation (12) may also be wrilten in lerms of C,py and C, as

v . . il :
X, Zl;xr boxo= aw (th sin ¢ - €, cos 1) (13)

from which one easily obtains the normalized relalionship belween the

amplilude and phase as

2
alu) (62, + €3) = [(1 - 29" + (200)"3(A/m)? (1)

- Solving for N, one has

, |
2" = (- 2’) - [0 -2 aw gVt (15)

where W is given by

2, 2

) .
dh th)/(A/D) ' : (16)

_ .24
W= L (c

Equations (13) and (14) constitule a set of coupied differential

o th and Cm' may be expressed in

equations. For a given value of ¢ .
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terms of A/D through the use of the experimenlal data. Then the Eqs. (13)
and (14) may be solved together for given values of 'a' and r. For this
" purpose Q2 is solved from Eq. (15) for the previously calculated value of

A/D and the corresponding values of Cyy, and C Then, Eq. (13) is

integrated through the use of a fourth order Runga-Kutta method for a
half cycle and a new value of A/D is calculated. This value is then
inserted into the Eq. (15) togelher with the corresponding new values

and C , and Lhe entire procedure is repeated until a steady state

Cap @

is reached. The compuler program which carries out the staled calculatlions

of mh
is given in Appendix-A.

The purpose of the application of the above procédure to self-excited
oscillations of_cylinders was three fold: (a) to establish the validity
of the force-transfer coefficients within the range of Reynolds numbers
under consideration; (b) to investigale as to whelher the steady-state
response of the cylinder is delermined primarily by the ratio SG = r/a
(see e.g., Skop, Griffin, & Ramberg, 1976) or by both ¢ and 'a'; and
finally, (c) to'examine the stability of the differential equation when
the cylinder reéches a steady-state. Evidently, if it can be denonstrated
that the calculations predict accurately the steady-state amplitudes of
self-excited oscillations obtained under entirely different circumstances,
then one can conclude that Lhe force-lransfer coefficijents presented herein
should form the basis for comparison with those obtaiﬁed:from other numerical
or heuristic models.

ihe'foregoing may be accomplished only through the use of carefully
conducted expérinents for which Lhe material damping ratfo (obtained in

vacuo), the mass ratio 'a‘', the critical frequency W and the steady-
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slate amplitude are recorded, To the aulhor's knowledye only Griffin
and Koopmann (1977) were able to obtain such data which are tabulated

below:

Damping ratio Mass ralio -Response parameter  Amplitude

4 a Sr= r/a A

- -3 )
I 6.78 x 10 8.62 x10 0.079 0.47
I 3.3 x 1077 2.43 xi073 0.14 0.275
11 1.62 x 1077 5.7 xw”" 0.31 0.14

This data set formed Lhe basis of comparaltive calculalions
reported herein. Before proceeding wilh lhe calculations, however, it
was necessary to investigale the behaviour of Lhe differential equation
and Lhe accuracy of the numerical procedure used. Tor Lhis purpose,
C., and Cm were assumed Lo remain constant and the differential equation,

dl 1
[Eqs. (12) or (13)], was solved in closed form Lo yield

Yy = [sin(-a-¢)/sinn]eﬁcrsin(\’l—;2 T+ g) - sin(ar-a-4) (17)

in which Yy = x/A and
« = arc tan(lGACd]/3nZDQ"]) . $é = arc tan(ch)/(l—ﬂz)
and '

g = arctan[(A-t2) /[t + % cot(-a-¢)]] (18)

Then the accuracy of the numerical integration Lhrough the use of Lhe
fourth order Runga-Kutta method has been checked by comparing results
with Lthose obtained from Lhe exact solution for various sets of identical

input parameters. 1In all cases the solutions were perfectly identical in
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both the transient and steady states. Sample plots of the evolution
of the oscillations are shown in Figs. 36 through 38. Such calculations
have also shown that a lowly damped system may result in an initial
overshoot of the amplilude before it reaches a steady state provided
that the force-transfer coefficients remain constant. . A highly damped
system, on the other hand, reaches its steady-state gradually from
initial rest position. It should be kept in mind, however, that the
purpose of these parameteric calculalions was not to investigale Lhe
role plaJed by damping but vather Lo compare the predictions of the
exact solution with those obtained wilh the nmumerical procedure. In
a system in which the force-transfer coefficients vary with amplitude,
_such an overshoot may not take place.

Subsequent to the foregoing paramelric sludies, computations were
carried out using the data obtained by Griffin and Koopmann (1977) and

the experimentally determined values of Can and C . through the use of

mh
the numerical procedure described earlier. The envelopes of the '
transient” and steady-state oscillations for the three cases under
consideration are shown in Figs. 39 through 41. The predicted and

measured relative amplitudes are tabulated below:

, ! S
Predicted A/D Measured A/D, [Griffin & Koopmann] G
S-1 0.43 - 0.47 0.079
s-11 0.235 " 0.275 C 0.14

S-11T o.M 4 0.14 : 0.3}

Evidently, the.measured and calculated relative amplitudes compare quite
well. The relatively small differences may be attributed to the experimental
errors in the determination of both A/D and the force-transfer coefficients,

1
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to the difficulties encounlered in Lhe delerminalion of the critical
damping factor in vacuo, and Lo the varialion in Lhe wass ratio ‘a’.
Furthermore, it should be noted thal the relalive amplitudes reported
by Griffin and Koopmann (1977) are the maximums and that the mean values
of A/D at synchronization are somewhat lower and certainly closer Lo
those predicted by Lhe numerical analysis.

It appears, at least on Llhe basis of the foregoing, Lhat Lhe force-
Lransfer coefficients presented herein could be used wilth confidence
in the r%nge of Reynolds numbers from about 5,000 Lo 25,000 to predict
the dynamic response of elastically mounted cylinders provided Lhat tLhe
material damping and the mass ratio are given. Uvidenlly, addilional
data are needed to tesl Lhe power of prediclion of the compuler code

developed in Lhis invesligation for all practically important values of

SG from about 0.01 to 5.0.

Next to consider was the }nvestigation of Lhe role played by SG’
known as the stability or response parameler. Among others, Griffin,
Skop, and Ramberg (1975) have atlempled Lo show that the value of A/D
is uniquely determined by lhe value of a response or stability parameler
SG vhich is itself related Lo certain physical properties of the slrumming
structure, i.e., SG = g/a. Vickery and Watkins (1962) were the first to
arrive at such a conclusion on the basis of dimensional analysis and
energy-balance considerations. Griffin, Skop, and Ramberg (1975) obtained
a least squares fit to Lhe existing data (see Fig. 42)£and arrived at the

following empirical formula:

20/D = 1.29/(1 + 0.43 56)3'35 ' - (19)




It should be noted that the 2A/D values in Fig. 42 show large variations
(as much as 100%) for a given value of SG particularly for SG values
from about 0.2 to 1.0. It should also be noted that the response
parameter used in Eq. (19) and in Fig. 42 was obtained by using the
damping ratios which include both structural and fluid effects.

The equation of motion [Eq. (13)] shows that theiresponse of the
system is independently goverﬁed by ¢ and 'a' and that the said equation
cannot Qe expressed in terms of a single response parameter. One can,
however; explore the reasons for the apparent correlation of the
experimental data with Sa (determined as noled above) through the use
of Eq. (14). For this purpose, let @ =1 - &, (since 2 is often very
close to unity). Inserting this vélue in Eq. (14), ignoring terms such

as 53, cez, i.e., all third and higher order terms, and simplifying, one

has

e’.

. 1/2 |

PA/D = W ¢ /TP /0% + SE] . (20)
. . = rel 2 J1/2
in which CL = [th + th]

Evidently, if it is assumed that CL and €/a remain nearly constant then
and only then one can conclude that there is a unique.re]ationship between
20h/D and SG' In fact, the insertion of fairly reasonable vélues of CL’ W s

“and e/a into the Eq. (20) suggest that 2A/D may be represented by

/D = 0.35/[0.12 + sg]'/2 : (21)
However, there is no physical reason that the two constants in Eq. (21)
should rémain constant for all values of the parameters cited above.
In fact the large variations in 2A/D for a given value of SG in Fig. 42

(particularly for S from about 0.2 to 2.0) suggest that the lack of
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correlation rather than the experimental errors is responsible for Lhe

scatter. Thus, it was deemed necessary Lo investigate the effect of SG

on A/D by carrying oul a parametric sludy. for this purpose, in one set

of calculations ¢ was kept constant and ‘'a' was varied. In another set
‘oo

of calculations, 'a' was kepl constant and y was varied so as lto arrive

at the same SG values. The following table gives Lthe ¢ and 'a' values

used:

£ a r/a A/D jcalcﬁlated)
6.8x10°7  1.36x1073 0.5 0.23

" 6.8 x107" 1 0.12 -

" 3.4 xio™" 2 0.084
4.3x1073 8.6 x1073 0.5 0.36
8.6x1073 . ] 0.18
l."le()'2 " 2 0.11 (unstable)

As conjectured above, identical S. values did not result in identical

"G
A/D ratios. lowever, surprisingly enough, the A/D values for the two sets
of paramelers diﬂ not significantly differ. Even though, additional
calculations arg.definitely necessary to reach firmer conclusions, one

can tentatively state that the governing equation is not very sensitive

to the individua] variations of the damping and mass éattos provided

that SG remains constant. This particular behavior of the differential
equation plus the use of combined fluid and malerial damping may be
primavrily respodsible for Lhe observed correlalion.

It is noted from the above table that one set of calculations

became unstable even though the'damping ratio was faiély large and an

a7 |




8 was used in Lhe Runga-Kulta integralion scheme,

error limit of;lo—
(see Fig. 43). It is nol clear whether the observed instability is

a consequence of the numerical integration, or of the inherent instability
of the differential equation for certain sels of the Qoverning paramelers,
or of the actual behavior of Lhe corresponding dynamic system. It will

be wost desirable to perform calculalions with a set of damping and

mass valtios for a system which has exhibited such unstable oscillalions

near schhronization.
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VI. CONCLUSIONS

The results presented herein warrant Lhe following conclusions:
a. The in-line force acting on a cylinder undergoing harmonic
oscillations in the transverse direction increases with A/D. The force

coefficient reaches its maximum at D/VT belween 0.18 and 0.20;

b. The Fourier-averaged transverse force coefficients exhibit
significint variations in the vicinity of lhe Strouhal frequency.
The inertia coefficient is larger Lhan unity for oscillation frequencies
larger than the Strouhal frequency and may be negalive for oscillation

frequencies lower than the Strouhal frequency;

c. The variation of the inertia coefficient with VI/D and A/D

is not in conformity with the predicltions of the oscillator models;

d. The use of the experimentally obtained drag and inertia
coefficiénts for the transverse force togelher with a numerical integration
procedure accurately predicts the dynamic response of a self-excited

cylinder in the synchronization region;

e. A paramétric sludy of the separate and combinéd effects of
material damping.ratio, mass ratio, and response parameter show that
the maximum response of the cylinder is primarily governeq by the
response parameter. Additional data and calculations are needed to

explore the effect of these paramelers fufther;

f. It appears, on the basis of somewhat limited observations, that
the governing equation may become unstable for certain combination of

the damping and mass ratios.
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APPENDIX-A  COMPUTER PROGRAM ' i
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