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MAGNITUDE OF THE PROBLEM 

Many types of marine structures are susceptible to vortex-induced vibrations. These include the 

risers and conductor tubes that are employed in in offshore oil exploration and production, deep water 

pipelines, members of jacketed structures and mooring cable arrays. Several case studies have been dis­

cussed in the literature in recent years. First among these was the installation of an offshore oil termi­

nal at Immingham in the United Kingdom during late 1969. Significant vortex-induced vibrations 

occurred during the installation of pilings in a tidal flow, and severe construction difficulties were 

encountered. A wide ranging test program was conducted both at the field sites and in various labora­

tories in order to determine the causes of the vibrations and to devise means of preventing them. 

The underwater installation of 187 m (610 ft) long foundation piles for the Shell Oil production 

platform in the Cognac field of the Gulf of Mexico presented several potential problems due to vortex­

induced vibrations. Currents of sufficient magnitude to cause resonant vibrations of the piles had been 

measured at the installation site which has a water depth of 350 m (ll50 ft). The anticipated problems 

included the "stabbing' of oscillating piles into sleeves in the platform base, and vibrations of the 

stabbed piles during the subsequent driving operation. Under certain circumstances a fatigue life of 

four days was predicted for the bare piles when their exposed length of 130 m (425 ft) was resonantly 

excited by currents with magnitudes of 0.45 mis (0.9 kt). 

In 1979 the jack-up rig "Offshore Mercury" was drilling for the British Gas Corporation in 61 m 

(200 ft) of water in the English Channel near the Isle of Wight. Problems were encountered with 

vibrations of a drill pipe due to vortex shedding. The rig was operating in 1.5 mls (3 kt) current and 

the pipe, 610 mm (2 ft) in diameter, was oscillating with a displacement amplitude of± 0.5 diameters 

across to the current direction. Not only was the drill pipe resonantly vibrating, but also drilling 

machinery on the deck of the rig was vibrating in unison with it. These resonant vibrations caused two 

fatigue failures of the drill pipe. Prior to the time when an acceptable solution was devised, approxi­

mately $5 million in losses were incurred. A photograph of the drill pipe deployed on site is given in 

Fig. I. 

Laboratory and field tests and design studies were conducted in the early l 980's to develop a riser 

fairing that would allow a drill ship to operate off the coast of Brazil in 400 m (1330 ft) of water and in 
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Fig. I - Vortex shedding from a drill pipe deployed from the jack·up rig 
Ocean Monarch in the English Channel: from Every and King (8). A heli· 
cal strake vortex spoiler is wrapped around the pipe. Prior to the installa· 
tion of the spoiler, two pipe failures had been caused by vortexwinduced 
vibrations. 

strong surface currents up to 2 mis (4 kt). These tests resulted in the development of economical and 

practical fairing and helical strake devices to suppress the vortex-induced vibrations. 

A number of more recent test programs have been conducted or are underway in the offshore 

industry. Most or all of the results obtained are proprietary to the various participants. 
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NOTATION 

The following symbols are used in this report: 

C0 , Steady drag coefficient on a vibrating (stationary) cylinder or cable. C00 

Cl Lift coefficient; see Eq. (6). 

Cu Excitation force coefficient; see Eq. (6). 

D Body diameter (m or ft). 

f, Natural frequency (Hz). 

f, Strouhal frequency (Hz). 

Modal scaling factor; see Eq. (4)./ 1 

k, Reduced damping; see Eq. (!). 


L Body length (m or ft). 


m Physical mass per unit length (kg/m or lbm/ft). 


m' Virtual mass (physical plus added mass) per unit 


length (kg/m or lbm/ft). 

St Strouhal number, f,D/ V. 

V Incident flow velocity (m/s or ft/sec or knots). 

V, Reduced velocity, V/ f,D. 
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v 

Coordinate measured along the cylinder (m or ft). 

w, Response parameter,(!+ 2Y/D) (V,StJ- 1; see Eq. (8). 

y, y Cross flow displacement, displacement amplitude (m or ft). 

y Normalized displacement amplitude, YID. 

Normalized displacement amplitude; see Eq. (4). 


Coordinate measured in the in-line or mean flow direction (m or ft). 


Shear flow steepness parameter. 


Log decrement of structural damping; see Eq. (!). 


Y; 	 Normalizing factor; see Eq. (4). 

Phase angle (deg. or rad); see Eq. (6). 

Mass ratio, see Eq. (2). 

Kinematic fluid viscosity (m2/sec or ft2/sec). 

p Fluid density (kg/m3 or lb.,/ft3). 

.p, (z) Mode shape for i th flexible beam mode; see Eq. (3). 

Structural damping ratio; see Eq. (2). 
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VORTEX-INDUCED VIBRATIONS OF MARINE 

CABLES AND STRUCTURES 


1. INTRODUCTION AND BACKGROUND 

A common mechanism for resonant, flow-induced vibrations is the organized and periodic shed­

ding of vortices as an incident flow separates alternately from opposite sides of a Jong, bluff body. 

These vortices result in steady and unsteady drag forces in line with the flow and unsteady lift or side 

forces perpendicular to the flow direction. If the structure is flexible and lightly damped internally, 

then resonant oscillations can be excited normal or parallel to the incident flow direction. For the more 

common cross flow oscillations, the body and the wake usually oscillate in unison at a frequency near 

one of the characteristic frequencies of the structure. The shedding meanwhile is shifted away from the 

natural, or Strauhal, frequency at which pairs of vortices would be shed if the structure were restrained 

from vibrating. This phenomenon is known as "lock-on" or "wake capture." 

The vortex-induced vibrations of marine cables, commonly termed strumming, result in increased 

steady and unsteady hydrodynamic forces, and amplified acoustic flow noise. They sometimes lead to 

early fatigue, structural damage and to failure. These flow-excited oscillations very often are a critical 

factor in the design of marine cable arrays, riser systems, and offshore pipelines. In air, chimney 

stacks, jack-up rig legs, high-tension power lines and bus-bars commonly vibrate due to vortex shed­

ding. 

The dynamic analysis of marine structures and cable systems both in air and in water has become 

an important consideration in the prediction of stress distributions and fatigue lives. Reliable experi­

mental data are now reasonably available in the open literature for the dynamic response characteristics 

and flow-induced forces on a model scale. Based upon these experiments, semi-empirical prediction 

models have been developed and favorably compared with field test data under limited conditions. 

2. BASIC CHARACTER OF VORTEX SHEDDING 

The frequency /, of the vortex shedding from a circular cylinder member such as a cable or a 

riser is related to the other main flow parameters ( D, the diameter of the cylinder; V, the flow ve­

locity) through the nondimensional Strauhal number which is defined as 

Manuscript approved ApriJ 18, 1985. 



/,D
St-7. 

The value of the Strouhal number varies somewhat in different regimes of the Reynolds number and 

with the shape of the cylinder (circular, D-section, triangular, etc). For the range of the Reynolds 

number where the Strouhal number remains constant the relation between the shedding frequency and 

the velocity is linear for a given cylinder, i.e., 

J~ - KV, 

where K - St/ D. If a cylinder immersed in a flowing fluid is free to vibrate in the cross-flow and in­

line directions, then the latter relation does not hold in the vicinity of the natural frequency of the 

cylinder. This resonance phenomenon-called "lock-on" or "wake capture"-is discussed in this report. 

If the Reynolds number is lower than about HP, then the vortex shedding is predominantly 

periodic and the value of the Strauhal number can be assumed to be about St - 0.2 for a circular 

cylinder or cable. Measurements of the frequencies, displacement amplitudes and forces which result 

from vortex-induced vibrations have been obtained by many investigators from experiments both in air 

and in water. The basic aspects of the problem of vortex-induced vibrations in general have been 

reviewed recently by Sarpkaya (I) and Bearman (2). King (3), and Griffin and Ramberg (4,5) have 

discussed the subject in the context of marine applications. 

3. AMPLITUDES OF DISPLACEMENT 

It has been shown by numerous investigators (see References 1, 3 and 4, for example) that the 

displacement amplitude is a function primarily of a response or "reduced damping" parameter of the 

overall form 

k _ 2mB 
(!), pD2. 

The formulation of the reduced damping also is often written in the analogous form 

(2) 

when the damping is small and {, - o/21T. The importance of the reduced damping follows directly 

from resonant force and energy balances on the vibrating structure. It is important to note that the 

damping coefficients{, and o represent the damping measured in still air. For all practical purposes this 

is then equivalent to in vacuo structural damping. Moreover, the relation between YMAX and k, or 

{,/µ. holds equally well for flexible cylindrical members with normal mode shapes given by i/J, (z), for 

the i th mode. 
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If the cross flow displacement (from equilibrium) of a flexible structure with normal modes i/J; (z) 

is written as 

Y; - Y.p,(z) sin wt (3) 

at each spanwise location z, then the peak amplitude of displacement can be scaled by the factor 

(4a) 

where 

(4b) 

and 
l.pi(z)/MAX 

(4c)
J/12 

The effective displacement amplitude YEFF is derived from scaling factors derived from the so-called 

'wake oscillator' formulation for modelling vortex-induced vibrations (6, 7). 

Experimental data for YEFF as a function of{,/µ. are plotted in Fig. 2. These results encompass a 

wide range of single cylinders of various configurations and flexure conditions at Reynolds numbers 

from 300 to 106• For all of the data points plotted in Fig. 2 the damping coefficients {, and/ or 8 were 

measured in sri// air. This should minimize any further misconceptions among other investigators who 

have discussed earlier versions of this figure. The various types of structures represented by the data 

points available through 1982 are given by Griffin and Ramberg (4). As examples, the crossflow vibra­

tions of flexible cantilevers and cylinders in the fundamental mode have been measured under a variety 

of conditions. Peak-to-peak displacements as great as two and more diameters in water were measured 

for length/diameter ratios up to about LID = 250. All experiments conducted to date indicate that the 

limiting displacement amplitude for a flexible circular cylinder is about YEFF = ± I (or slightly greater) 

at the lowest values of reduced damping. 

The most recent measurements in water (see Table !) shown in Fig. 2 have been made by Every 

and King (8), Moe (9), and Tsahalis (l 0, I l). These data provide additional confirmation of the earlier 

trends shown in the figure. It is interesting to note that the reduced damping can increase from 

{,/µ. - 0.01 to 0.5 (a factor of f1fl:y) and the displacement amplitude decreases only from two or three 

diameters to one diameter (a nominal factor of only two or three). This is why it is difficult to suppress 

the in-water oscillations by means of mass and damping control. Recent discussions of the suppression 

of vortex-excited oscillations in water are given by Every, King and Griffin (8,12) and by Zdravkovich 

(13). 
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10.0 r- MARINE STRUCTURES 

0.005 	 0.01 0.02 0.05 0.1 0.2 0.5 LO 2.0 5.0 10.0 
REDUCED DAMPING, ts Iµ. 

Fig. 2 - The maximum cross flow displacement amplitude, 2 YEFF.MAX, of circu· 
!ar cylina:rical members, scaled as in Eq. (4), as a function of the reduced damp. 
ing, 's - 2trSi1ks. The complete legend for the data points is given in Ref. (4), 
except for the most recent data described in Table L 

Table l 

 
Vortex-Induced Vibrations of Circular Cylinders in Water; 

 New Data Added to Fig. 2 

I
I

Symbol Type of Cylinder Medium lnvestigator(s) 

ct Cantilever beam, Water Every and King 
LID= 38 (76% (1979)' 
in water) 

0 Spring-mounted Water Moe0983) 
rigid cylinder, 
LID"' 20 

Pinned-pinned beam, Water Tsahalis (1985) 
LID= 1!2 

The situation is somewhat different in air as shown in Fig. 3, which has been adapted from Adami 

and Batch (14). The vibrations of a slender circular cylinder (LID = 114) were measured in a wind 

tunnel with different end fixities. For the conditions tested the vibrations were nearly independent of 

the mode, end conditions and the aspect ratio (14). The solid line drawn in the figure is the prediction 

-	 1.29 Y1
YMAxl D - ______:_l'-----, (5)

[l + 0.43 (4.,,. St m/';/pD')J335 
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Fig. 3 - The cross flow displacement amplitude, 2 Y; D, 
for flexible circular cylinders in a wind tunnel as a func~ 
tion of the reduced damping, ks - 2mt;/pD2~ adapted 
from Adami and Batch 0981). 

This is a least-squares fit to the data in Fig. 3 which were available in 1977. Other essentially identical 

prediction curves derived by different methods have been proposed by Sarpkaya (!), !wan (7) and 

Blevins (15). The data plotted in Fig. 3 are typical of those obtained in air and would fall toward the 

right-hand side of Fig. 2. In that region the displacement amplitude is strongly dependent on the 

reduced damping. Control of the mass and damping of the member then provides a means for 

suppressing the vibrations. The legs of jack-up drilling rigs under tow and above-ground suspended 

pipelines are but two examples of the importance of considering the vortex-induced vibrations of long 

cylinders in air. 

These results have been obtained both in air and in water, even though the mass ratios of vibrat­

ing structures in the two media differ by two orders of magnitude. For typical structures vibrating in 

water the mass ratio -'E.,; varies from slightly greater than I to about 5; in air the mass ratios
pD• 

corresponding to Figs. 2 and 3 typically vary from pd - 15 to 500. 
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4. LIFT OR SIDE FORCES 

The resultant unsteady fluid force which acts on a resonantly vibrating, cylindrical structure due to 

vortex shedding can be divided into several components (16), which are: 

• An exciting component of the lift force, 	 in phase with the structure's vibrational velocity, by 

which energy is transferred to the structure; 

• A reaction, or damping force, which is exactly out-of-phase with the structure's velocity; 

• An "added mass" force, which is exactly out-of-phase with the structure's acceleration; and 

• A flow-induced inertial force. 

These various contributions to the total force can be deduced from the total hydrodynamic force as 

reported, say, by Sarpkaya (1) or the various components can be measured individually (see Ref. 16). 

The present brief discussion will deal essentially with the exciting force which drives the vibration. 

The exciting force coefficient force is defined as 

(6) 

and is important because it is the component of the total force that transfers energy to the vibrating 

structure. Here <P is the phase angle between the hydrodynamic force coefficient CL and the displace­

ment of the structure. A relatively large number of measurements of CLE by various means are plotted 

against the effective displacement amplitude YEFF in Fig. 4. Table 2 summarizes the various conditions 

under which the experimental results were obtained. There is some scatter in the various measured 

values of CLE, but certain trends are clear. First there is a maximum of the excitation force coefficient 

at a peak-to-peak displacement amplitude of between 0.6 and 1 diameters for all the cases shown in the 

figure. Second, the maximum of the force coefficient is approximately CLE - 0.5 to 0.6 for all but one 

case; the single exception is the result of CLE - 0.75. CLE then decreases toward zero and this disap­

pearance of the exciting force results in the limiting effective displacement amplitude. This limiting 

amplitude is clearly shown at the lowest values of reduced damping in Fig. 2. 

5. DRAG FORCES 

5.1 Previous Results. An important consequence of the resonant cross flow oscillations of struc­

tures and cables due to vortex shedding is an amplification of the mean steady drag force (or 

equivalently the drag force coefficient CD). The drag amplification measurements which had been 

made under a variety of conditions prior to 1980 have been summarized by Griffin and Ramberg (4) as 
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Table 2 


The Excitation Force Coefficients on Vibrating Bluff Cylinders; 

Description of the Data in Fig. 4 


Symbol Type of cylinder Medium Cylinder material Investigator(s) 

4 Flexible Water PVC King (1977) 
cantilever 

PVC • Aluminum 
Stainless steel 

0 Pivoted Water Brass Vickery and 
Watkins (1964) 

rigid cylinder & Air 

+ Spring-mounted Air Aluminum tubing Griffin and 
rigid cylinder Koopmann (1977) 

~ Rigid cylinder, Water Aluminum tubing Sarpkaya (l 978) 
forced oscillations 

.l Flexible canttlever Air Aluminum Hartlen, Sames 
and Currie ( 1968) 

Flexible cylinder Air Farquharson • and McHugh 
(l 956)t 

() Rigid cylinder Air Brass Simmons and 
forced oscillations Cleary (1979) 

tQuoted by Simmons and Cleary (17). 

Fig. 4 - The component, Cu, of the lift force plotted against the 
displacement amplitude 2 YEFF.MAX• scaled as in Eq. (4). The legend 
for the data points is given in Table 2. 
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Fig. 5 - The drag coefficient amplification, C0 / C00, plotted as a function of 
the wake response parameter, w, - (I+ 2Y! D) (St V,)-! for the cross flow 
vibrations of a circular cylinder~ from Skop, Griffin and Ramberg (19). 

shown in Fig. 5. A step-by-step method for employing these measurements in the analysis of marine 

cable structures was developed by Skop, Griffin and Ramberg (19). One step in the method uses Eq. 

(5) to predict the cross flow displacement amplitude of the member. Measurements of the drag coeffi­

cient more recent than those discussed by Griffin and Ramberg are presented in this section of the 

report. 

Measurements of the vortex-induced cross flow vibrations of model marine piles were made by 

Fischer, Jones and King (20,21). The steady deflection at the free end of the model pile also was 

measured; in this case the model was a simple, uniform cantilever beam with no tip masses, fully 

immersed in water, and normal to the incident flow. For low flow velocities the measured and 

predicted tip deflections coincided when the pile was effectively stationary. The deflection was 

predicted by assuming a uniform loading 

w(x) - 1/2 2p V DCD(x) (7) 

over the length of the flexible beam in which the drag coefficient CD (x) was a constant, CD - 1.2. 

When the critical flow velocity for the onset of the vortex-induced vibrations was exceeded, the 

measured steady deflections in line with the flow departed significantly from the predicted reference 

curve. Flow velocities above the threshold value caused steady deflections of up to twice the model's 
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Fig. 6 - The drag coefficient, C0 , plotted against the reduced velocity, 
VP for a spring~mounted circular cylinder; from Overvik (l 982). Peak 
cross f1ow displacement amplitude, P- - ::t J to I.ID. 

value predicted by assuming C0 - 1.2. At the higher values of relative density of the model structure 

to the density of water, the steady deflections of the model diverged from the predicted curve, reached 

a maximum and then returned to the predicted curve obtained with C0 - 1.2. The pile tip was 

deflected in line about Z - 1.3 D at a water velocity V of 0.6 kt (0.3 mis) when the cross flow dis­

placement amplitude was Y - ± !.5 D. When the pile was restrained from oscillating, the steady in­

line deflection of the tip was predicted to be 0.6 D at the same flow velocity. Two related examples are 

given in Section 7 of this report. 

5.2 New Experimental Results. The steady vortex-induced drag coefficient CD on a freely­

oscillating, spring-mounted cylinder is plotted against the reduced velocity V, in Fig. 6. The measure­

ments were made by Overvik (22) as a baseline case in a more extensive study of the effects of vortex 

shedding on marine risers. The drag on the cylinder clearly undergoes a resonant-like behavior in 

much the same manner as the cross flow displacement amplitude. Comparable measurements by 

Overik of the displacement amplitude YID track directly the behavior of the drag coefficient CD· At 

the peak value of the response, Y - ± 1.1 D, the drag coefficient is CD - 2.5. This is an amplification 

of about 250 percent, which is of sufficient magnitude to cause serious problems for the designer of 

marine structural members of cylindrical cross section. Less severe problems occur in air because of 

the smaller vibration amplitudes which are common there. 
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The drag amplification C0 / D00, where C00 is the drag coefficient for the stationary cylinder, from 

a variety of recent experiments is plotted in Fig. 7 as a function of the 'wake response' parameter 

w, - (1+2 f/D) (V,St)- 1
• (8) 

This parameter was proposed by Skop, Griffin and Ramberg (19) and was employed previously as 

shown in Fig. 5 to correlate the drag amplification that accompanies vortex-induced vibrations. In the 

particular form shown the factor s1-1 acts to correct for any variations in Strouhal number (and Rey­

nolds number) among the various experiments. All of the data in Fig. 7 refer to conditions of lock-on 

between the vortex and vibration frequencies. 

3.0r 
CROSSFLOW OSC1Ll..ATIONS 

ev/ 

X'),0, 

x 

" -),~x 
c ,X 
op' " 

x 

40 
RESPONSE PARAMETER. W, 

Fig. 7 - The drag coefficient amplification, C0 /CDO• 
plotted as a function of the wake respcnse parameter, 
w, - (1+2Y/D) (St V,)- 1, for the cross now vibra~ 
tions of a circular cylinder. The legend for the data 
points is given in Table 3. 

Table 3 

Drag Force Amplification on Vibrating Circular Cylinders; 


Description of the Data in Fig. 7 

Symbol Medium Type of Vibration lnvest1gator(s) 

0 
 Water Cross flow, forced Sarpkaya (1977)

w Water Cross flow, forced Schargel il980) 


x Water Cross flow, free Overvik (l 982) 


e.~ Water Cross flow, free Moe 0982) 
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It is interesting to note the variety of data which are so well correlated in the figure. The drag 

measurements from Sarpkaya (23) and Schargel (24) were made on forced-vibrating cylinders in water. 

Moe (9) and Overvik (22) measured the drag on a freely-vibrating cylinder in water. All of these dif­

ferent experiments resulted in substantial amplifications of the drag coefficient, with C0 / C00 > 2 not 

uncommon for both the free and forced vibrations. The data from Sarpkaya (23) in Fig. 7 are the same 

as those in Fig. 5. They have withstood well several years of scrutiny. 

The dashed line in Fig. 7 is the least-squares fit to the data, given by 

Col C00 - 0.124 + 0.933 w,. (9) 

This is simpler than the result in Fig. 5 but, based on a statistical analysis of several exponential and 

polynomial representations, it is the best overall representation of the data. Also, the data in Fig. 7 

constitute a more extensive base, over a more realistic range of Reynolds numbers, than the data 

shown in Fig. 5. Use of Eq. (9) therefore is recommended for future applications. Some examples are 

given later in the report. 

Schargel also measured the drag coefficient on a cylinder which was forced to vibrate under non­

sinusoidal conditions. When the forcing signal was random with a peak near the expected shedding fre­

quency there was no resonant lock-in and the amplification C0 1 C00 of the drag coefficient was reduced 

in magnitude from the comparable resonant vibration, sinusoidal condition. 

Similar levels of hydrodynamic drag amplification to those in Figs. 5 and 7 were measured during 

the recent field experiments reported by Vandiver and Griffin (25,26). Both a 23 m (75 ft) long pipe 

segment and a cable with and without attached masses underwent large-amplitude vibrations 

(Y - ± ID) due to vortex shedding in a tidal current. Mean drag coefficients of CD - 2.4 to 3.2 

were measured during the time intervals when the pipe and cable were strumming at these large ampli­

tudes. In another recent series of experiments Davies and Daniel (27) measured the strumming vibra· 

tions of submersible umbilical cables. The model cable of LID = 100 to 300, which was tested in a 

large water channel, consistently was excited into large-amplitude cross flow oscillations which were 

comparable in level to those reported by Vandiver and Griffin. Consequently the normal mean drag 

coefficients measured by Davies and Daniel were in the range C0 = 2.5 to 3.4. This is an amplification 

factor of 2 to 2.8. 

6. EFFECTS OF CURRENT SHEAR 

Most of the available experimental data relevant to the vortex-induced vibrations of marine struc­

tures and cable systems pertain to uniform incident flows. However, risers, platform mooring cables 
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and other long slender structures in deep water often are subjected to non-uniform shear current pro­

files. The response of long cylinders in non-uniform flows cannot be predicted accurately in many 

cases using existing techniques and data bases. 

Recently the general problem of the shear flow about bluff bodies has been addressed in some 

detail (28). Even on a laboratory scale the reliable data base is relatively sparse for stationary bluff 

bodies and even less so for those which vibrate. The aspect ratios of the cylindrical bodies investigated 

thus far have been limited to LID's at and below 100. Risers, for example, in deep water have typical 

aspect ratios of LID - 250 to 2500 (29,30). A recent field study was conducted to assess the vortex­

induced response and drag characteristics for a long cable deployed in a vertical shear current (31, 32). 

The aspect ratios of the cables employed in the experiments were varied up to a maximum of LID ­

1.5 (105) in one case (D - 4.1 mm) and of LID - 1.15 (106) in another (D - 2.4 mm). It is 

apparent from the studies just mentioned that a good dial of empiricism and extrapolation is required in 

any assessment of shear current effects. 

Early studies of shear flow past bluff bodies demonstrated the potential importance of characteriz­

ing the nonuniform flow in terms of a "steepness of shear parameter" for the incident velocity gradient. 

The steepness parameter now is usually defined by 

- D dVfJ----­
VREF dX 

in the coordinates used in this paper, with x measured in the spanwise direction. The reference ve­

locity VREF is the mid-span value in most cases (28). Experiments reported by Fischer, Jones and King 

(20,21) were conducted to study problems anticipated during the installation of foundation piles for the 

Cognac platform in the Gulf of Mexico. It is clear from their results that a shear flow with i3 - 0.01 to 

0.015 had virtually no effect on the anticipated vortex-induced vibrations as compared to uniform flow 

results obtained under similar conditions (Y - ± l to 1.5 D). Shear levels such as these were expected 

from site measurements and were accurately modelled in laboratory-scale experiments. 

The natural frequencies of a member such as a riser or piling are relatively wide-spaced, i.e. 

f. 2 - 5/. 1 for example, and vortex lock-on is likely to occur over the two-to-one range of incident 

current speeds which is characteristic of vortex-induced vibrations in a single mode. When the adjacent 

frequencies are closely spaced, as in the long cable experiments reported by Kim et al (JI. 32), the 

shear current effects are more random in nature. 
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It is possible, as described in Ref. 33, to predict the extent of lock-on or the lack of it in a shear 

current for a slender bluff body. The method to be outlined is dependent upon several assumptions: 

(i) The structure or cable has a high ratio, that is LID > 20 or more; 

(ii) The focal Strauhal number is constant or varies only slightly; 

(iii) The velocity profile of the shear is linear or nearly so; 

(iv) The shear parameter i3 is limited to moderate values, that is, i3 < 0.03. 

The first assumption is necessary to insure that the effects of end boundaries and the vortex shedding 

cells which are common at the ends of a cylinder are negligible. Only cylinders with these large LID's 

have regions of vortex shedding that are free of end cell effects. Assumptions (ii) and (iv) are derived 

from available results in the practical range of shear flows as discussed by Griffin (28, 33). On the 

basis of these results an approach can be taken as follows. The local Strouhal number is 

fsD 
St- - ­

V 

or, equivalently 

fsD j V l J [ xl-l (JO)StM - V11 - S,, VM - S1 I + D /3 . 

Here the subscript M denotes quantities measured halfway along the cylinder. At the high velocity end 

of the lock-on region, 

(I la) 

and at the low velocity end 

(I lb) 

where local values of the displacement x are used. If the reduced velocity v;M - V11/ JD is intro­

duced, then 

u-1[/s • Is· l SfJ-r xi x •) 02)''M 712- 711 - D ,- D''I 

is obtained when Eq. (!lb) is subtracted from Eq. Ola). Simplifying the terminology, 
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v,:;}A[ fs J _Srp[ AxJ . (13)
f i-1 D 2-1 

The specific application of Eq. (13) to the case of a flexible cable can be derived easily. If the 

cable of length L and phase velocity Cp has the natural frequency (in water) fn1 in the jth natural 

mode, then the wavelength A.1 of the vibration is 

(14) 

where T is the tension and m' is the virtual (physical + added) mass per unit length of the cable. The 

shear parameter p for a linear shear flow can be reduced to the form 

(15) 

when the length scale Ax is equal to L and A V is the difference in current velocity between the two 

ends of the cable. Equation (13) can be rearranged into the form 

Ax2-1[i..1 1 [fsJ I 03a)
>:;- D =A 7 2-1 -[ v11 J' 

Stf3 JD 

which reduces to 

Ax2-1 -A[fs] si-1[fn1LJ J2.. 
A.1 f 2-1 AV >-1 

when Eq. (15) is substituted. This further reduces to 

<l.x2-1 -Alis I sr1[.f..Jlf~D2 r;;;1 (16)
/..1 f 2-1 D AV °VrJ 

when the cable frequency relationship, Eq. (14), is introduced. From this equation the potential span­

wise extent of lock-in can be estimated from the shear current characteristics, a desired cable fre­

quency, and the cable's physical and operational parameters. When the estimated <lox is many 

wavelengths the probability of sustained resonant cable vibration is small. The local Strouhal number 

St for a slender bluff body deployed in a spanwise shear flow is nearly constant at St = 0.20 to 0.22 

and A[; t_ - 0.7 for Y > O.l, oased upon available experiments conducted thus far (28, 33). 
1 
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Equation (16) can be simplified further for marine applications. Assume that A(f5 ) 2_ 1 - A/, the 

bandwidth of frequencies excited; that f - /,1 , the }th cable frequency; and that Ax - L. the length 

of the cable which acts like a taut string. Then Eq. (16) reduces to 

L l.Af.I l1"
1DI I 1 l>:; - St AV 2/1 

since ~ - 2Lf1• The modal density of the natural frequencies for a taut string is 

(17) 

and cp - A.1/ 1, so that Eq. (16) becomes 

The number of cable frequencies excited within the bandwidth of frequencies A/, and correspondingly 

within the shear current bandwidth AV, can be defined as 

(18) 

This equation recently was proposed by Kim, Vandiver and Holler (31, 32). As shown here, Eq. (18) 

can be derived directly from the characteristic parameters which govern shear current effects on bluff 

bodies. Equation (l 3) thus can be adapted for use in predicting current shear effects on other marine 

structures such as risers, pipelines, etc. as more experimental data becomes available. 

The likelihood of resonant lock-on or strumming for a cable (or the absence of it) can be 

estimated from either Eq. (16) or Eq. (18). Kim et al (31, 32) had estimated two cases-a 290 m (950 

ft) cable employed in field tests at St. Croix, and a 22.9 m (75 ft) cable employed in earlier field tests 

at Castine, ME (25, 26). Similar estimates can be made using a simplified form of Eq. (16); that is 

Ax - (16a)o1[.f.J sl.X: !m4 
,..1 · D 'I AV"\/ rJ· 

and the results are compared in Table 4. Comparable conclusions can be drawn from the results of 

either equation-in the case of the long cable resonant strumming vibrations are unlikely, as estimated 

here and reported in Ref. (31, 32); in the case of the short cable resonant strumming vibrations are 

more likely, again as estimated here and reported in Refs. (26, 31, 32). The likelihood of the 

occurrence of resonant strumming vibrations can be estimated by comparing the cable length relative to 
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Table 4 

Estimation of Cable Strumming in a Shear Current 

Cable Properties from Refs. (26, 31, 32). 

Experiment Length/ Diameter. 

LID 

Excitation Length/ 
Wavelengtht 

t:.xlx 

Modal Frequencies 
per Bandwidth, tt 

Ns 

Likelihood 
of 

Strumming 

[St. Croix (JI, 32) 

! 
L - 290 m, D - 4.1 mm 

LID - 7.1 (104 
) 

-so 158 Random or no 
strumming. 

! Castine (26, 31. 32) L 
I 

- 22.9 m, D 
LID -

- 31.8 mm 
720 

-10 0.3 Non-!ockin and 
resonant strumming. 

tfrom Eq. (16a). 
ttfrom Eq. (18). 

the expected strumming wavelength or the number of natural frequencies excited within the excitation 

bandwidth. The same conclusions follow from either approach. 

7. MARINE APPLICATIONS 

The hydrodynamic drag data given earlier in the report can be used to calculate the deflection of 

and forces on cylindrical structures in steady currents. A simple example of the problem of vortex­

induced crossflow vibrations of a cylindrical beam in water is given in the Appendix. The method 

described there has been used previously by Every, King and Griffin (12) to compare predicted in line 

steady tip deflections of a model free-ended piling with the results of model experiments (8, 21). The 

drag amplification data given in Fig. 5 were employed in the previous comparison. In this section of 

the report a comparison is made using the up-dated and more extensive drag amplification results given 

here in Fig. 7. 

The cantilevered circular cylinders employed in the experiments were models of the free-ended 

foundation piles for the Cognac field platform described by Fischer, Jones and King (20). Four 

cylinders of relative density y - 1.5, 2.0, 2.5, and 3.5 were tested. Here the relative density is 

(19)'Y ­

where m, is the physical mass (per unit length) and ma is the fluid added mass. The properties of the 

cylinders are summarized in Table 5. Complete data sets consisting of the vortex-induced cross flow 

amplitudes of displacement and steady in-line deflection are available as a function of incident flow 

velocity (and reduced velocity V,) for each of the four cylinders (12, 20. Two examples are given 
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here, for the cylinders of relative density y - 2.0 and 2.5. The two cylinders exhibit quite different 

forms of response to the hydrodynamic forces. 

Table 5 


Vortex-Induced Vibrations of a Free-Ended Pile; 


Properties for Figs. 9 and 10, from King (21). 


Property Model Value Scale Factor 
(Fullscale/Model) 

Length, L 0.66 m (2.17 ft) !68 

Diameter, D l.27 mm C0.042 ft) 168 

Stiffness, G - 3EI/ L 3 29.3 Nim (2.0! lb/ft) 168 

Structural mass, ms 0.061 kg/m (0.041 lbm/ft) 168 

Log decrement, 8 0.063 

In-air natural 
frequency, In 
Note: 

8.75 Hz 11..fi68 

The relative density y of the basic pile model was varied by filling it with various 
substances, 

Equation (A8) was evaluated for these two cases using corresponding values of YMAX• Zs and V,. 

The results obtained are plotted in Figs. 8 and 9 where the experimentally-obtained values are shown 

together with two predictions. The dashed line represents the deflection Zs that is predicted when the 

cylinder is restrained from vibrating, that is CD - CDo - 1.2, a constant value. The deflection 

predicted with Eq. (A8) is given by the solid line connecting the closed symbols. The prediction is in 

reasonable agreement with the experiment, similar to the agreement which was obtained previously by 

Every et al (12). Again there is a tendency to overpredict the steady deflection at lower reduced veloci­

ties, and displacement amplitudes, and to underpredict at the higher. The new drag prediction from 

Fig. 7 is less conservative than the prediction estimate used previously (12). The previous prediction 

estimate, using A 1 = 0.54 and B1 = 0.88, is in fact an upper bound to the data shown in Fig. 7. 

Only the lock-on range is shown in Fig. 8. Below and beyond the range of reduced velocities 

shown in the figure the measured deflections follow the dashed curve when the vortex-induced vibra­

tions are negligible. There the cylinder is effectively stationary. In the range of V, - 5 to 10 the drag 

force is amplified substantially by the vibrations and the deflection departs from the dashed line, 

reaches a maximum, and then returns to the dashed line. The effective drag coefficient averaged over 
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Fig. 8 - The predicted steady tip deflection Z5/ D using Eqs. 
(9) and C.<\.8) compared to the measured values from Every, 
King and Griffin (12). The predictions using a constant 
Cno - L2 are shown as a dashed line. Relative density, 
y - 2.5. 
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Fig. 9 - The predicted steady tip deflection Z1 / D using Eqs, 
(9) and {A8) compared to the measured values from Every, 
King and Griffin (12). The predictions using a constant 

- 1.2 are shown as a dashed line. Relative density, 
y - 2.0. 
C00 

the length of the cylinder is increased to the range C0 - 1.8 to 2 at the largest tip amplitudes of 

?,.AX - ± 1.4 D. This results in high steady stresses when the oscillatory stresses also are highest. 

A different type of vortex-induced response is shown in Fig. 9. For this case the cylinder has a 

relative density of y 2.0, which corresponds to a cylinder of neutral buoyancy if the added mass of 

the cylinder is equal to the displaced mass of water. This is a reasonable assumption under most cir­

cumstances. The steady tip deflection Z, increases monotonically along with the cross flow amplitude 
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of displacement J\1Ax over the reduced velocity range of V, - 4 to 9. The displacement amplitude 

never reaches a maximum and 1hen decreases toward the stationary state, so that the steady tip deflec­

tion of the free-ended pile increases in a corresponding way. The near-neutral buoyancy of the model 

may have increased the range of the oscillatory motion to incident flow velocities larger than those 

capable of being achieved during the experiment. A broad range of V, over which the vortex-induced 

resonance occurred had been found in the case of near-neutrally buoyant models of the cold water pipe 

for ocean thermal energy conversion (QTEC) plants (34). 

Similar applications to the problem of marine cable strumming vibrations have been made by 

Skop, Griffin and Ramberg in an analysis of the flow-induced motions of the SEACON II experimental 

mooring (19). More recently, McGlothlin (35) and Griffin and Vandiver (25, 26) have predicted the 

drag on model cables and pipe segments which were deployed during the field experiments conducted 

at Castine by MIT. The predicted drag on the strumming cable was somewhat below the measured drag 

(26, 35), but the predicted drag on the oscillating pipe segment was virtually indistinguishable from the 

measured drag (25, 35). The prediction curve given in Fig. 5 was employed in these earlier estimates 

of the vortex-induced drag coefficient However, comparable agreement also has been obtained using 

the up-dated Eq. (9). Some examples are given in Table 6 where the drag has been estimated using the 

equation 

CDr- Coo[l.16 + I.67(Y,ms/D)]. (20) 

This equation represents the spatial average drag on a cable or pipe segment which oscillates normal to 

a uniform current with an amplitude of displacement from equilibrium of Y,ms. The rms of the dis­

placement amplitude Y in Table 6 is the instantaneous value of a moving average at a given time in the 

record. The original version of Eq. (20) was derived by McGlothlin (35) and subsequently corrected by 

Griffin and Vandiver (26). 

Table 6 

Vortex-Induced Hydrodynamic Drag and Cables and Pipe Segments 


Comparison of Measured and Predicted Values 


Model 

Coefficient, CD (¥,,,,,) t Coefficient, CD t Coefficient, CD ft 

! Bare Cable 3.01 I0.51 D) 2.51 2.41 
I 3.15 (0.47 D) 2.43 2.33 

'IPipe Segment 2.61 (0.52 D) 2.45 2.43 
2.43 (0.61 DJ 2.51 2.61 

tMIT experiments. from Refs, (25, 26, 35). 
ttFrom Eq. {20), this report. 
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The drag on the long cable was predicted by Kim using the measured values of Y,,,., from his 

experiments in the original version of Eq. (20). The drag predicted in this way was close to, but 

slightly greater than, the drag coefficients measured by Shargel (24) under random vibration conditions 

in the laboratory and by Kim at sea by titting an overall drag coefficient C0 to the predicted values of 

measured cable top tension and inclination angle. These laboratory and field measurements were in 

good qualitative agreement overall for Y,,,,, - 0.1 in 0.4. 

The examples discussed here have shown once again that the cumulative effects of superimposed 

steady and unsteady stresses due to vortex-induced vibrations must be included in any design assess­

ment of proposed structures in water. There now exists a more extensive and directly applicable data 

base for hydrodynamic drag coefficients and displacement amplitudes, so that such an assessment is 

more straightforward and can be made with more confidence than before. 

8. CONCLUDING REMARKS 

The dynamic analysis of marine structures and cable systems has become increasingly important in 

order to predict stress distributions and operational lifetimes in hostile environments. This is largely 

because the amplitudes of vortex-induced vibration for a cylindrical structure such as a riser or pipeline 

in water are an order of magnitude greater than for a similar structure in air. The small mass ratio 

(structure to displaced fluid) in water produces small values of the reduced damping which in tum 

result in the relatively large limiting vibration amplitudes shown here in Fig. 2. 

There is a relatively wide range of reduced damping over which bluff cylindrical structures in 

water undergo large-amplitude vibrations due to vortex shedding. Thus it is not possible to suppress 

these oscillations by means of mass and damping control, and some form of external device such as a 

helical strake winding or fairing usually is required. The exciting component of the lift force coefficient 

which drives the motion is increased by the vortex-induced vibrations until a maximum is reached, 

after which the exciting force approaches zero as the limiting amplitude of displacement is approached. 

Risers, platform mooring cables and other long, slender structures often are subjected to spanwise 

non-uniform shear currents. The response of long cylinders in non-uniform flows cannot be predicted 

accurately in many cases using existing methods which were originally developed for uniform flows. 

There is a limited base of data available for current shear effects from both laboratory and field experi­

ments. However, it is possible from these results to make reasonable engineering estimates of the level 

and extent of vortex-induced vibrations in shear currents. Several examples are given here in this 

report. 
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The vortex-induced hydrodynamic drag forces on vibrating structures in water are amplified sub­

stantially above the corresponding case of a structure at rest. This drag amplification has been mea­

sured in several extensive experiments and reaches 250 percent at the largest amplitudes of crosstlow 

displacement. The available experimental results for circular cylindrical members are summarized here 

and put to use in several example calculations. This amplification of the hydrodynamic drag forces 

results in large steady stresses and deflections when the oscillatory stresses and deflections also are 

highest. 

The cumulative effect of superimposed stresses must be considered in any design assessment of 

proposed structures in a marine environment where currents are a factor. Such an assessment now can 

be made with more confidence than was possible before. 
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10. APPENDIX : CALCULATION OF DRAG-INDUCED MEAN IN-LINE DEFLECTIONS 

It is possible to predict the steady deflection of the osciilating cylinder in Fig. 6 by treating it as a 

long. flexible beam since the cylinder has a length/diameter ratio of LID - 52. The equation for the 

steady deflection Z, (x) of a simple, flexible cantilever can be written as 

Z,"" - K CD(x), (Al) 

where 

K - l .E... v2L (A2)
2 g, G . 

The primes denote the derivative taken with respect to x, the direction along the cylinder. Here g, is 

the gravitational constant and the stiffness G = 3£11L3. The steady deflection Z, is measured in mul­

tipies of the diameter D and the displacement x (measured from the clamped end x = 0) is measured 

as a fraction of the length l. Tensile forces are neglected for this simple example, although in the case 

of more complex structures such as risers, conductor pipes, and cables the tension variation in the axial 

direction cannot be neglected in either static or dynamic analyses. 

The distributed loading on the right-hand side of Eq. (Al) is due to the drag forces which vary 

locally with the vortex-induced vibrations along the cylinder. As shown earlier, the drag coefficient CD 

(normalized by the stationary cylinder value C0 r)J can be represented as a function of the response 

parameter 

w, - (I+ 2YID) (St v,J- 1. (A3) 

Both the reduced velocity V, - VI f.D and the local displacement amplitude YID are accounted for in 

the expression for w,. St is the Strouhal number for YID - 0. For the purposes of this example the 

linear least-squares representation of the data in Fig. 7 is 

C0 /Coo = A 1 + B 1w,, with A 1 = 0.124 and B 1 - 0.933, (A4) 

as discussed in the report. Equation (A4), which in effect yields the dependence of the drag coefficient 

C0 on the vortex-induced displacement amplitude Y and the flow velocity V, can be expanded to 

Co= CDo {A 1 + B1(1+2Y(x)/D) (St V,)- 1). 
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The fundamental normal mode of vibration of cantilever beam for this simple example is approxi­

mated reasonably well by (36) 

(A5) 

where the tip displacement is given by l\4Ax· Equation (A4) then is of the form 

where A 2 - (St V,)- 1 and B2 - 2 Y\1.Axl D. Then the beam equation then takes the form 

Z,""- K 1 - K 2 cos!;1 (A6) 

where K 1 - K C00[A 1 + B1A2(1+82)] and K 2 - K C00 B1A 2B,. The appropriate boundary condi­

tions for a cantilever beam are 

z,wi - z;wJ = o, 
Z,"(l) = Z,"'(1) - 0. 

It is assumed as a first approximation that any differences between the normal mode shape and the 

forced mode shape are negligible. King (21) has found that within reasonable limits cylinders oscillat­

ing due to vortex shedding do so in normal modes. This point also is discussed by Every, King and 

Griffin (12). 

When Eq. (A6) is integrated four successive times and the boundary conditions are applied 

appropriately, the solution is 

z, (x) ­ K, ;; + K,[; r!I -cos I;41- [K, -K,[; ll ~J 
(A7)+ [ ~l - K,[; JI ~2. 

The steady deflection at the tip in the fundamental mode is given when Eq. (A 7) is evaluated at x = 1, 

or 

Z = s l8 K 1 ­ K-[..1_ -[1..1'].43'1T 1T 
(A5a) 

In terms of the various coefficients in Eqs. (A4) and (A6), this latter equation becomes 

Z, = K C00{0.125[A 1 + B1A 2(1+82)] - 0.04881A 2B2). (A8) 

These equations are employed in two examples given in Section 7 of the report. 
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