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 OSCILLATIONS OF ELASTICALLY-MOUNTED
 CYLINDERS OVER PLANE BEDS IN WAVES

 N .  C HIOUKH   AND  R .  N ARAYANAN

 Department of Ci y  il and Structural Engineering , UMIST , Manchester M 6 0   1 QD , U .K .

 (Received 22 July 1996 and in revised form 14 January 1997)

 The wave-induced oscillations of elastically-mounted horizontal circular cylinders are
 investigated .  The cylinders are well submerged and placed at various distances from a
 plane bed .  The Keulegan – Carpenter number varies to a maximum of 16 and the Reynolds
 numbers are in the subcritical regime .  The cylinders are highly damped .  The experimental
 data reported here include information concerning the transverse oscillations of the
 cylinders in the presence of regular waves in a laboratory channel .  A numerical analysis
 representing the oscillations of the cylinder as a one-degree-of-freedom system is carried
 out using an empirical equation for the forcing function relevant to the range of
 Keulegan – Carpenter numbers of the experiments .  The experimental results are compared
 with the numerical results .  The numerical results are also obtained for the experimental
 conditions of other investigators who carried out experiments with very low damping of
 the cylinder .  The results show the ef fect of damping on the oscillatory behavior of the
 cylinder when positioned near a plane bed .

 ÷   1997 Academic Press Limited .

 1 .  INTRODUCTION

 T HE   STUDY  reported in this paper concerns the transverse vibrations of elastically-
 mounted rigid cylinders above a plane bed and has applications to submarine pipelines .
 The amplitudes of transverse oscillations of such cylinders decrease with decreasing gap
 between the cylinder and the plane bed (Anand & Torum 1985) .  Tests of Sumer &
 Fredsøe (1988) with flexibly-mounted cylinders oscillating horizontally in still water ,
 and Anand & Torum (1985) with cylinders in waves ,  show that the incipient vibrations
 occur at values of reduced velocity  V r  5  U m  f n w  / D  smaller than those in steady flow for
 small values of Keulegan – Carpenter number KC  5  U m T w  / D  ;   U m   and  T w   are ,  respec-
 tively ,  the maximum velocity and period of the oscillating flow ,   f n w   is the natural
 frequency of the cylinder in water ,  and  D  is the cylinder diameter .  Comparison
 between the steady flow and waves for the transverse vibrations of a horizontal cylinder
 for the same  V r   is not strictly valid ,  because transverse vibration in waves occurs not
 only from vortex shedding but also from the vertical components of fluid kinematics .

 The peak response of a flexible circular cylinder occurs when the ratio of the flow
 frequency to the cylinder frequency assumes integer values (Bearman & Hall 1987) .
 Sumer & Fredsøe (1988) report multi-peak behavior of transverse vibrations of an
 elastically-mounted cylinder exposed to an oscillating flow for KC  .  20 .  For KC  ,  7 ,  no
 oscillations are recorded .

 In this paper experimental results are presented pertaining to the transverse
 oscillations of three elastically-mounted rigid cylinders exposed to waves in a
 laboratory flume .  The cylinders are horizontal ,  with their axes parallel to the wave
 crest .  Each of the cylinders is kept above a plane bed with three dif ferent gaps .  An
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 attempt is made to predict the oscillations as a one-degree-of-freedom system using an
 empirical equation for the hydrodynamic force proposed by Kao  et al .  (1984) .

 2 .  EXPERIMENTAL INVESTIGATION

 Experiments were carried out in a wave flume 18 ? 5  m long ,  1 ? 2  m wide and 1 ? 0  m deep .
 Regular waves were generated at one end of the flume by a wave paddle .  At the other
 end was a plywood beach at a slope of 1  :  10 .  The maximum reflection coef ficient for the
 beach during the experiments when the cylinder was actually oscillating was about 6% .

 The test rig ,  as shown in Figure 1 ,  consisted basically of two frames ,  one constrained
 to oscillate in the vertical direction (frame 1) and the other stationary (frame 2) .  The
 test cylinder was smooth and rigid ,  fixed between two aluminium bars 635  mm apart .
 The vertical shafts of stainless steel were connected to each aluminnium bar of frame 1 ,
 and passed through linear bearings which were fixed to frame 2 .  The whole unit was
 placed vertically in the wave flume ,  and frame 2 was then fixed to a rigid plane
 supported rigidly on the side walls of the flume .  The natural frequency of oscillations
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 Figure 1 .  Schematic diagram of the test rig 2 .   ñ 1  —Frame 1 ;   ñ 2  —Frame 2 ;   ñ 3  —Aluminium bar ;
 ñ 4  —Test cylinder ;   ñ 5  —Vertical shaft ;   ñ 6  —Linear ball bearings ;   ñ 7  —Potentiometer ;   ñ 8  —Springs ;

 ñ 9  —End plates ;   ñ 10  —Bed of wave flume ;   ñ 11  —Walls of flume ;   d :  Water depth ;   L :  Cylinder length .
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 of frame 1 was governed by linear springs which supported the frame .  The springs
 rested on frame 2 .  The test cylinder was positioned at a desired distance from the bed
 of the flume by moving the stationary frame 2 vertically through two slots along its
 vertical bars .  The total mass of the oscillating system was over 7  kg ;  this large mass is
 essentially due to the mass of the shafts passing through the linear bearings .
 Experiments with a pipe of diameter 103  mm ,  made of high fibre material ,  were carried
 out with this arrangement .  A few modifications were then made to the apparatus to
 reduce the mass .  The linear bearings were fixed to the oscillating frame 1 and the shafts
 were attached to frame 2 .  The mass of the oscillating system was thus reduced by 3  kg .
 Experiments with pipes of diameter 60  mm and 50  mm were performed on the modified
 experimental system .

 The wave properties were measured by a wave monitor .  The wave kinematics were
 computed using Stokes’ higher-order theory .  The transverse motions of the test
 cylinders were sensed by a displacement transducer .  The detected signals were digitized
 and were stored on floppy disks using a PC for further analysis of the data by the
 mainframe computer of the University of Manchester .

 The experimental system consisting of frame 1 with the test cylinder behaved as a
 one-degree-of-freedom system .  The natural frequency and damping of the system were
 determined both in air and water by the same experimental procedure .  The stif fness  K
 was provided by the springs .  The experiments in air provided estimates of the natural
 frequency  f n a   in air and the structural damping  j s a   arising from the bearings as the
 logarithmic decrement of the free oscillations of the system .  The estimated values of  f n a

 were in agreement with those calculated simply by using the stif fness  K  and the mass
 m s .  The structural characteristics are given in Table 1 .

 The added mass  m a   of water was taken to be  1 – 4 C m a r π D  2 L ;   r   is the density of water
 and  L  is the length of the cylinder .  The coef ficient  C m a   as a function of gap ratio  G  / D
 has been determined numerically by various investigators [see ,  for example ,  Yamamoto
 et al .  (1974) ;  Chioukh (1995)] and the chosen values for our study are listed in Table 2 .
 Experiments were carried out in water to determine the system natural frequency  f n w

 and damping  j s w   as a logarithmic decay of free oscillations .  The natural frequencies in
 water for the experimental conditions are presented in Table 2 .  The heavy structural
 damping of the system ,  and the small variations of its value that occurred from one test
 to another ,  made it dif ficult to evaluate the fluid damping accurately .  However ,  it was
 estimated at  G  / D  5  1 ,  and the same value was adopted for the other gaps as well .  The
 fluid damping  j w   was estimated as  j w  5  j s w  2  j s a ,  where  j s a   is the structural damping in
 air .  Values of  j w   were also estimated by using the analytical expression (Sarpkaya &
 Isaacson 1981)

 j w  5
 1

 M r
 – π

 b
 1

 0 ? 34 π
 4 M r

 F A

 D
 G 2

 ,  (1)

 where  A  is the amplitude of motion ,   M r  5  (mass of the system) / ( r D 2 L ) and

 T ABLE  1
 Structural characteristics in air

 Exp .  D  (mm)  m s  (kg)  K  (N / m)  j s a  f n a  (Hz)

 1
 2
 3

 103
 60
 50

 7 ? 679
 7 ? 356
 4 ? 340

 784
 480
 360

 0 ? 143
 0 ? 241
 0 ? 263

 1 ? 57
 1 ? 35
 1 ? 45
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 T ABLE  2
 Added mass and natural frequency in water

 G  / D  5  1  G  / D  5  0 ? 398  G  / D  5  0 ? 126
 ——————————  ——————————  –——————————

 Exp .  m a  (kg)  f n w  (Hz)  m a  (kg)  f n w  (Hz)  m a  (kg)  f n w  (Hz)

 1
 2
 3

 5 ? 46
 1 ? 85
 1 ? 29

 1 ? 25
 1 ? 20
 1 ? 35

 6 ? 24
 2 ? 11
 1 ? 47

 1 ? 20
 1 ? 17
 1 ? 30

 6 ? 88
 2 ? 33
 1 ? 62

 1 ? 15
 1 ? 13
 1 ? 25

 b  5  f n w D  2 / …  ,  …   being the viscosity of the fluid .  Using a value of  A / D  5  0 ? 5 typical of
 our experimental results ,  the calculated values of  j w   via equation (1) ,  together with the
 measured values  j s w   and  j w  ,  are summarized in Table 3 .  It is clear that the contribution
 of  j w   to  j s w   is relatively small .  The stability parameter  K s   (Scruton 1963) is defined in
 this paper without the added mass ( K s  5  4 π m s j s w  / ( r D 2 L )) in the same way as was
 done by Anand & Torum (1985) .  Such a definition allows important comparison of our
 experimental and numerical results with their data pertaining to very low damping .  In
 Table 3 are given the values of  K s   for the three sets of experiments .  The stability
 parameter  K s   includes fluid damping ,  the measured values of which are given in Table
 3 .

 For the cylinder of diameter 103  mm ,  the water depth was 515  mm ;  for the other two
 cylinders ,  it was 300  mm .  The range of wave heights investigated was 55 – 280  mm ,  the
 Keulegan – Carpenter number KC was 16 ,  and the Reynolds number was of the order of
 10 3 .

 3 .  ANALYSIS OF THE TRANSVERSE RESPONSE OF THE CYLINDER

 For the elastically-mounted cylinder restrained to move only in the transverse direction
 to the incoming waves ,  the equation of motion is

 m s w y ̈  1  4 π f n w j s w m s w y ~  1  4 π  2 f  2
 nw m s w  y  5  F y ( t ) ,  (2)

 in which  C s w  5  4 π f n w j s w m s w   and  K  5  4 π  2 f  2
 nw m s w ;   y ̈  ,  y ~    and  y  are ,  respectively ,  the

 acceleration ,  velocity and displacement in the transverse direction ;   m s w   is the ef fective
 mass ,  which is the sum of the structural mass and the added mass ;   C s w   is the damping ,
 comprising structural and fluid damping ;  and  K  is the stif fness of the system .  It is not
 adequate to represent the transverse force with a single frequency ;  many investigators
 (Chakrabarti  et al .  1976 ;  Sarpkaya 1976b ;  Maull & Norman 1978 ;  Bearman & Hall
 1987 ;  Sumer  et al .  1991) have identified the presence of integer multiples of the flow
 frequency in transverse force .  Chakrabarti  et al .  (1976) presented an equation for the
 transverse force in terms of a Fourier series ,  but the coef ficients occurring in their

 T ABLE  3
 Damping level

 Exp .  j s w  j w  j w  [equation (1)]  K g

 1
 2
 3

 0 ? 175
 0 ? 225
 0 ? 318

 0 ? 032
 0 ? 014
 0 ? 055

 0 ? 072
 0 ? 029
 0 ? 036

 2 ? 73
 10 ? 30
 10 ? 93
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 equation were not for a horizontal cylinder near a plane bed .  An alternative expression
 was proposed by Bearman  et al .  (1984) ,  assuming a quasi-steady vortex street ,
 applicable only to large values of KC  .  25 .  Kao  et al .  (1984) devised an equation based
 on experiments restricted to KC  ,  20 ;  they assumed that the transverse force on a
 horizontal cylinder in waves and located very near to the bed is a combination of the
 potential flow solutions and the wake ef fects :

 F y ( t )  5  r
 π D  2

 4
 LC m y … ~  1  1 – 2 r DLC L u 2  1  C w r

 D

 2
 L F u 2 S t  2

 T w θ
 2 π  D  2  e u 2

 m G ,  (3)

 where  y ~    is the vertical acceleration of water particle ,  and  C w ,   θ   and  e   are empirical
 coef ficients .  The first two terms on the right hand side of the equation are the
 transverse inertia and lift terms predicted using potential flow theory .  The third term is
 due to the activity of vortex shedding .  Kao  et al .  (1984) used experimentally measured
 forces on a horizontal cylinder placed in waves in a laboratory flume to determine the
 coef ficients  C w  ,  θ   and  e  ,  expressed as functions of  G  / D  and KC values .

 Equations (2) has been solved by an iterative time-stepping procedure ,  adopting the
 empirical equation (3) for the forcing function which is appropriate to the present
 study ,  restricted to KC  ,  16 .  The predicted results encompass our experimental
 conditions and those of Anand & Torum (1985) ,  and will be discussed after the
 presentation of experimental results .

 4 .  RESULTS OF THE EXPERIMENTAL INVESTIGATIONS

 A large amount of data was collected in this study ,  but for reasons of brevity only
 typical results are presented .  For more information reference is made to Chioukh
 (1995) .  The transverse response of the cylinder is presented in terms of  Y  5  y  2  y m e a n  in
 Figures 2 and 3 ;   y  is the instantaneous position of the cylinder with respect to the
 undisturbed state ,  and  y m e a n  is the mean value of  y .  For KC  ,  4 in the majority of cases ,
 the cylinder is found to oscillate more or less at constant amplitude at the wave
 frequency (Chioukh 1995) .  As KC increases ,  the frequency of oscillation of the cylinder
 is still at the wave frequency ,  but a second harmonic of the wave frequency begins to
 assume importance .  This is believed to be the result of the activity of weak vortex
 shedding from the cylinder surface (Sarpkaya 1976b ;  Williamson 1985a ;  Bearman 1985 ;
 Sumer  et al .  1991) .  For KC  .  7 (Figures 2 and 3) the oscillatory forces and the
 vibrations are due mainly to the vortex shedding process interacting in a complicated
 manner with the cylinder (Bearman 1985 ;  Williamson 1985b ;  Sumer  et al .  1991) .  The
 correlation length of the vortices along the cylinder which might vary from time to time
 could possibly contribute to the irregular amplitudes .

 When the cylinder is very close to the bed ( G  / D  5  0 ? 126) it exhibits features similar
 to those for  G  / D  5  1 ,  but the cylinder hits the bed quite severely and the frequency
 spectra show the occurrence of small spikes at multiple frequencies ,  perhaps arising
 from asymmetric vortex shedding due to the small gap .

 4 . 1 .  F REQUENCY   OF  O SCILLATIONS

 For the largest diameter of 103  mm ,  the peak amplitude  Y m a x ,  expressed nondimen-
 sionally with respect to the diameter ,  is plotted against  f n w  / f w   in Figures 4 and 5 ,
 respectively ,  for  G  / D  5  1 and  G  / D  5  0 ? 126 .  In these figures ,  the ranges of KC are
 given next to the experimental points .  At  G  / D  5  1 ,  the amplifications around
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 Figure 4 .  Results of the maximum transverse amplitude versus the frequency ratio  f n w  / f w   for various KC
 numbers ;   D  5  0 ? 103  m ,   G  / D  5  1 ,   K s  5  2 ? 73 .  ( , ) Experiments ;  ( h ) predictions .

 f n w  / f w  5  1 and 2 are clearly seen .  For  G  / D  5  0 ? 126 ,  the peaks exhibit scatter over a
 wide range of frequencies .   f n w  / f w   does not appear to influence the amplitudes for this
 small value of  G  / D .

 When the ratio of the dominant frequency of oscillations  f y   to the wave frequency  f w

 was plotted against  V r ,  all the data of the present investigations for  G  / D  5  1 collapsed
 on two nearly constant values of  f y  / f w .  There was no clear-cut value of  V r   at which
 transition of  f y   from  f w   to 2 f w   occurred .  In the range 5  ,  KC  ,  7 ,  there were some data
 concerning  f y   taking values of  f w   and 2 f w .  It was pointed out by Sarpkaya (1976a) ,
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 Figure 5 .  Results of the maximum transverse amplitude versus the frequency ratio  f n w  / f w   for various KC
 numbers ;   D  5  0 ? 103  m ,   G / D  5  0 ? 126  m ,   K s  5  2 ? 73 .  ( , ) Experiments ;  ( h ) predictions .
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 Bearman (1985) ,  Williamson (1985a) and Sumer  et al .  (1991) that occasional asym-
 metry in the attached vortices begins to appear at around KC  5  4 ,  but total asymmetry
 occurs only at around KC  5  7 .  Perhaps the instabilities of the flow around the cylinder
 for KC between 4 and 7 make the oscillations meander between two frequencies .

 For  G  / D  5  0 ? 126 ,  the results were found to be similar to those for  G  / D  5  1 but the
 vibrational frequencies at three times the wave frequency appeared at KC around 9 .  It
 is not clear how this can happen at this value of KC at which the vortex shedding is
 expected to occur only at twice the wave frequency (Sarpkaya 1976b ;  Sumer  et al .
 1991) .  However ,  the results of Sumer  et al .  (1991) showed that for a small gap ratio at
 which the cylinder began to hit the bed ,  the vibrational frequencies did increase .  It is
 not clear whether  f y  5  3 f w   is a result of the cylinder hitting the bed or if it is a
 contribution from the nonlinear waves of finite amplitude that existed in our
 experiments .

 Comparison of the data for  G  / D  5  1 and 0 ? 126 suggests that the KC number at
 which transition of oscillations from the first to the second harmonics of the wave takes
 place decreases with decreasing gap ratio .  Although no measurements relating to
 vortex shedding were carried out ,  it is inferred that ,  as the gap ratio decreases ,  flow
 separation and the associated vortex shedding occur at smaller KC numbers .  The same
 conclusion was reached by Chioukh & Narayanan (1994) from their studies of wave
 forces on stationary cylinders close to a plane bed .

 4 . 2 .  M EAN  P OSITION   OF  O SCILLATIONS

 For the cylinder of diameter 60  mm ,  the mean position of the gap ratio  e  / D  as a
 function of  V r   is plotted in Figures 6 and 7 ,  respectively ,  for  G  / D  5  1 and  G  / D  5  0 ? 126 .
 Here  e  is the mean position of the gap between the cylinder and the bed as the cylinder
 performs oscillations ;  it is defined as  e  5  y m e a n  1  G .  The corresponding KC values are
 shown next to the points .

 At  G  / D  5  1 ,  the cylinder did not strike the bed at all .  The oscillations are ,  on
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 average ,  symmetrical (Figure 6) ,  as observed by Anand & Torum (1985) and Sumer  et
 al .  (1986) for lightly damped cylinders .  At  G  / D  5  0 ? 398 ,  the cylinder hit the bed only
 occasionally .  The mean  e  / D  does not deviate significantly from the undisturbed
 position .  In the experiments of Anand & Torum (1985) asymmetry of oscillations from
 the undisturbed state was recorded even at  G  / D  5  0 ? 75 .  With damping slightly larger
 than that in the experiments of Anand & Torum (1985) ,  Sumer  et al .  (1986) observed
 that  e  / D  deviated from the initial position at  G  / D  5  0 ? 4 .  Seemingly ,  the asymmetry of
 oscillations is initiated at larger  G  / D  as damping of the cylinder is reduced .  For
 G  / D  5  0 ? 126   (Figure 7) ,  at  V r  .  2 ? 5 a large drift of the cylinder from the initial position
 is observed .

 4 . 3 .  P EAK  R ESPONSE   OF  O SCILLATIONS

 Typical variations of the dimensionless maximum amplitude  Y m a x / D  versus KC for the
 test cylinder of diameter 50  mm are shown in Figures 8 and 9 ,  respectively ,  for
 G  / D  5  1   and  G  / D  5  0 ? 126 .

 At  G  / D  5  1 for  D  5  103  mm ( K s  5  2 ? 73) ,  the maximum value of  Y m a x / D  5  0 ? 47 was
 recorded around KC  5  8 ? 5 ,  corresponding to the resonant condition .  For the cylinder
 of  D  5  50  mm for which the experiments were conducted at higher  K s   and  V r   (Figure
 8) ,  the results show that  Y m a x / D  reaches a maximum value of about 0 ? 28 when KC and
 V r   assume values around 11 and 5 ? 6 ,  respectively .  Anand & Torum (1985) found that
 Y m a x / D  5  0 ? 7   at KC  5  10 for their lightly damped cylinder .

 At  G  / D  5  0 ? 398 ,  our observations show that for  V r  ,  4 ? 0 the oscillations do not
 reach the bed and  Y m a x / D  is only slightly less than those for  G  / D  5  1 .  For  D  5  50  mm ,
 large amplitudes of response develop for  V r  5  4 ? 2 – 5 ? 6 and KC  5  8 – 10 .  Under these
 conditions the cylinder hit the bed only occasionally ,  so that the mean positions are not
 af fected unduly .  At the smallest gap ,   G  / D  5  0 ? 126 ,  the cylinder hit the bed most of the
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 time .  The vortex-excited amplitudes appear to initiate at values of KC and  V r   smaller
 than those for  G  / D  5  1 and 0 ? 398 ,  and the data exhibit scatter (Figure 9) .

 4 . 4 .  E FFECTS   OF   THE  S TABILITY  P ARAMETER   ON   THE  R ESPONSE  A MPLITUDES

 Past studies concerning wave-induced vibrations of horizontal cylinders have been for
 smaller values of stability parameters ( K s  #  1 ? 5) .  A few tests were carried out by Sumer
 et al .  (1986) for  K s  5  3 ? 5 at KC  5  40 .  They found the normalized double amplitude
 (2 A / D ) ,  measured from crests to troughs and averaged over many cycles ,  to decrease
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 Figure 9 .  Results of the maximum transverse amplitude versus Keulegan – Carpenter number for various  V r
 values ;   D  5  0 ? 050  m ,   G  / D  5  0 ? 126 , K s  5  10 ? 93 .  ( , ) Experiments ;  ( h ) predictions .
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 T ABLE  4
 Comparison with other experimental results

 Experiments (wave flows)  K s  G  / D  Y m a x / D

 Anand & Torum (1985)  0 ? 18
 1
 0 ? 75
 0 ? 50

 0 ? 70
 0 ? 63
 0 ? 44

 Present  2 ? 73
 1
 0 ? 398
 0 ? 126

 0 ? 47
 0 ? 42
 0 ? 33

 Present  10 ? 30
 1
 0 ? 398
 0 ? 126

 0 ? 28
 0 ? 62
 0 ? 33

 Present  10 ? 93
 1
 0 ? 398
 0 ? 126

 0 ? 27
 0 ? 65
 0 ? 34

 for all  V r   values when  K s   increased from 1 ? 5 to 3 ? 5 .  In steady flows ,  studies were carried
 out for  K s   values as high as 8 ? 84 (Torum  et al .  1989) .  In Table 4 are summarized the
 results of the peak amplitudes  Y m a x / D  for 8  #  KC  #  10 and 4  #  V r  #  6 ,  for dif ferent
 values of  G  / D  and  K s  ,  and compared with the results of Anand & Torum (1985) .

 It is seen that for  G  / D  5  1 ,  the ef fects of increasing values of  K s   are to decrease the
 peak amplitude  Y m a x / D  in accordance with Sumer  et al .  (1986) for KC  5  40 .  It should
 be mentioned that in the experiments of Sumer  et al .  (1986) it was the mass of the
 system which was varied and not the damping .  However ,  for the smaller gap ratios
 ( G  / D  #  0 ? 5)   at which the cylinders hit the bed ,   Y m a x / D  is not greatly af fected by the
 increased values of  K s .  This is again in agreement with the results of Sumer  et al .
 (1986) .  It appears that the stability parameter presents only second-order ef fects with
 respect to the amplitudes when the cylinders are performing oscillations close to the
 bed .  Similar trends were observed in the experiments of Torum  et al .  (1989) pertaining
 to cylinders oscillating in steady currents .  The reason for this behavior is not clear .

 5 .  PREDICTED RESULTS AND COMPARISON WITH EXPERIMENTS

 5 . 1 .  C OMPARISON  W ITH  T HE  P RESENT  E XPERIMENTS  (L ARGE   K s )

 The predicted results from the theoretical model for a few selected experimental
 conditions are presented on the same figures (Figures 2 and 3) ,  along with the
 experimental results discussed earlier .  The time histories of the responses and their
 frequency spectra are well predicted qualitatively .  The major changes that occur in the
 responses and their spectra ,  when the flow changes from a potential flow to the region
 where vortex shedding is dominant ,  are well represented .  However ,  the spectral
 energies at all the frequencies are not always well evaluated .

 The experimental data of the peak amplitudes  Y m a x / D  are well predicted for all KC
 numbers less than 4 or 5 (Figures 4 and 5) at which the potential flow contributions in
 equation (3) are dominant even when the cylinder is oscillating .  At  G  / D  5  1 ,  the
 experimental results pertaining to  y m a x / D  (Figure 4) and mean gap ratio  e  / D  (Figure 6)
 compare well with the predictions .  The small dif ferences between the measurements
 and the predictions are possibly due to the fact that the force expressed by equation (3)
 is strictly applicable to stationary cylinders .  There is ,  however ,  evidence that the force
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 increases when the cylinder oscillates (Williamson 1985b ;  Borthwick & Herbert 1988 ;
 Sumer  et al .  1993) .  For larger  K c   numbers ,  predictions of  y m a x / D  and  e  / D  (Figures 5
 and 7) deteriorate for decreasing gap ratios .  It is believed that at smaller gap ratios for
 the oscillating cylinder striking the bed ,  the transverse forces are not well represented
 by equation (3) .

 5 . 2 .  C OMPARISON  W ITH  O THER  E XPERIMENTS  (S MALL   K s )

 For  G  / D  5  1 and  f n w   close enough to the vortex shedding frequency ,  the frequency
 spectra of the transverse force  F y ( t ) ,  given by equation (3) ,  and the normalized
 transverse response ( Y  / D ) are shown in Figure 10 ,  respectively ,  for damping ratios  j s w

 of 0 ? 0095 ( K s  5  0 ? 54) ,  0 ? 00633 ( K s  5  0 ? 36) ,  and 0 ? 00317 ( K s  5  0 ? 18) .  j s w  5  0 ? 00317 
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 Figure 10 .  Predicted spectra of wave forces and cylinder transverse responses .
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 Figure 11 .  Results of the maximum transverse amplitude versus the reduced velocity for various KC
 numbers :  ( , ) experimental data of Anand & Torum (1985) ;  ( h ) present numerical predictions ;   D  5  0 ? 050  m ,

 G / D  5  1 ,   K s  5  0 ? 180 .

 ( K s  5  0 ? 18) is the value of damping typical of the experiments of Anand & Torum
 (1985) .  It is seen that as the damping is decreased ,  the main vibratory frequency of the
 force and the response tend to shift from the vortex shedding frequency to the natural
 frequency  f n w   of the system .  This indicates that the lock-in mechanism is possible only
 for very small damping ,  as reported by King (1977) for steady flows .  However ,  when
 G  / D  is reduced to 0 ? 25 (Figure 10) the cylinder is found to hit the bed ,  and the
 frequency of the force is re-established with the vortex shedding frequency ,  whereas
 that of the response is higher .  The contribution at  f n w   is no longer present .  Perhaps as
 the cylinder hits the bed ,  part of its movement is arrested ,  resulting in a frequency
 higher than that in the situation of no impact .  This gives the impression that ,  at small
 gap ratios where the cylinder hits the bed ,  the response becomes controlled neither by
 the vortex shedding frequency nor by the natural frequency of the system ,  but by
 another frequency higher than the vortex shedding frequency .  This result seems to be
 consistent with that of Sumer  et al .  (1986) .

 The peak amplitudes  Y m a x / D  observed by Anand & Torum (1985) are well
 predicted by the analytical model only for  G  / D  5  1 (Figure 11) .  At a small gap ratio
 ( G  / D  5  0 ? 5 ,  Figure 12) ,  when the cylinder hits the bed at all times ,  most of the
 experimental values do not agree with the predictions .

 The ef fects of increased damping on the oscillatory amplitudes are further investig-
 ated for one case ( K c  <  10 and  V r  <  5 ? 8) at which the experimental values of  Y m a x / d  due
 to Anand & Torum (1985) are well predicted for all three gap ratios .  The results of this
 analysis ,  in which the damping ratio ( j s w ) is varied from 0 ? 00317 ( K s  5  0 ? 18) to 0 ? 2639
 ( K s  5  15) ,  are shown in Figure 13 .  The present experimental data are also shown in the
 figure and are vertical lines representing wide scatter of results at KC  5  10 and  V r  5  5 ? 8 .
 It should be noted that ,  for the sake of comparison ,  our experimental data for
 G  / D  5  0 ? 398   are grouped with the data of Anand & Torum (1985) pertaining to
 G  / D  5  0 ? 5 .  It is seen that for  G  / D  5  1 and 0 ? 75 the maximum response amplitudes
 observed in our experiments is dependent on  K s .  The predictions for  G  / D  5  1 are in
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 Figure 12 .  Results of the maximum transverse amplitude versus the reduced velocity for various KC
 numbers :  ( , ) experimental data of Anand & Torum (1985) ;  ( h ) present numerical predictions ;   D  5  0 ? 050  m ,

 G  / D  5  0 ? 5 , K s  5  0 ? 180 .
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 Figure 13 .  Maximum amplitude of the transverse oscillations as a function of the stability parameter ,  for
 KC  .  10 ,   V r  .  5 ? 8 ,  j s w  5  0 ? 00317 – 0 ? 2639 :  —— ,  predicted ;  ( d ) experimental from Anand & Torum (1985) ;

 ( w ) present experimental data .



 N .  CHIOUKH AND R .  NARAYANAN 462

 reasonable agreement with the measurements .  However ,  the present data for  G  / D  5
 0 ? 5   at larger values of  K s   show considerable scatter ,  particularly because large
 amplitudes occur only occasionally in the tests .  For  G  / D  5  0 ? 126 ,  although the results
 are not well predicted ,  the general trend of the theoretical curve agrees with the
 measurements ,  showing that ,  for  K s  .  2 ? 5 , Y m a x / D  is less dependent on  K s .

 6 .  CONCLUSIONS

 Wave-induced transverse vibrations of horizontal circular cylinders placed over a plane
 bed were studied both experimentally and theoretically .  The main conclusions of this
 investigation are as follows .

 1 .  For very small KC numbers at which vortex shedding does not take place ,  the
 responses fluctuate with regular amplitudes and with the vibratory frequency equal to
 the wave frequency .  The responses amplify when the frequency ratio  f n w  / f w  5  1 .

 2 .  For the larger KC numbers ,  the response amplitudes exhibit irregularity .  For large
 gap ratios at which the cylinder does not reach the bed during oscillations ,  the peak
 response amplitudes correlate better with  f n w  / f w   than with KC .  For small gap ratios at
 which the cylinder touches the bed during oscillations ,  the amplitudes do not show
 strong dependence on  f n w  / f w ,  KC or  V r .

 3 .  When the cylinder is away from the bed the responses are symmetrical .  But as the
 oscillations begin to reach the bed the cylinder is repelled ,  leading to amplification of
 the amplitudes in the upward direction .

 4 .  At gap ratios where the cylinder does not interact with the bed ,  the main
 frequencies of the oscillations are the same as the vortex shedding frequencies .  As the
 cylinder approaches the bed ,  transition of the vibratory response from  f w   to 2 f w   occurs
 at smaller KC numbers .

 5 .  The ef fect of increasing the stability parameter  K s   on the response amplitudes is
 to reduce their magnitude when the cylinder does not hit the bed .  The amplitudes seem
 to be less af fected by the magnitude of the stability parameter when the undisturbed
 position of the cylinder is very close to the bed .

 6 .  The theoretical model has shown that for cylinders away from the bed the peak
 amplitudes could be reasonably estimated ,  provided that the force coef ficients are well
 selected .
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