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SUMMARY 

This thesis contains the results of two research investigations 

conducted by the author, the first an exploratory investigation into 

wave induced vibrations, conducted at the British Hydrodynamics Re- 

search Association (BHRA), and the second a comprehensive investiga- 

tion into the forces on cylinders oscillated in still water and in- 

line with various currents, conducted at the River and Harbour Lab- 

oratory (VHL), Trondheim, Norway. Questions posed by the results 
of the first investigation were used in the formulation of the sec- 

ond, and results from the second led to a better understanding of 
the first. 

First investigation: - Vibrations of isolated cylinders in 

regular waves 

In this investigation two cylinders were mounted vertically 
side by side in a wave flume (but a sufficient distance apart so 
that no interactions occurred). One of these cylinders was effect- 
ively rigid, and the other mounted as an inverted pendulum, its natu- 

ral frequency controlled by springs attached to its upper end, and 
the motion restricted to either the direction parallel to the wave 
advance, or perpendicular to this direction. 

Reactions were measured at the top of the two cylinders and 

compared. Under some circumstances vibration of the flexibly mounted 

cylinder occurred. The major-'results-are, stimmarized as follows: 

i) Vibrations were., due. to t he. xes ponse to vortex shedding 

and could ocEui 
. 
Aatural frequency of the 

flexible higher than the wave 
frequency. 

ii) Parameters controlling the onset of vibration and quanti- 
fying the magnitude of vibration have been isolated. 

iii) The overall amplitude of the reaction of the rigid cyl- 
inder was predicted well by 'applying Morison's 'formula 

and by using coefficient values obtained in oscillatory 
flow distributed over the cylinder according to the local 
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values of Keulegan-Carpenter number. The smaller vari- 

ations in the reaction were not predicted by this model. 
iv) The following mathematical models were used to try to 

predict the experimentally obtained flexible cylinder 

vibration data for vibrations parallel to the direction 

of wave advance. 

a) The experimental reaction measured on the rigid 

cylinder was used as input to a dynamic mathematical 

model of the flexible cylinder, which used still 

water values of added mass and damping. 

b) The experimental rigid cylinder reaction was used 

as input to a model which included additional 'hydro- 

dynamic' damping due to relative velocity effects. 

C) Morison's formula was used to predict the rigid 

cylinder input reaction to a model using still water 

added mass and damping. 
d) The modified Morison's formula was used to predict 

both the input reaction to a model and to give addi- 
tional hydrodynamic damping. 

V) Models c) and d) do not include any vortex shedding 
forces. Model a) adequately predicted the experimental 
vibrations parallel to the direction of wave advance 

and also vibrations in the direction perpendicular to, wave 

advance. Models b), c) and particularly d) underpredicted 
the vibrations. 

The results of the models imply that fluid forces 

were unaltered by the cylinder vibrations, that hydro- 

elastic vibration did not occur, and that a full know- 

ledge of the forcing on a rigid cylinder would be suf- 
ficient to predict the response of flexible cylinders. , 

Furthermore, the results suggested that the use of 
the modified Morison's formula in the dynamic analysis 
of offshore platforms may not correctly predict vibra- 
tions. 

vi) A quasi-steady model of vortex shedding in oscillatory 
and wave flows has been studied where the instantaneous 
shedding frequency is considered to be proportional to 
the instantaneous velocity, and the instantaneous force 
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amplitude proportional to the square of the instantaneous 

velocity. The model gave a good qualitative prediction 
of lift traces found in wave and oscillatory flow experi- 

ments, and of the variation in the spectral content of 
the lift forces with varying Keulegan-Carpenter number. 

Second investigation: Oscillations of cylinders in still water 

and in-line with currents 

The. experimental apparatus consisted of a horizontal cylinder 
which was attached horizontally below a massive pendulum. Various 

cylinders were thus caused to oscillate in still water and in-line 

with various currents and the forces on the cylinders, as well as 
the logarithmic decrement of the pendulum motion, were recorded. 
Due to the nature of the rig there was no extraneous vibration and 
only a very small decrease in amplitude per cycle. Extremely good 
accuracy in the measurement of forces and the subsequent calcula- 
tion of coefficients was obtained. Large ranges of all the parameters 
of importance were covered, except for Reynolds number which was 
always subcritical. The major results in still water may be summar- 
ized as follows: 

i) For oscillations of a cylinder in still water, the drag 

and inertia coefficients have been accurately determined 

as functions of xo/D and nD2/v, where xo amplitude 
of oscillation, D= cylinder diameter, n frequency 

of oscillation and v- kinematic viscosity. It has been 
found advisable, particularly at low amplitudes, to 

separate the viscous drag contribution, given approxi- 
mately by Stokes' unseparated viscous flow equations, 
from the total drag coefficient. 

ii) For very small amplitudes of vibration, the forces on the 
cylinders were accurately given by the application of 
Stokes' equations, and an expression has been found for 
the amplitude up to which the forces may be reasonably 
approximated by these equations. 
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The major results in currents may be summarized as follows: 
i) It has been found that the force on a cylinder oscil- 

lating in line with a steady current is best described 

by a relative velocity type equation 

f(ý) - . 5pD CD(t)'(V--ý)j(V-i)j-. 25P7r D2C 
a 

(t)*X* 

where V- steady current velocity, k, V- instantaneous 

cylinder velocity and acceleration, CD(t) and Ca(t) ý 
time dependent drag and added mass coefficients and P= 
fluid density. By taking averages of this equation over 
a cycle, three time-averaged coefficients are bbtAined 
for the steady component of drag, the oscillatory com- 

ponent of drag, and the added mass. The variations of 
these coefficients with respect to various parameters 
are presented. 
For values of a parameter V/nD > 17, the f low becomes 

quasi-steady, and the steady and oscillatory drag coef- 
ficients are equal for all amplitudes of oscillation. 
For V/nD > 30 the value is equal to the steady drag coef- 
ficient on a stationary cylinder. 

At lower values of V/nD values of the time averaged 
steady and oscillatory drag coefficients differ. 

iii) The time-averaged oscillatory drag coefficient varies 
smoothly, other than for xo/D < .2 when V/nD ýý 2.0 or 
3.0, from its value in still Water at low V/nD, where 
it is dependent upon xo/D and ý, to the stationary cyl- 
inder steady drag coefficient at high V/nD. 

iv) The variations in the time-averaged steady drag coef- 
ficient are complex, however the three most important 

observations are: 

a) A minimum occurs at xO/D : z: 1.0, which, for V/nD 

_< 
1.6, is negative. 

b) A maximum, with value 1.0, occurs at xo/D Z 2.3. 
C) A maximum occurs for V/nD ý3 for V/ko somewhere 

between 1 and 2, where ko is the velocity amplitude 
of oscillations. This maximum may take a value up 
to twice the stationary cylinder steady drag coef- 
ficient value.. 
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V) The time-averaged added mass coefficient varies consider- 

ably and is closely, but in an inverse way, related to 

the time-averaged steady drag coefficient. 

Flow visualisation experiments have been conducted and the varia- 
tions in the coef f icients have been explained in terms of vortex 

shedding and wake characteristics. 
The sometimes dramatic changes observed in the vortex shedding 

patterns and in the wake have been fully explained by considering 
the inherent instability of wake geometries other than the von Kgrman 

type alternating wake, the symmetric vortices which develop after 
flow reversal occurs, and the distance travelled by the cylinder 
relative to the fluid in the time between one flow reversal and the 

next. 
These second experiments gave an explanation of the results 

obtained in waves in the first experiments. 

The results obtained in this work provide a step forward in 

the understanding of two problems in the offshore industry. 
i) The fluid-induced damping of cylindrical structures or 

members vibrating in a flowing fluid. 
ii) The forces on a rigid cylindrical member due to a com- 

bination of waves and currents. 
In addition the results provide an advancement in the under- 

standing of the fluid dynamics of time dependent flows. 
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NOMENCLATURE 

The main nomenclature is defined below. Some additional nomencla- 

ture is used in certain short sections and is fully defined therein. 

All the various force coefficients are defined first, followed by 

the remaining nomenclature. 

Force coefficients 

C Time dependent 'added mass' coefficients a 
CA Time averaged 'added mass' coefficient 
CA 

cyl 
Time averaged mass coefficient due to the mass and buoy- 

ancy of the cylinder 
CA 

0 
Time averaged mass coefficient for the pendulum rig with 
no cylinder attached 

CA 
t Total time averaged mass coefficient for the pendulumrig 

with a cylinder attached 
CD General drag coefficient 
C; Unsteady drag coefficient due to vortex shedding forces 
CD Fourier-averaged oscillatory drag coefficient given by 

equation (9). Equivalent to CDIND' and MIND 
ýD' Fourier-averaged oscillatory drag coefficient based on 

equation (11). Equivalent to CDDEP 
CD Fourier-averaged steady drag coefficient given by equa- 

tion (8). Equivalent to STCDIND 
C; Fourier-averaged steady drag coefficient based on equa- 

tion (11). Equivalent to STCDDEP 
C D1 Time dependent steady drag coefficient given in equa- 

tion (22) 

C D2 = Time dependent oscillatory drag coefficient given in 

equation (22) 

C D3 = Time dependent drag coefficient given in equation (21) 

C DCRIT = Critical drag coefficient 
CDDEP = Equivalent damping time averaged oscillatory drag coef- 

ficient based on equation (21) 

CDIND = Equivalent damping time averaged oscillatory drag coef- 
ficient based on equation (22) 
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CDIND = Value of CDIND obtained for pendulum rig with no cylinder 
0 

attached 

CDIND 
t = Total value of CDIND obtained for pendulum rig with a 

cylinder attached 

CDIND = Value of CDIND obtained for Stokes' viscous force 
visc 

CDINDI = Fourier-averaged oscillatory drag coefficient based on 

equation (22) 

CDINDI = Value of CDINDI obtained for pendulum rig with no cyl- 
0 

inder attached 
CDINDt' = Total value of CDIND' obtained for pendulum rig with a 

cylinder attached 
CL = General lift coefficient 
CO 

L = Lift coefficient on a stationary cylinder 
CM = General inertia coefficient 
CM = Fourier-averaged inertia coefficient = (1+CA) 

CMAXOSC = Maximum combined oscillatory drag and inertia coefficient 

given by equation (44) 

C 
P180 = Base pressure coefficient 

CRATIO = Ratio between total force compared to that calculated 

using equation (23), given by equation (45) 

STCDDEP = Time averaged steady component of drag coefficient based 

on equation (21) 

STCDIND = Time averaged steady component of drag coefficient based 

on equation (22) 
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a= ). Also length of cylinder over which Velocity ratio (V/k 
0 

vortex shedding occurs (Part II) 

b= Linear spring constant 

B= Buoyancy mass. Also coefficient defined in equation W) 

of Appendix 2.1 

C= General linear damping coefficient. Also plate length 

c crit = Critical linear damping coefficient 

c cyl 
Averaged linear damping coefficient per unit length due 

to the cylinder. (Pendulum rig) 
c Averaged linear damping coefficient per unit length, 

press 
Stokes' viscous damping subtracted. (Pendulum rig) 

C Averaged linear damping coefficient per unit length due 
visc 

to Stokes' viscous damping. (Pendulum rig) 
C General rotational damping factor 

C 
cyl 

Cylinder part of rotational damping coefficient 

C Residual part of rotational damping coefficient. (Pen- 
0 

dulum rig) 
C Rotational damping coefficient in still water (Part II) 

sw 
Ct Total rotational damping coefficient. (Pendulum rig) 
C Rotational damping coefficient due to Stokes' viscous visc 

damping 

d Water depth 

D Cylinder diameter 

D. M. F. Dynamic magnification factor 

e Roughness height 

E Coefficient defined in equation (13') of Appendix 2.2 

f General force per unit length 
f 
cyl = Cylinder part of force per unit length measured. (Pen- 

dulum rig) 
f0= Residual part of force per unit length measured. (Pen- 

dulum rig) 
ft= Total force per unit length measured. (Pendulum rig) 
fr= Frequency ratio between-lift frequency and-oscillatory 

or wave frequency 
F= General total force 

F 
(1) (2) 
cyl, cyl, 
(3) 

F = cyl Force due to cylinder oscillating in various ways (Part 

III, chapter 7) 
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F Amplitude of sinusoidal force input 
0 

F 
cyl 

Cylinder part of steady component of force. (Pendulum 

rig) 
Residual part of steady component of force. (Pendulum 

0 
rig) 

Ft Total steady component of force. (Pendulum rig) 
h Distance from centre of rotation to cylinder centre. 

(Pendulum rig) 
H Wave height 
i Incremental integer- 

I 
cyl = Moment of inertia due to cylinder 

Ia = Moment of inertia due to added mass of water 
1 = Moment of inertia of pendulum rig with no cylinder at- 0 

tached 

It = Moment of inertia of pendulum rig with cylinder attached 

k = 27T/X. Also a constant 
kD = . 5PD(CDDEP) 

kL = . 5pD CL 

ks = 
2m6 Stability parameter 
D2 

k' 
s = 

p 2m6 Modified stability parameter 2 o pD L C 
K Keulegan-Carpenter number = UmT/D 

KD . 5pD(STCDDEP) 

L Cylinder length 

M Mass per unit length of cylinder 

ma Added mass per unit length 

M Total cylinder mass 
14R = Rotational stiffness of pendulum rig 
n = Cylinder natural frequency. Frequency of oscillation of 

pendulum rig with cylinder attached 
n lift = Frequency of lift forces 

n0 = Frequency of oscillation of pendulum rig with no cylinder 

attached 

nv Vortex shedding frequency 

nw Wave frequency 

pi i'th coefficient of amplitude of sinusoidal force input 

to cylinder in waves (Part II, chapter 5.6) 
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P= Complex force input to cylinder in waves (Part II, chapter 
5.6) 

r= Integer - fully defined in Part II, chapter 2.1 

R= Reynolds number, VD/V 

Rx= RMS value of difference reaction in-line with direction 

of wave propagation (Part II) 
Ry= RMS value of difference reaction perpendicular to direc- 

tion of wave propagation (Part II) 
S= Strouhal number, nv D/V 

t= General time, incremental time step 
t= Instant in cycle when k=V 

T= Wave or oscillatory period 

T = Vortex shedding period (1/n ) 
v v 

U = General time varying flow velocity 
U 

inst = Instantaneous velocity in wave flow over stationary cyl- 
inder 

U = Velocity amplitude in wave or oscillatory flow 
m 

U = Free stream velocity, value dependent on lonptitudinal 
0 

position 
U 

rel = Instantaneous relative velocity (U-ý) 
t = Instantaneous flow acceleration 
V = Steady flow velocity 
V = Instantaneous relative velocity (Part III) 

inst 
x = Distance in longtitudinal direction. Instantaneous deflec- 

tion of cylinder in pendulum rig 

x = Amplitude of cylinder oscillation in flow direction 
0 

x = RMS value of in-line vibrations in waves rms 
= Instantaneous velocity of cylinder in pendulum rig 

= Velocity amplitude of cylinder in pendulum rig 0 
x = Instantaneous acceleration of cylinder in pendulum rig 
y Instantaneous deflection of cylinder in cross-flow direc- 

tion (perpendicular to flow direction) 

YO Ampltiude of cylinder oscillation in cross-flow direction 

Yrms RMS value of cross-flow vibrations in waves 
Instantaneous cylinder velocity in cross-flow direction 

Y Instantaneous cylinder acceleration in cross-flow direc- 
tion 
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z= Distance along a cylinder 
z= Coefficient (see Part III, chapter 7) 

= Separation angle, measured from front stagnation point. 
Also phase angle 

= Viscous parameter, nD 
2 /v = R/K 

Y= Defined in Part II, chapter 3.1 

= General damping logarithmic decrement 
60= Logarithmic damping of pendulum rig with no cylinder at- 

tached 

st = Structural logarithmic damping (Part II) 

sw = Logarithmic damping of cylinder in still water (Part II) 
(= 6 +6 d 

st vis 
6t = Logarithmic damping of pendulum rig with cylinder attached 
6 

visc = Logarithmic damping due ot Stokes' viscous forces on a 

cylinder 
A = Boundary layer thickness 
T1 = Dynamic viscosity 

= Instantaneous angular deflection. Phase angle 
= Instantaneous angular velocity 
= Instantaneous acceleration 
= Wave length 

= Kinematic viscosity 

P = Fluid density 

= Phase angle 

W = General frequency, Rads/s 

W = Input frequency, Rads/s 

W = Natural frequency Rads/s n , 
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INTRODUCTION 

The past thirty years has seen an immense development in the 

offshore oil industry. The first major area of offshore oil activity 

was the Gulf of Mexico, where the conditions may be characterized 

as relatively shallow water and calm seas interspersed with hurri- 

canes. The present area of most major advancement is undoubtedly 

the North Sea, where the placement of platforms is extending the 

limits of depth and, particularly, of severity of environmental con- 

ditions. The combination of rapid expansion, advancement into in- 

creasing depths, severity of environment, and more stringent design 

and safety regulations has led to a massive research effort- into 

the design, and the assessment of the short and long term reliabil- 

ity, of platforms. With respect to design and safety regulations 

it is interesting to note that of 200 mobile drilling rigs con- 

structed in 1950-1970, over 10% collapsed and a further 20% suffered 

severe fatigue failure of structural members (King (1974)). There 

are three major steps in the design of platforms, involving firstly, 

the long term prediction of environmental conditions, secondly, the 

estimation of the forces associated with these environmental con- 

ditions and thirdly, the determination of the effects of these forces 

on an intended structure and its ability to survive the expected 

extreme environment. 
Design has in the past been in terms of determining the worst 

conditions likely to occur in a given long time period, typically 

100 years, estimating the forces due to these conditions and ensuring 
that the structure can stand up to these. This analysis was generally 

sufficient for the Gulf of Mexico, however the combined effects of 
deepening water and lengthening vertical members, causing structural 

natural frequencies to approach wave loading frequencies, and the 

more severe conditions of the North Sea, which last over 'long periods 
of time, has led to the necessity of conducting sophisticated dynamic 

and long term fatigue analyses. In this respect it is interesting 

to note that the collapse in 1961 of the Texas Towers platform oc- 
curred in waves only one third of the maximum that the structure 
had been designed to withstand, and was due to the lowering of the 

platform fundamental frequency due to the failure of some members. 
(Wiegel (1972). ) 
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The task of designing for environmental loadings is thus one 

of the most"important and exacting in the offshore field today. 

As has been briefly mentioned, of particular importance are vi- 
bration and fatigue problems. These apply both in terms of the move- 

ment of the platform as a whole at its fundamental frequency, and 

in terms of vibrations of individual slender members at their natural 
frequencies. 

Direct excitation of the platform fundamental frequency by high 

frequency waves or by higher harmonics of the wave forces introduced 

by non-linear effects may occur. It is then necessary to determine 

the damping of the system in order to evaluate the response. There 

are three major damping effects, due to internal damping, damping 

in the foundations and surroundings and damping due to the struc- 

ture's movement in the fluid surrounding it. This last is considered 

to be the most important for structures in deeper water, (Penzien 

(1975)), and at the same time is that which has been least investi- 

gated. 
Excitation of slender circular members by vortex shedding in 

currents or waves may occur. Collapse due to vortex excited vibra- 

tions in currents is known to have occurred, f or example at the 

Immingham oil terminal, (Wootton, et al. (1972)), and considerable 

research effort has been directed towards determining the causes 

of current induced vibrations and the conditions under which they 

may occur. In waves, on the other hand, little research effort has 

yet been directed to the problem of possible vortex induced vibra- 

tions even though fatigue failure of members is known to have oc- 

curred. For example, an experimental pile investigated by Wiegel et 

al. (1957) collapsed due to structural fatigue failure which the 

authors attributed to periodic vortex shedding forces. Risers on 
jacket type platforms are particularly suspectible to oscillation, 

although collapse has not, as far as the author is aware, been re- 

ported. 
It is interesting to note the views of a major oil company in- 

volved in the North Sea, who consider (Vugts and Hayes (1979)) that 
the estimation of damping of platform vibrations is one of the most 
important, and at the same time one of the least known, factors in 

offshore platform design. 

Another important unknown in platform design is the effect of 
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simultaneously applied waves and currents. The fluid kinematical 

side of the problem has been investigated to a considerable extent 

and the structural response calculations are now standard, however 

there has so far been virtually no research into the magnitude of 
the forces acting on structures due to this complex flow. 

The first investigation of this thesis is concerned directly 

with the problem of vibrations of slender cylindrical members in 

waves. The second investigation involves a more fundamental investi- 

gation into the forces on cylinders oscillated in line with a cur- 

rentt the results of which may be applied to problems of the damping 

of vibrations in waves or currents, or forces due to combined waves 
and currents* 
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PART I- LITERATURE SURVEY AND INTRODUCTORY DISCUSSION OF WORK 

APPERTAINING TO THE THESIS 

INTRODUCTORY COMMENTS 

In this Part is presented a literature survey and general intro- 

ductory description and discussion of topics relevant to the experi- 

mental work undertaken and described in Parts II and III. In this 

description the phenomena associated with flow around a cylinder 

are discussed for flows of various complexity from steady flow around 

a stationary cylinder to wave flow around an oscillating cylinder* 

The author has chosen to cover rather an extensive range of topics, 

firstly, in the belief that a thorough knowledge and understanding 

of previous investigations is a prerequisite to sucessful research, 

and secondly, because a large range of topics seems, to the author) 

to be relevant to the work. 
The literature survey naturally emphasizes the work which has 

been of particular interest or importance to the author, and reflects 

the author's personal preferences and approaches, and is not an at- 

tempt to present the literature from a detached, historical perspec- 

tive. 
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1. STEADY FLOW AROUND A CYLINDER 

1.1. Brief history of the origin 

It is extremely dif f icult to determine where or when the par- 

ticular f ield of f luid dynamics that may be called steady f low about 

an object started. Indeed it is dif f icult - to define exactly what 

one means by 'started' - from the earliest times one must have been 

aware that there are forces associated with a flow around a body, 

however an understanding of the problem and a mathematical formula- 

tion were not available until the 19th century. The parameters which 

are most intimately associated with fluid flow around a body are 

the Reynolds number and Strouhal number, and it is perhaps useful 

to trace the origins of these parameters. 
The equations of motion of a viscous fluid were developed by 

Navier (1827), Poisson (1831), Saint-Venant (1843) and Stokes (1845). 

Stokes (1851) appears to have been the first to have recognized that 

Reynolds number is the parameter that determines the flow field with- 

in given boundaries. Strouhal (1878) noted that the frequency of 

Aeolian tones from a wire was dependent upon the flow velocity and 

not the wire's physical properties, and Rayleigh (1879) pointed out 

that the Strouhal number, describing the relationship between the 

tones, the flow and the wire diameter, should be a function of the 
Reynolds number (which was not at the time yet named). Reynolds 
(1883) conducted experiments on the onset of turbulence in flow 

through tubes, and his name has been given to the major parameter 
of dependence found. From that time onwards there were gradually 

more and more contributions to the field, but probably the greatest 

single contributions were the introduction of the concept of the 
boundary layer by Prandtl (1904), and the theory of the vortex 
street, Mrman (1911). An interesting history of boundary layer 
theory is given by Tani (1977). 
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1.2. The relationship between flow and Reynolds number 

The Reynolds number, R- VD/v, where V- flow velocity, D- 

diameter and v= kinematic viscosity, is the most important parameter 
describing the flow around a cylinder, and may be regarded as de- 

scribing the relative magnitudes of inertia and viscous forces. In 

Fig. 1 flow patterns for various ranges of R are sketched. 

1.2.1. 
-- 

Low-Reynolds numbers 

At values of R << 1 the dominant process is the diffusion of 

vorticity away from the body. Stokes (1851) solved the Navier-Stokes 

equation, neglecting inertia forces, and obtained the well known re- 

lationship CDý 24/R for a sphere. Experimental results, Castleman 

(1925), showed that Stokes' equation gives the drag accurately up 

to R :L1. Oseen (1910) modified the equations by taking into account 

inertia forces, and his value of drag coefficient is found to agree 

with experimental results up to slightly higher, values of R. Stokes' 

equations lead to a purely symmetric flow around the body, whereas 

Oseen's lead to a parabolic area of vorticity behind the cylinder. The 

flow for RýI is sketched in Fig. la. 

As Reynolds number is increased above 1a number of phenomena 

occur which have been investigated both experimentally and numeri- 

cally. At low R (< 45), Thom (1933), Kawaguti (1953), Apelt (1961) 

and Keller and Takami (1966) used finite difference numerical solu- 
tions to the complete Navier-Stokes equations. Very good agreement 
between the results and experiments (for example those of Tritton 
(1959)) was obtained, however the method is limited to R 

_ý 
100 by 

computer storage and processing time. 

For R- 10 - 40 a pair of recirculating vortices occur behind 

the cylinder, their length increasing with increasing R (Fig. 1b). 

Beyond the vortices the wake is straight and narrow. Taneda (1956) 

has measured the length of the vortices which increases linearly 

with R. The vortices first appear at Rz6. More recently, Coutanceau 

and Bouard (1977) have investigated this area numerically for a 
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steady flow and also for an impulsively started flow. At R- 30 - 50 

the flow becomes unstable for small disturbances which first affect 

the wake downstream (Fig. 1c). By R ý'- 50 the oscillations have 

moved to the cylinder and affect the two standing vortices (Homann 

(1936a)) 

The form of the wake oscillations in the area R- 50 - 150 is 

the classical von Kfirm5n wake consisting of two rows of laminar vor- 

tices of opposite sign, as in Fig. 1d, the first photographs of which 

were produced by Ahlborn (1902). Von Virmlin (1911) produced a theory 

of the vortex street for this range of R, and Roshko (1955 1) refers 

to this range as the 'stable' region. The vortices are viscous and 
diffuse by viscous diffusion, velocity spectra in the wake showing 

the characteristic wake frequency and a gradual loss of energy moving 

down the wake with no transfer to other frequencies* In this range 

Kovasznay (1949), and Roshko (1955) have accurately measured the 

Strouhal number, S- nv D/V, where nv - frequency of shedding of 

pairs of vortices which Roshko gives as S- . 212 (1-21.2/R). 

In the region R- 150 - 300 there is a transition region to 

what Roshko terms the 'irregular range', but which is more normally 

referred to as the subcritical regime. This regime lasts up to the 
beginning of the critical regime, somewhat above R :: 105, and is 

sketched in Fig. 1, e, and is described more fully in the following 

section. 

1.2.2. High Reynolds numbers 
----------- --------- 

It might be expected that f or R >> 1 the f luid could be treated 

as inviscid and visous terms dropped from the equations of motion. 
This is not, however, the case because a real fluid, of even very 

small viscosity, behaves very differently to a hypothetical non- 
viscous fluid at a boundary, obeying the no-slip condition. This 
fact can alter the whole flow radically. The no-slip condition causes 
a thin layer of fluid near the solid boundary, known as the boundary 
layer, to be formed, the fluid velocity varying from zero at the 
solid boundary to the external stream value through this thin bound- 

ary layer, the thickness of which 40 as R-*a. In this layer viscous 
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ef f ects are signif icant, but outside it the viscous ef f ects are 

negligible. 
The most important single phenomenon associated with the bound- 

ary layer is its separation which occurs whenever there is an ap- 

preciable fall in the velocity of the external stream. Onacylinder, 

separation occurs from the sides and the pressure on the rear face 

of the cylinder is approximately equal to that just outside the 

boundary layer at separation, which is low due to the higher vel- 

ocity here compared to the free stream. Near the front of the cyl- 

inder the pressure is higher, being nearly stagnation pressure, and 

thus there is a net force on the cylinder which is of the order of 

. 5PD V2, per unit length, leading to a steady drag coefficient de- 

fined by 

Drag force/unit length 
"D 

. 5pD V2 

There are a large number of experimental results for CDP as 

well as other quantitiesq for R= 300 z: 107. Representative curves 

for CD, the pressure drag coefficient, CDP' the base pressure coef- 

f icient ,C P1801 the separation angle, a, and the Strouhal number, 

S, as functions of R are shown in Fig. 2. These curves are evidently 

very strongly interrelated and may be characterized by four distinct 

ranges or 'regimes', known as the subcritical regime where CD is 

nearly constant, the critical regime where CD suddenly drops to a 

very low value, the supercritical regime where CD rises again, and 
finally the transcritical regime where cD is once again nearly con- 

stant. In Fig. 3 characteristic pressure distributions for the re- 

gimes are shown, and in Figs. le, f, g and h are sketched flow pat- 

terns representing each regime. 

Reviews of the characteristics of the flow in these regimes 

are given by Morkovin (1964), Batchelor (1970), Goldstein (1957) 

and Berger and Wille (1972). 

Amongst the first to achieve Reynolds numbers up to critical 

were Relf (1914) and Prandtl (1914) and amongst other notable con- 

tributions to values of CD are those of Wieselberger (1921, R up to 
qx105), at Gottingen (1923, R up to 8x105), by Delaney and Sorensen 
(1953, R up to 5x106), Roshko (1961, R up to 107), Schmidt (1966, 

R up to 5x106), Achenbach (1968, R up to 5x106), and Jones (1969, 
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R up to 2x107). 

Pressure distributions, the base pressure coefficient and the 

pressure drag coefficient have been provided by, amongst others) 

Hiemenz (1911), at Gottingen (1923,, R up to 8x1o5), by Flachsbart 

(1932, R up to qx105), Dryden and Hill (1930, R up to 4xlo6)9 Fage 

and Falkner (1931, R up to 106), Roshko (1961, R up to 107) and Jones 

(1961, R up to 2x107). 

Strouhal numbers have been measured by Relf and Simmons (1924, 

R up to 8x105), Kovasznay (1949, R up to 104), Delaney and Sorensen 

(1953, R up to W06), Roshko (1961, R up to 107), and Jones (1969, R 

up to 2x107). 

Separation angles can be obtained from experiments where press- 

ure distributions are given. 

Skin friction drag coefficients can be obtained from the differ- 

ence between CD and CDP' in addition, direct measurements have been 

conducted by Schiller and Linke (1933, R up to 4x104), Fage and 

Falkner (1931, R up to 106), and Achenbach (1968, R up to 5x106). 

It should be mentioned that the understanding of the various 

regimes owes much to the work of Roshko (1955,1961,1969). 

The characteristics of the various regimes are discussed below. 

Subcritical-Regime 

The subcritical regime lasts f rom R ý` 300 to R 2ý 2x105, and is 

characterized by laminar separation, a transition to turbulence 

a fairly small distance downstream from the separation point and 
tubulent vortices. CDI CDP' S, and a are virtually constant through- 

out this regime. 'Schiller and Linke (1933) showed that the transi- 

tion to turbulence occurs progressively nearer the cylinder as R 

is increased, occuring 1.5 diameters downstream at R- 3500 and 
0.7 diameters at R= 8500. Roshko (1955) showed that the wake was 

entirely turbulent by 40-50 diameters downstream and that the Strou- 

hal number could be expressed as S-. 212(1-12.7/R) for R= 300 -105. 
Thom (1929) estimated that the skin friction coefficient was 

4R71/2 throughout the subcritical regime, this being confirmed by 
Schiller and Linke (1933) for R up to 4x104. 
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Critical Regime 

As R is increased through the subcritical regime the transition 

from laminar to turbulent flow in the shear layers emanating from 

the separation points moves towards the cylinder. Eventually the 

transition occurs so soon after separation that the boundary layer, 

which is now turbulent and can withstand a higher pressure gradient, 

reattaches to the cylinder, and a second, turbulent, separation oc- 

curs further round the cylinder. The regime is thus characterized 
by so called 'separation bubbles', between the first separation and 
the reattachment, by a large separation angle (up to 1400), a narrow 

wake, a. low value of critical drag coefficient, CDCRITI and a high 

value of S. 

The separation bubbles were first noted by Bursnall and Loftin 
(1951). The low value of C DCRITI (and the other characteristics of 

the regime), are wholly dependent on the formation of the separation 
bubbles, which are fairly unstable and can easily be disturbed by 

any free stream turbulence, roughness on the cylinder, etc. (as will 
be discussed in subsequent sections). The exact value of R at which 
the critical regime is found, and the exact value of CDCRIT are sim- 
ilarly dependent on these small effects. Beaman (1969) showed that 

with very careful experimentation the regime could be delayed, the 
drop in CD occuring more abruptly and the minimum value, CDCRITI 

being particularly low. 

The critical regime is thus not, as Prandtl (1914) suggested$ 

caused by the transition from laminar to turbulent flow in the bound- 

ary layer before separation. 

As R is further increased, to about 6x105 on a smooth cylinder, 
turbulence begins to occur so early that the separation bubbles are 
not formed. This first occurs at individual points along the cyl- 
inder, particularly where there are any minute surface defects, and 
so called 'turbulent wedges' are formed. Gross three dimensionality 
is produced, well correlated periodic vortex shedding ceases and 
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there is just a vague, highly turbulent wake. Again the disturbance 

to the bubbles is very dependent upon surface conditions, free-stream 

turbulence, vibrations, etc., which can instigate the turbulent 

streaming. As the bubbles are no longer formed the separation angle 
decreases and CD increases again. 

Transcritical Regime 

By about R= 3x106 the process of destruction of the separa- 

tion bubbles is complete, transition to turbulence occurs in the 

boundary layer before separation, and one returns to a situation 

rather like the subcriticall but with turbulent separation. Regular 

vortex shedding occurs, separation occurs later and CD is less (com- 

pared to the subcritical), - all as foreseen by Prandtl (1914). In 

the transcritical regime CD9 a' CDP' CP1809 S, etc., reach nearly 

constant values. 
In this regime the frictional drag coefficient is higher, Achen- 

bach (1968), as the boundary layer is turbulent, however it is still 

no more than 1% of the total drag coefficient and can normally be 

ignored. 

Numerical-work_at_high Reynol, ds-numbers 

The finite difference numerical solution of the full Navier- 
Stokes equations is too complicated and time consuming to be applied 
to values of R much above 100. This solution includes viscosity over 
the whole flow field, whereas this is unnecessary outside the bound- 

ary layer. In any case, for Rý 300 turbulence appears in the wake 
downstream of the cylinder, and so the solution could not be applied 
for higher values of R without introducing models of turbulence. 
For high R, therefore, potential flow models based on the vorticity 

equation are used, which has the advantage that viscosity is not 
involved. Vorticity is most often modelled by point vortices, and 
this method was first used by Rosenhead (1931) to predict the rolling 
up of a vortex sheet. The method was also used by Abernathy and Kron- 

I 
auer (1962) to investigate the interactions between two parallel 
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lines of vortices. Similarly Gerrard (1967), Sarpkaya (1968), Laird 

(1971) and others have investigated the flow behind a cylinder, 

Gerrard was particularly interested in lift forces, and Sarpkaya 

in an impulsively started flow. 

Clements (1973) used the method for the flow behind a rectangu- 

lar cylinder (where the separation points are fixed), and Chaplin 

(1973) extended Laird's work, where the boundary layer was also 

modelled by discrete vortices, obtaining fairly good values Of CD 

and CV More recently Stansby (1977,1978) has used the method for 

a variety of flows. Laird (1971) conducted a particularly simple 

and, in this author's opinion, explanatory investigation into vortex 

shedding from a cylinder. He showed that a vortex forming on one 

side of the cylinder will reduce the circulation at some point on 

the shear layer emanating from the other side, a shear layer with 

a weak point will tend to break there, and the f ree end of a shear 

layer tends to roll up into a vortex. 

One major problem with the method is to decide where to intro- 

duce vorticity into the flow, which is related to the separation 

point (the boundary layer connot be modelled precisely because of 

its dependence on viscosity and the non-inclusion of viscosity in 

the method). In earlier work some rather doubtful assumptions were 

made (e. g. fixing separation at 900), but more recently numerical 

work has tried to mate an investigation of the boundary layer equa- 

tion to separation with the discrete vortex model. Sarpkaya (1979) 

outlines such 'a numerical method which is detailed in Sarpkaya and 

Schoaff (1979a). With this model Sarpkaya has managed to reproduce 
experimental results for all the characteristics of the flow (CD1 

C Ll S, separation angles, vortex street configuration, etc. ) for 

an impulsively started flow continued to very large times. He also 

gives a qualitative description (based on the model) of how the inter- 

action of the shear layers, base pressure and diffusion and dissi- 

pation processes lead to alternate vortex shedding. The model has 

also been applied to a cylinder oscillating in a steady currents 
Sarpkaya and Schoaff (1979b), to be discussed in a later chapter. 
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Unsteady lift and drag 
---------- 

The alternate shedding of vortices f rom a cylinder in a flow 

produces unsteady forces on the cylinder at the vortex shedding f re- 

quency in the lift direction (perpendicular to the flow), and at 
twice this frequency in the in-line direction (parallel to the flow), 

(McGregor (1957)). A number of investigations have been directed 

towards determining the magnitudes of the coefficients associated 

with these forces. There is considerable spread in the results, part- 
ly due to the fact that the forces are very dependent on the correla- 
tion length of vortex shedding, which is again dependent upon end- 

effects, cylinder length, free-stream turbulence, any shear in the 

flow, etc. 
The coefficients are non-dimensionalized in the same way as 

the drag f orce and are termed CL and CL for the unsteady lift and 
drag, respectively. In Fig. 4 are shown various results for CIL and 
CL as functions of R. 

McGregor (1957) and Gerrard (1961) showed that for R= 104 - 105 

C is an order of magnitude greater than CI L D* 
Amongst other investigations are those by Fung (1960, R up to 

2x105, rms values of CL and CL), Humphreys (1960, R up to 5x105, 

CL only), Glenny (1966, R up to 2x106, CL only) and Jones (1969, R up 
to 2x107, CL only). 

In very carefully conducted experiments, Bishop and Hassan 
(1964a, R up to 104) showed the strong inter-relationships between 
C D* CD' and C LO They found that these coefficients all varied in a 
related way with time even for a constant stream velocity. 

Effects of roughness 

In Fig. 5 are shown representative curves of CD versus Rf or 
various roughnesses. It has already been seen that roughness dis- 
turbs the separation bubbles characteristic of the critical regime. 
The first major investigation of roughness effects was by Fage and 
Warsap (1929) who showed that roughness promotes the transition from 
laminar to turbulent flow and causes the critical regime to occur 



- 14 - 

earlier and C DCRIT not to be so low. They also investigated the ef- 

fects of small diameter wires placed at various angles to the front 

stagnation point, and found that even a wire of diameter as little 

as 3% of the boundary layer thickness, placed at 650 to the front 

stagnation point,, greatly affected the flow and CD* Achenbach (1971) 

found that, for large enough roughnesses, transition from laminar to 

turbulent flow occurred in the boundary layer before separation, and 

no separation bubbles were obtained (as Prandtl (1914) suggested), 

and Roshko (1970) tentatively explained the increasing values of 

transcritical CD with increasing roughness as being due to thickening 

of the boundary layer. 

Szechenyi (1975), in tests with R up to 6x106' showed that for 

R above the critical value, CD was dependent on the roughness Rey- 

nolds number, where the roughness height, e, replaces diameter in 

the Reynolds number. He showed that a smooth cylinder behaved as 

if it had a roughness of e/D = 3.5x10-5, and obtained the Strouhal 

number as a function of the roughness Reynolds number. More recently 

Miller (1977) has investigated roughness effects for R up to 6xlO6 

and included very rough cylinders. His results are in good agree- 

ment with, and extend, Szechenyi's. 

Effects of free stream turbulence 
--------------------------------- 

A number of investigations have been conducted into the effects 

of free stream turbulence, however none, to the author's knowledge, 

in the transcritical regime. Fage and Warsap (1929) showed that in- 

creased turbulence causes the critical regime to occur at lower R 

and to extend over a rather larger range of R, but hardly affects 
the values of CD * Taylor (1936) showed that both turbulence intensity 

and scale should alter the value of R at which the critical regime 

occurs. Schubauer (1937) showed that increased turbulence intensity 

causes earlier transition from laminar to turbulent flow in the bound- 

ary layer. Ko and Graf (1972) investigated experimentally the effects 
of turbulence scale and intensity for R up to 8xj03 and found that 
both, but particularly intensity, had an effect. An intensity of 
21% of the free stream velocity raised the drag coefficient by 25% 

compared to the turbulence free value. 
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Surry (1969) has investigated the effects of turbulence on the 

unsteady coefficients C' and C D 

Correlation vortex shedding 

The shedding from a cylinder and the unsteady lift and drag 
forces are not correlated over the whole length of the cylinder, 
but rather the shedding occurs in cells, the length of which varies 

with R, cylinder roughness, turbulence, cylinder vibration, etc. 
In general the correlation length decreases with increasing R, and$ 

according to Gerlach and Dodge (1970), is 15-20 diameters at R= 
150 - 105 and .5 diameter for R> 105. Humphreys (1960)0 however, 

gives the correlation length as 1.56 diameters at R= 2x1O5. These 

tests did not, however, go up to transcritical values of R where 

there is some belief that the correlation length might increase* 

Small vibrations of a cylinder may dramatically increase the correla- 
tion length, particularly if the vibration is of the same frequency 

as forces from vortex shedding. 

End effects 

All the previous discussions have been concerned with a nom- 
inally two dimensional flow. If a cylinder is relatively short, then 

the low base pressure will be raised due to f low around the ends 
of the cylinder and CD is then reduced and S increased. At Gottingen 
(1923) the effects on CD of lengths of cylinder to diameter ratios 
L/D from 1.0 to 40 were investigated for R=8.8xlO4. Benard (1907) 

suggested that for L/D ý 27, and Gowda (1975) for L/D > 45 one would 
obtain freedom from end effects. End plates can also be used on 
shorter cylinders to produce two dimensional flow. Gowda (1975) found 

that for a cylinder with L/D = 18 it was necessary to have plates 
with a -diameter of at least 10 cylinder diameters to avoid end ef- 
fects on the vortex shedding frequency. Stansby (1974) found that 
end plates of about 5 cylinder diameters would give essentially two 
dimensional base pressure measurements. 
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SIMPLE TIME-DEPENDENT FLOWS 

The foregoing sections have emphasized the relationship between 

the form of the wake, which is dependent on the separation and vortex 

shedding processes, and the values of CDP S, etc., in a steady flow 

over a stationary cylinder. This thesis is basically concerned with 

unsteady flows, particularly those where flow reversal occurs. As 

a first step towards these flows this section will consider simple 

time dependent flows, where flow reversal does not occur. 

Blasius (1908) first analysed the problems of impulsively 

started flow and steady accelerated flow around a cylinder, and de- 

termined that separation would first occur at the rear stagnation 

point a nd after the cylinder had travelled a distance of . 176 dia- 

meters for an impulsively started flow, and . 26 diameters f or a 

steady accelerated flow. 

Rubach (1914) and Prandtl (1927) have conducted photographic 

studies of the flow about impulsively started and steady accelerated 

cylinders. In Fig. 6 sketches of the flow at progressive time in- 

stants in a steady accelerated flow from rest are shown, from Schlich- 

ting (1979). In the initial instants of the flow the pattern is shown 
in Fig. 6, a. Separation occurs at the rear stagnation point when 

the cylinder has travelled about . 26 diameters, and the separation 

points then move progressively forward and a pair of vortices builds 

up symmetrically behind the cylinder, as in Fig. 6, b, c, d and e. Event- 

ually, if R> 50, one of the vortices grows more than the other and 

is subsequently shed, followed by the other vortex, as in Fig. 6, f. 

Thereafter vortices grow and shed from alternate sides of the cyl- 

inder. 

Experiments have shown that for impulsively started flow the 

first vortex is shed after the cylinder has travelled about 3 dia- 

meters (Sarpkaya (1968)), whereas for steady accelerated flow the 

value is 4.8 diameters (Sarpkaya (1963a, 1963b)). These first vor- 

tices are considerably larger and contain more circulation than sub- 

sequent vortices. Furthermore, the drag coefficient at about this 

time is larger then the appropriate steady flow value, by about 30% 

for an impulsively started flow. 

Asher and Dosanjh (1968) have investigated impulsively started 
flows for values of R up to 2x105. 
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In other experiments by, for example, Iversen and Balent (1951) 

and Laird (1956), the total force on a cylinder in steady accelerated 
flow is determined as a function of a single parameter, known as OD where U and U are fluid velocity andý the Iversen mu"lub) 2 acceleration. 

,U Pressure distriVu-tions around a cylinder at v-ari_o_us___ instants 

after an impulsive start were measured by Schwabe (1935), who also 
found that the maximum value of CD was about twice the steady value. 

Honji and Taneda (1969) considered cylinders accelerated from 

one velocity to another, and Tatsuno and Taneda (1971) considered 

cylinders decelerated from one velocity to another. However, in both 

these cases the Reynolds number was always less than 50. 

It is here interesting to quote Sears, as reported by Rott 
(1964), who also considered an impulsive change from one steady vel- 

ocity to another steady velocity. He showed that 
"the initial motion following any impulsive change of the bound- 

ary conditions consists of the superposition of the velocity pattern 

existing just before the change and the inviscid flow velocity pat- 
tern due to the impulsive boundary values (together with the corre- 
sponding infinitely thin wall vortex sheets)110 

Sarpkaya (1976a) adds: 
"In other words, at the initial instants of the impulsive change' 

CD is equal to its steady state value and CM- 2* As time progresses 
neither CD nor CM remains the same, and changes with the changes 
in the flow, ever dominated by the past history and ever affected 
by the gross features of the current state". 

The most important conclusion of this section is that in the 
flows considered Reynolds number is not sufficient to determine the 
flow patterns or the drag coefficient (even when neglecting effects 
due to roughness, free flow turbulence, etc. ). In experiments under 
steady accelaration, Sarpkaya (1963b), the Reynolds number when sep- 
aration first occurred was 1.24x104, and below this value no separa- 
tion had occurred in evident contrast with predictions from steady 
flow. The reason for the difference is the effects* of limited dis- 
tance travelled (or time), i. e. the cylinder must travel a suffi- 
cient distance for a wake to develop, and unless the cylinder has 
travelled a long distance at a particular Reynolds number (has been 

at the Reynolds number for a long time compared to the vortex shedd- 
ing period) then Reynolds number will not be the most important fac- 
tor determining the flow patterns and force coefficients. 
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OSCILLATORY AND WAVE FLOWS ABOUT A CYLINDER 

A large number of investigations have been conducted into the 
forces due to pure oscillatory flow or waves, but as yet, in this 

author's opinion, there have been only three major milestones: the 

suggestion of an empirical formula to analyse wave forces by Morison 

et al. (1950) (a milestone because of the extent of its subsequent 
use); the first correlation of experimental data in oscillatory flow 

using a new parameter, by Keulegan and Carpenter (1958), and the 

thorough investigation of the coefficients in oscillatory flow for 

smooth and rough cylinders and up to very high values of Reynolds 

number, by Sarpkaya (1976a, 1976b). 

The discussion of wave forces will be limited to those on verti- 

cal cylinders. The essential difference between wave flows and oscil- 
latory flows is that particle motions in wave flows are elliptical 

and the motion decays with depth, i. e. the problem becomes three 
dimensional whereas for an oscillatory flow the particle motion is 

rectilinear and the flow two-dimensional. Experimental investiga- 

tions in waves are complicated due to the extra parameters involved 

and the difficulty in varying parameters independently and over suf- 
ficiently large ranges. The major advances in our understanding have 

been through experiments in oscillating currents, nevertheless event- 

ually the additional problems in waves need to be tackled. 
A good introduction to the early work on'wave forces on cyl- 

inders is given by Wiegel (1964). 

Lamb (1945) showed that in the absence of separation the force 

per unit length of a stationary cylinder in an accelerating fluid 
can be expressed as 

f= . 25pTrD2 (1+C 
a) 

t 
-(l ) 

and that the 'added mass' coefficient Ca takes a value 1.0. In waves 
it is usual to write (1+C 

a)= CM called the 'inertia coefficient'. 
In a steady separated flow of velocity V it has already been 

shown that the force per unit length of a cylinder is given by 

f= .5 pD CD V2 -(2) 
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Morison et al. (1950) suggested that for the wave case, where 

there is both acceleration and flow separation, the total force could 

be written as the sum of equations (1) and (2), but that the coef- 
ficients CM and CD would not have the values associated with an un- 

separated flow and a steady current velocity, respectively. They 

thus suggested that the following empirical formula, now known as 

'Morison's formula', could be used 

f- . 25 pTr D2 CM 6+ 
. 5PD C DIUIU per unit length 

This formula has been used in virtually all investigations 

since. 
It' should be noted that the inertia term in equation (3) is 

basically the sum of two parts which are both proportional to 

. 25 P Tr D26. The first part, with a coefficient value of 1.0, is the 

Froude-Krylov force which is the force on the body due to the press- 

ure gradient in the fluid. The second part, with a coefficient value 

Of Ca, represents the forces due to the extra accelerations due to 

the fluid having to move round the bodyp 40+P'r- 19 _190 

Some of the first experimental investigations into wave forces 

are those by Morison (1951) and Morison et al. (1954). Wiegel et 

al. (1957) measured forces on a test pile in real waves, their values 

of CD and CM exhibiting order of magnitude scatter. (Amongst other 
factors due to inability to estimate velocities accurately$ wave 
irregularities, effects of currents, the use of R only in plotting 

and the fact that their test pile was surrounded by the piles sup- 
porting the test platform. Their work provides a good example of 
undertaking large scale tests, with the associated proliferation of 
unknown parameters, at a too early stage in the understanding of 
the problem. ) The method used in these three investigations was to 
determine CD and CM at the points in the cycle when the acceleration 
and velocity were zero, respectively. 



- 20 - 

3.1. The Keulegan-Carpenter number 

In oscillatory or wave like f low, the distance that the hori- 

zontal component of fluid travels in one direction before flow rever- 

sal occurs is limited. In each half cycle the motion may be thought 

of as starting from rest, accelerating to a maximum velocity and 
then decelerating to rest again, the flow then reversing direction 

and a new flow starting from rest. In a similar way to the impulsive 

and constant accelerated flows already considered, it is to be ex- 

pected that the amplitude of fluid motion is an important parameter 
in determining the form of the wake. (However, vortices or turbulence 

in the upstream flow remaining from the previous half cycle compli- 

cate matters. ) Keulegan and Carpenter (1958) realized this and cor- 

related their results for CD and CM in an oscillatory flow with re- 

spect to a parameter taking this into account. The parameter is now 

called the 'Keulegan-Carpenter number', K, 

Um T/D =2 1TA/D 

where UM= maximum velocity in a cycle, T- period of flow oscil- 
lations, and A= amplitude of motion. 

Keulegan and Carpenter used a Fourier averaging technique to 

obtain average values of CD and CM over a cycle. 

3.2. Dimensional Analysis 

Sarpkaya (1976a, 1976b) has defined a lift coefficient, CL 9 
where 

cL *2 (Maximum lift force)/*5pD um2 

and shown that this and the coef f icients CD and CM in equation (3) 

are, for a smooth cylinder, dependent upon the following parameters: 

C D' CM' CL ý f(K, ß, t/T) 
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where ý= D2/Tv, and t time. 
The parameter ý R/K, where R is defined with respect to Ump 

is the viscous parameter used here. 

Usually some sort of time average values of CD and CM are used 
(by the use of Fourier averages or a least squares method), and the 

last group is dropped. 
For a rough cylinder a further group is introduced, e/D, where 

e is the roughness height. 

Isaacson and Maull (1976) showed that for wave motion two addi- 

tional parameters are needed, kd and kH, where k- 27r/X, d- water 
depth, H= wave height and X- wave length. If diffraction effects 

and wave non-linearities can be ignored then kH can be dropped. 

3.3. Interpretation of the-Keulegan-Carpenter number 

The parameter K can be considered to represent the ratio of 

the distance travelled by the fluid to the cylinder diameter. K can 

alternatively be considered to be proportional to an estimate of 

the number of vortices shed per flow cycle, or to the ratio of the 

frequency of vortex shedding to the frequency of flow oscillations. 
(K = UM T/D. In a current, the frequency of vortex shedding is pro- 

portional to V/D, and it is expected that this canloosely be applied 
to waves also, with V replaced by Um .) 

At low values of K the flow travels only a small distance in 

one direction, insufficient for separation to occur, before the flow 

reverses direction. One would expect CD to be low (neglecting viscous 
frictional forces) and CM to take its unseparated flow value, i. e. 
2. This is found to be the case, Keulegan and Carpenter (1958). 

Similarly, from the work of the previous chapter one would expect 
that at slightly larger K the flow would travel a sufficient distance 

before reversal that separation could occur and two symmetric vor- 
tices develop. For still larger K there may be a sufficient distance 

travelled for one vortex to grow asymmetrically and to be shed. At 

very large K, when the flow travels many diameters before reversal, 

one could expect many vortices to be shed, alternately, each half 



- 22 - 

cycle. Thus the flow is rather like the starting flows considered 
in the preceeding chapter, with K indicating the distance travelled 
by the cylinder with respect to its diameter before flow reversal 
destroys the flow and a new, starting type flow starts in the oppo- 

site direction. The flow patterns are in fact rather more compli- 

cated, particularly for K less than about 30, due to the interaction 
between vortices developing in one cycle and those from the previous 
cycle. A fuller description will be given in a later section. 

One might expect that, for large values of K, the parameter 
K would become less important, and the Reynolds number more important 
in determining the flow. The flow becomes quasi-steady as the period 
over which the flow velocity changes becomes very large compared 
to the vortex shedding period, which may be taken to represent the 

time taken for the flow to adjust to the imposed changes. The bound- 

ary layer can also be shown to become quasi-steady for large K. 

In chapter 4 it will be shown that a boundary layer behaves 

quasi-steadily (i. e. behaves at all instants like a steady flow at 
the instantaneous flow velocity) if 

A 26 
<< 

vu 

where A= boundary layer thickness, 0= flow acceleration and U- 
flow velocity. For a steady boundary layer the thickness is of the 
order 

A2 

from which it can be deduced that the boundary layer is quasi-steady 
for D/xo << 1, i. e. for large K. 
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3.4. Lift forces in oscillatory and wave flows 

Various authors have obtained Fourier components for the lift 

in terms of the first few multiples of the wave or oscillatory fre- 

quency, or have noted the dominant lift frequency which is always 

an integral multiple of the wave or oscillatory flow frequency. 

Sawaragi et al. (1976) obtained K up to 20 in waves and deter- 

mined the first three Fourier components of lift. Their results are 

in very good agreement with those of Chakrabarti et al. (1976) who 

obtained the first five Fourier components of lift in waves for K 

up to 16. Isaacson and Maull (1976) obtained five coefficients in 

waves for K up to 22, and Maull and Milliner (1978) obtained six 

coefficients in an oscillatory flow for K up to about 30. In addi- 

tion Bidde (1971) and Chang (1964) have given dominant lift forces 

over various ranges of K in waves, and Sarpkaya (1976a) in an oscil- 
lating flow has given the ratio of the dominant lift frequency to 

the flow frequency, fr (always an integer), and has calculated 
S=f 

r/K, for R up to 106 and K up to 200. The results of Isaacson 

and Maull and Maull and Milliner are reproduced in Fig. 7 and those 

of Sarpkaya in Fig. 8. 

In all the above cases frm2 for 6<K< 16 and fr ý2 3 for 

16 <K< 20. The only results for higher K are those of Sarpkaya 
(1976a) and these show that fr increases in steps as K increases 

in such a way that S : -- .2 at low R and Sz .3 at high (transcritical) 

R. There is no definite value of K where fr steps from one integer 

value to the next. For example Sarpkaya (1976a) recorded fr ý2 for 

values of K up to 18, and fr ý3 for K as low as 14* For a continuous 
run at, say, K= 16, then some cycles will have fr -- 2 and some 
fr = 3. Sarpkaya has plotted the highest values of K at which a par- 
ticular value of fr occurred as a function of R and K for smooth cyl- 
inders, and this is reproduced in Fig. 8, and points have also been 

added for cases where fr ý4 was dominant. 

The spectra all show the same trends except that those of Sawa- 

ragi et al. (1976) and Chakrabarti et al. (1976) show a dominant 
lift force with fr ý-_ 1 for 1<K<6, whereas those of Isaacson and 
Maull (1976) and Maull and Milliner (1978) show no power at any fre- 

quency for. K<5. Bidde (1971) and Chakrabarti (1978) have noted 
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force traces where fr ý1 for K<5. 

Although particular multiples of the wave frequency are dominant 

in the lift force over particular ranges of K, it must be emphasized 
that there are always several frequencies present and that there 

appears to be a gradual move from one dominant multiple to the next 
(higher) as K is increased, (see Fig. 7). Further development of 

this idea will be undertaken in Part II, where a quasi-steady model 

of the shedding in oscillatory flow will be presented. 

3.5. Vortex Ratterns in oscillatory and wave flows 

The agreement between various authors for the dominant frequency 

Of lift forces is not extended to their interpretation of flow vis- 

ualization experiments conducted to trace vortex movements, even 

though it is vortex shedding which causes ý the lift forces. Bidde 

(1971) claimed to see a von K9rm5n type vortex street of many vor- 

tices at Y, =3-4. It is likely that his visualization technique 

caused him to confuse general turbulence with vortices shed from 

the cylinder. 
Isaacson (1974) has conducted flow visualization tests by oscil- 

lating a cylinder in still water and has shown *that, at least for 

K <_ 2 5, the number of vortices shed in a half cycle is generally 
equal to (f 

r-1). This is because the last vortex shed in one half 

cycle is, at the beginning of the next half cycle, swept over the 

cylinder and, due to its circulation, increases the velocities and 
promotes vortex shedding from that same side of the cylinder. Thus 
for K in the range 6- 15 one vortex is, shed -in each half cycle, 
and is shed from the same side in both half cycles. Sarpkaya (1976a) 

also noted such a phenomenon. Similarly Isaacson showed that for 

K= 16, two vortices are shed in each half cycle, the last in one 
half cycle and the first in the next being shed from the same side, 
such that fr = 3. 

Using a discrete vortex model, Stansby (1977) was able to re-- 

produce this effect, though for higher values of- K the rule that 
(f 

r-1) - the number of vortices shed per half cycle broke down. 

Zdravkovich and Namork (1977), working in waves, showed that 
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when a vortex is swept back over the cylinder it promotes shedding 
from the same side, and that the two vortices, of opposite rotation, 

then move away from the cylinder as a pair. This is illustrated in 

Fig. 9, taken from their paper. There is no indication in Isaacson's 

work whether he noted this effect or not. Zdravkovich and Namork 

noted that at K=5.4 (shown in Fig. 9), and also for K up to 7.8, 

the vortex pair formed in the trough half cycle was stronger than 

that formed in the crest half cycle and considered that the circula- 
tion in vortices as the trough is approached is increased due to 

contraction of vortex lengths. Chakrabarti (1978), in a discussion 

of this paper, suggested that this leads to a lift force with a fre- 

quency equal to the wave frequency, (fr 1-- 1), as found by Chakrabarti 

et al. (1976), Sawaragi et al. (1976), and Bidde (1971). fr m1 has 

not been found, to the author's knowledge, in oscillatory flow ex- 

periments and Isaacson (1974) does not appear to have observed it 

in waves. 
For K-9.3 Zdravkovich and Namork (1977) found that one vortex 

pair moved away from the cylinder in each half cycle, originating 
from opposite sides of the cylinder in successive half cycles. Chak- 

rabarti (1978) interpreted the pattern to give fr - 2. From Isaacson 

and Maull (1976) one would expect one vortex to be shed in each 
half cycle, always from the same side, and fr = 2. 

Both Sawaragi et al. (1976) and Iwagaki et al. (1976) have in- 
dicated that for certain ranges of K the last vortex shed in a half 

cycle is swept over to the opposite side of the cylinder (to that 

where it was f ormed) and back over the cylinder together with the 
last but one vortex shed (see Fig. 10, taken from Sawaragi et al. ) 
This occurs for K=8- 13 and K- 20 - 26 according to Sawaragi 
et al. corresponding to frm2 and 3, respectively. From Isaacson 
(1974) one would expect to see 1 and 2 vortices shed, respectively, 
per half cycle for these two cases, whereas Sawaragi et al. 's 

sketches (Fig. 10) show 2 and 3 vortices, respectively. It is to 
be suspected that the definition of shedding is so vague that there 
is great difficulty in determining if a vortex was 'shed' or merely 
began to form. If one compares Isaacson and Maull's sketches for 
K=8 (Fig. 11, sketches (IV) and (V)), with Sawaragi et al. 's (Fig. 
10, sketch III) one may imagine that they saw similar patterns, but 

that Isaacson interpreted the second vortex as being only partially 
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formed and swept back onto the cylinder, whereas Sawaragi et al. 
interpreted this as the vortex moving across to the other side. Simi- 
lar observations apply to Isaacson and Maull's sketches for K- 16 
(Fig. 11) and Sawaragi et al. 's for K- 20 - 26 (Fig. 10, sketch V). 

The observations of Iwagaki et al. are similar to those of Sawa- 

ragi et al. except that their pattern corresponding to Fig. 10, 

sketch III occurs at Kz 16, rather than K-8- 13. However Sawaragi 

et al. defined K as an average value over the length of the cylinder. 
Furthermore Iwagaki et al. observed a pattern, between those illus- 

trated by Fig. 10, sketches II and III, where the two vortices in 

one half cycle are formed asymmetrically, but are swept back over 
the cylinder on their respective sides (K -6- 12). 

Sketches of the flow by Maull and Milliner (1978) for K-7.7 

and K- 21.1 show the same trends as Isaacson and Maull (1976), but 

with some 'pairing' similar to that of Zdravkovich and Namork (1977). 

Bearman et al. (1978) indicate that for Kz 15 various effects 

may occur which might be covered by the varying descriptions above. 
He states that for K : ý-, 15 "only two main vortices are formed per 
1/2 cycle and one tends to grow more rapidly than the other . ..... 
At flow reversal the large vortex passes rapidly over one side of 
the body where it is now of opposite sign to the vorticity being 

generated there. The induced flow of the reversal vortex helps to 
give quickly a second large vortex of opposite sign. Where the 2 

vortices are of roughly the same strength the pair transport them- 
selves smartly away from the cyUmAcr.. At low K vortices sometimes 
appear -to circle the body or, in some cases, nearly all the vortex 
activity is restricted to either the upper or lower half of the cyl- 
inder". 

It appears evident that there are some discrepancies in the 
various flow visualization results, possibly due to different inter- 
pretations of patterns, and possibly partly due to differences be- 
tween wave flows and pure oscillatory flows. No authors have, as 
yet, directly related flow patterns to lift forces measured. 
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3.6. Determination of the values of the coefficients 
c DI CM and'C L 

Some experiments aimed at determining values of the coefficients 

have already been mentioned. Rance (1969), using an oscillating water 

tunnel, determined CD and CL on smooth cylinders f or R up to 106. He 

assumed CM = 2.0 and calculated CD at the instant of maximum force. 

He also indicated that the Strouhal number was constant at 0.2. 

Thirriot et al. (1971) determined CD and CM as functions of K 

by oscillating a cylinder in water. They noted that at very low K 

the value of CD increased again. Sarpkaya (1976a) refers to this as 

a second 'peak' , however this may be misleading as the value merely 

rises as K is reduced. The reason for this will become evident from 

the results of the experiments described in Part III, chapter 9 of 

this thesis. Sarpkaya and Tuter (1974) and Sarpkaya (1975), using 

a small U-tube type water tunnel, measured CDs CM and CL at low Rey- 

nolds numbers and in a similar tube Maull and Milliner (1978) have 

measured drag and lift forces. Sarpkaya (1976a, 1976b) has conducted 

a large number of experiments up to very high values of R( 2x106) 

and f or K up to 200. He obtained results for CDs CM and CL for 

smooth and rough cylinders. 
Similar high Reynolds number results have been obtained by os- 

cillating cylinders in water by Yamamoto and Nath (1976), for CDs CM 

and CL and by Garrison et al. (1977) for CD and CM, and Loken et 
al. (1979) have obtained CD and CM in an oscillating water tunnel. 

Matten (1977) reports tests in large laboratory waves where 
he compared in-line and lift forces on smooth and rough cylinders. 
Sarpkaya, in a discussion after the presentation of Matten's paper 

at the OTC conference, maintained that Matten's results of forces 

could be accurately predicted using Sarpkaya's (1976b) pure oscil- 
latory flow coefficients distributed over the cylinder according 

to the local values of K and R. Chakrabarti et al. (1976) con- 

ducted tests in waves and measured forces on small unit lengths of 

a cylinder as well as total forces on the cylinder. Application of 

the locally obtained coefficients predicted the total forces within 
10%. Values of C D, CM and CL for the first five harmonics were pre- 
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sented as functions of K. 

Example results of CDP CM and C L' from Sarpkaya (1976b), are 

shown in Figs. 12 and 13. It is seen that transition in oscillatory 
flow starts at a lower Reynolds number and spans a larger range than 

in steady f low, and the value of CDCRIT is not as low as in steady 

flow. The turbulence present is probably responsible for the early 

transition, and the other effects are due partly to the fact that 

in any one cycle the velocity may vary such that the instantaneous 

flow is subcritical, critical, supercritical or transcritical at 

various instants, and partly due to the averaging inherent in the 

analysis method. From Fig. 13 it is seen that for smooth cylinders 

the lift coefficient exhibits a maximum at K= 10 - 15, and that 

for very high R, CL tends to a value 0.2. 

3.7. Movement of the separation points in oscillatory flow 

Iwagaki et al. (1976) have compared measured flow separation 

Points on a cylinder in waves with a theory based' on the velocity 
distribution in the boundary layer obtained by Iwagaki and Ishida 

(1974). Iwagaki et al. (1976) also measured pressure distributions 

around the cylinder and showed the effects of vortex shedding on 

the pressure distribution. 

Grass and Kemp (1978) have conducted experiments oscillating 

smooth and rough cylinders in water at K- 38 and, using flow visual- 
ization techniques, have noted the movement of the separation points 
through a cycle. They found that separation starts at the rear of 
the cylinder just after flow reversal and moves progressively for- 

wards, first rapidly and then less rapidly, passing through a point 
of inflection at the maximum velocity point. As the flow decelerates 

again it imposes an additional velocity gradient causing the flow 

separation angle to increase again. By extrapolation they determined 

that separation first started when the cylinder had travelled -16D 
(as opposed to theoretical results of . 17D for impulse flow and . 26D 

for steady acceleration). Their work has shown that it is useful 
to look at each half cycle as a separate event, starting at rest, 

accelerating to maximum velocity and then decelerating to rest again. 
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3.8. Analysis based on the Blasius equation 

Maull and Milliner'(1978) have analysed in-line and lift forces 

on a cylinder in an oscillating flow. Rather than using Morison's 
formula they non-dimens ionali zed (ntk with respect to PD3/2T2. 
They alqo suggested that instead of using Morison's formula one might 
consider the forces on a cylinder to be divided into an inertia term 

with Cm =2 (as in unseparated flow), and a term dependent upon the 

vortex circulation, position and movement (i. e. the Blasius equa- 
tion). Maull and Milliner's method has the advantage that forces 

due to circulation, movement of vortices, etc., only affect one term 

of their equation rather than both, as is the case with Morison's 

f omula. 

3.9. Roughness effects in oscillatory flow 

The only extensive tests on rough cylinders at high Reynolds, 

numbers that the author is aware of are those of Sarpkaya (1976a, 

1976b). Example curves of CD and CM versus R for K- 60 and various 

roughness are shown in Fig. 14. 

It is seen that the effects of roughness in oscillatory flow 

are similar to those in a steady current, the critical regime occurs 
earlier, and values of CD are increased. It is also seen that there 
is an inverse relationship between CD and CM, when CD is high CM 
is low, and vice versa. The lift coefficient, C L' is found to be vir- 
tually independent of roughness and ý and is approximately equal 
to the maximum value for a smooth cylinder. 

3.10. The approach of oscillatory flow force coefficients 
to the steady flow values 

It has already been seen that the Keulegan-Carpenter number, 
K, is important in defining the wake, and thus the values of the 
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coefficients. It might be expected that K be of decisive importance 

at low values of K, but that at high values of K the parameter R 

would be most important as the flow becomes quasi-steady. 

Various values of K have been suggested where the flow can be 

considered to be quasi-steady and steady current values of coef- 

ficients used, and values as low as 50 or 100 have been suggested. 

It is interesting to compare data for values of Reynolds number 

of critical and above for various values of K, and roughness. Data 

from Fage and Warsap (1929), Szechenyi (1975) and Miller (1977) in 

steady flows, and Sarpkaya (1976b) in oscillatory flows were compared 
by Verley (1977a). In Fig. 15 the transcritical values of CD and CM 

are compared, in Fig. 16 the critical values, and in Figs. 17 and 

18 are plotted the values of R where C DCRIT occurs, and where CD is 

95% of its transcritical value, respectively, all for various rough- 

nesses, e/D. The steady current data has been plotted at K- 1000, 

and it is suggested that it is at about this value that steady cur- 

rent values of the coefficients will apply. On a smooth cylinder, 

however, the transcritical value Of CD is nearly independent of K. 

In Fig. 19 is shown an example plot of CD versus R for a roughness 

e/D - 1/50, and for various values of K, and the approach of the 

curves to the steady current curve as K is increased is clearly seen. 

Errors in the time averaged values 

Keulegan and Carpenter (1958) compared a predicted time history 

obtained by using their time averaged values of CD and CM with the 

actual time history used in obtaining CD and CM. They found that for 

small and large K the agreement was good, but that in the area 

K-5- 30 there were some differences and the peak force was under- 

estimated by up to 20%. Sarpkaya (1976a) has evaluated the error 

in two ways, firstly by comparing the maximum measured force with 

the maximum predicted, and secondly as a percent error over the 

cycle. He found that it is only in the area of K- 10 - 20 that there 

is any significant error. Sarpkaya showed that a major reason for 

the error in this region was the vortex induced forces in the in-line 

direction (their forces having a component in the lift direction, 
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quantified by the lift coefficient in magnitude and by fr in fre- 

quency, and a component in the drag direction at twice this fre- 

quency). When accounting for these vortex induced forces the agree- 

ment was considerably improved. 

Bearman et al. (1978) showed that analysis of nominally ident- 

ical force cycles in oscillating flow led to various, inversely re- 
lated, values of CD and CM, i. e. if in a cycle the calculated value 
of CD was high, then the value of CM was low, and vice versa. Ramberg 

and Niedzwecki (1979) show that one can obtain different pairs of 
CD and CM values which fit the force measurements equally well. They 

also show that an error of only 5% in estimating the phase between 

the wave and the force could lead to errors of 10% in the calculated 
values of both CD and CM* 

3.12. Comparison of forces in oscillatory and wave flows 

There are very few investigations in waves where force coef- 
ficients have been obtained which can be compared with those obtained 
from pure oscillatory flow. Miller and Matten (1976) found CD values 
in the range K= 10-25 which were slightly greater than those from os- 
cillatory flow tests. Susbielles et al. (1971) indicated that the use 
of CD and CM values from pure oscillatory flow gives a good repre- 
sentation of local forces in waves. Chakrabarti et al. (1976) have 
determined CD and CM on pile sections in waves and the agreement with 
pure oscillatory flow results is fair, except that they obtained a 
large value of CM at low K. As has already been mentioned, Sarpkaya, 

at the OTC conference in 1977, claimed that the application of his 

values of CD and CM gave a good prediction of the forces measured by 
Matten (1977) in waves. 

3.13. Forces at very small Keulegan-Carpenter numbers 

The forces on a cylindrical body at very low K are of more than 
academic interest, for example the damping of vibrations of a struc- 
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ture in still water is directly proportional to the oscillating drag 

coefficient and this damping is required when estimating so called 
hydroelastic vibrations, (see King (1977) for a survey of this sub- 
ject). 

Stokes (1851) calculated the velocity field around an oscil- 
lating cylinder, from which the forces on the cylinder can be de- 

rived. The solution applies for large a, becoming increasingly accu- 

rate as ý is increased. Batchelor (1970) gives a simpler derivation. 

Stokes (1901) analysed the forces on an oscillating pendulum and 

showed that the force could be expressed as two terms proportional 
to the cylinder velocity and acceleration, respectively. 

The damping force is given by the velocity term from which it 

can be derived that the damping force per unit length of cylinder 
is 

2pjT2D2n I+1 
F4 

Trý 

(According to Tani (1977) Stokes, in deriving his equations 
in 1851, hovered between the choice of the boundary condition at 
the body as the 'no-slip' condition or zero friction. He chose the 
first, thus using one of the most important ideas of boundary layer 

theory which did not appear until 1905. ) 

The parameter ý is proportional to (D/A)2, where A is the bound- 

ary layer thickness, and boundary layer theory applies if A << D, 
i. e. for large ý. The application of equation (4) has been shown 
for values of ý from 40 to 5xlO5 (Stuart and Woodgate (1955) and 
Bramley (1970)). 

Williams and Hussey (1972), reanalysing Stokes' work, determined 

that a further condition for the application of the equations 
is that xo/D << 1, where xO is the amplitude of the vibrations (i. e. 
K << 1). Stuart and Woodgate (1955) found that the equation applied 
at ý z: 40 for xO/D < 0.1, and for larger amplitudes the damping be- 
came approximately proportional to velocity squared. Bramley (1970) 
found that for a Z: 3600, the damping was given correctly for xo/D 
< 0.2, and Wootton (1969) found that for 5xlO4 the damping was 
correct for xo/D < . 12. 
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Skop et al. (1976) noted the damping of vibrations of cylinders 
in water, and the damping was given correctly by Stokes' equations 
for xo/D < .3- . 4. They equated the damping to the oscillatory drag 

coefficient CD and for larger amplitudes found good agreement with 
the results of Keulegan and Carpenter (1958), Sarpkaya and Tuter 
(1974), etc. Similar results were also found by Petrauskas (1976). 

This topic will be returned toin Part III as the author hascon- 
ducted similar tests, Verley (1978a). 
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THEORETICAL WORK ON TIME-DEPENDENT BOUNDARY LAYERS 

A considerable amount of work has been conducted, mostly theo- 

retical, on the time-dependent boundary layer in a combined steady 

and oscillatory current. Most of this work has been for flat platesp 
though some other shapes have been considered. The flow is, however, 

always considered to be unseparated. 
Little theoretical or experimental work has been conducted on 

cylinders apart from for the ýrather special case of in-line hydro- 

elastic vibrations, and this will be considered, in the next chapter. 
A number of researchers have turned their attention to investi- 

gating time dependent boundary layers. Nearly all have investigated 

Falkner-Skan time dependent boundary layers,, i. e. layers where the 

velocity outside the boundary layer of a flat plate can be described 

as 

U(X) = kxi where k is a constant and x is 

the distance along the plate 

When i=0, flat plate flow results and when i=1, stagnation 

point flow results. Time dependent oscillations of this velocity 

are investigated, usually limited to small amplitudes of oscillation. 
A boundary layer may be considered quasi-7steady if the period 

of unsteadiness is long compared to the time required for a sudden 

change to spread through the boundary layer by molecular diffusion, 

or, in the case of a turbulent boundary- layer, by turbulent diffu- 

sion. 
The earliest studies of time dependent boundary layers were 

by Blasius (1908) who considered impulsively started and steady ac- 

celerated flows, and which have already ýeen discussed. 

Moore (1951,1957a), who was considering aircraft and missile 
flight simulated as a flat plate with changing velocity, found that 
the flow is quasi-steady if A26/VU << 1. If, on the contrary, this 

parameter is very large, then a shear solution applies, i. e. there 
is an inner, thin boundary layer which reacts as if the fluid out- 
side it were at rest. Moore found that there were, -two solutions of 
the boundary layer equation, for respectively high and low values 
of A26/vU. 
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Moore (1957a, 1957b) also discussed at length the meaning of 

separation in a time dependent boundary layer and considered that 

the onset of flow reversal was not a sufficient criterion, as flow 

reversal can occur without separation within the boundary layer if 

the separation point is moving along the body against the stream 

direction. Instead he considered that a separation bubble first ap- 

pears at the position on the wall above which, at some point in the 

boundary layer, the shear and the velocity simultaneously vanish, 

and the separation point is very near to this point. 
Stewartson (1951) has considered an impulsive change from one 

velocity to another, and found that the initial motion after the 

impulsive change was of the shear wave type, while later stages were 

of a quasi-steady type. Watson (1958) considered cases of 1) impulse 

change from one velocity to another, 2) a steady acceleration, and 
3) a decaying, oscillating velocity superimposed on a steady vel- 

ocity. He found that, immediately after an impulse change, a second, 

very thin boundary layer, whose thickness grew as vrv-t, where t is 

time, develops , and the rest of the boundary layer behaves as if 

it were inviscid as far as the impulse is concerned. Gradually the 

inner boundary layer grows thicker and distorts the flow until the 

steady state is reached. In the initial moments there is a high skin 

friction due to the thinness and corresponding high shear in the 

inner layer. For the oscillating case he found that the skin fric- 

tion leads the velocity by Tr/4 at high frequencies. 

Lighthill (1954) considered a steady flow with small amplitude 

sinusoidal fluctuations superimposed, for either the Blasius bound- 

ary layer (flat plate, no pressure gradient) or in flows on a plate 

with a pressure gradient. Lighthill expanded his expression for the 

velocity outside the boundary layer using a momentum integral method 

and using one term. He performed two expansions, for high and low 

values of wx/V, where w is frequency and x is the distance along 

the plate. He found that at low values of this parameter the bound- 

ary layer behaves in a quasi-steady way. For a plate he found 

that if wc/V < . 6, where c is the length of the plate, the boundary 

layer will behave quasi-steadily. For high frequencies, however, 

the oscillations are contained within a thin boundary layer (Stokes' 
layer) of thickness -(V/W)1/2, this layer acting as if the flow out- 
side it was stationary. The skin friction then leads the velocity 
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fluctuations by 7T/4. Lighthill suggested that, near separation, the 

shear-wave (high frequency) solution would apply, and that this 

would lead to large oscillations in the position of separation. 

Lin (1956) considered only the high frequency solution and was 

able to use a higher order solution, not limiting the amplitude of 

the velocity oscillations. He found that flow reversal may occur 

within the boundary layer, even though it does not occur in the free 

stream. This is because the oscillating velocity penetrates deep 

into the usual boundary layer with undiminished amplitude, whereas 

the steady velocity component is slowed down. 

Hori (1961) used a power series expansion for the low frequency 

case. He expressed the potential velocity distribution over a cyl- 

inder as the first two terms of a Taylor series, and used vanishing 

skin friction as a criterion of separation. In this way he tried 

to see the effects of flow oscillation on the movement of the separ- 

ation point, which he found moved 1T/2 ahead of the velocity fluctu- 

ations, but with extremely small amplitude. In later papers he looked 

at the effect of oscillating circulation, (Hori (1962a)), rotational 

oscillations of a cylinder, (Hori (1962b)), and an arbitrarily shaped 

body (Hori (1962c)). 

Rott and Rosenzweig (1960) have considered high and low fre- 

quency solutions of the general Falkner-Skan family, and Lam and 

Rott (1960) have considered an expansion of 15 terms of the fre- 

quency parameter, all these being for small amplitude oscillations* 
Gersten (1965) considered low and high frequency solutions to 

the second order of amplitude. 

Pedley (1972), who was particularly interested in the thermal 

boundary layer (for the design of a hot film anemometer for use in 

blood vessels), used asymptotic expansions for the high and low fre- 

quency solutions and did not limit the oscillating velocity ampli- 

tude other than that it had to be greater than the steady velocity 

component, and considered Falkner-Skan type boundary layers, U= xi, 

with i=0,1/3, and 1. 

A problem common to all of these solutions is that of which 

solution to apply for frequencies which are neither very low nor 

very high. Various criteria calculated using the two methods are 

compared (e. g. phase, or amplitude of shear stress, etc. ) to see 
if they overlap at some intermediate frequency. Pedley (1972) found 
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that for the skin friction there was generally a reasonable overlap 
(at different frequencies for different pressure gradients), but 

that for the thermal boundary layers there was no overlap. 

Hill and Stenning (1960) have conducted experimental measure- 

ments on the boundary layer on a flat plate in a steady flow with 

an oscillating component whose amplitude was about 1/10 of the steady 
flow's. They used either no pressure gradient in the x direction 

or a small adverse gradient, and varied xW/V between .1 and 10, where 
V was the steady component of velocity. They found that the low fre- 

quency solution of Lighthill (1954) for the Blasius layer (no press- 

ure change with x) predicted the results accurately for values of 

xW/V from .1 to . 6, and over a somewhat smaller range with a press- 

ure gradient. They concluded that Lighthill's high frequency solu- 

tion should predict both phase and amplitude of the boundary layer 

fluctuating profile correctly for xW/V > 10, and the amplitude for 

x W/V > 3. The phase was given considerably better in the range 3< 

xW/V < 10 for a shear wave type solution taking into account first 

order convective effects. 
None of the methods discussed can be applied near separation. 

The use of potential flow velocity distributions by Hori (1961, etc. ) 

is unreasonable, even in a steady flow this leads to a prediction 

of separation at 1080 from the front stagnation point (rather than 

the correct figure of about 800). 

Experimental work on cylinders oscillating in-line with a cur- 

rent will be considered in the next section. 
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OSCILLATIONS OF A CYLINDER IN A CURRENT 

ln the previous chapter it was seen that there has been a con- 

siderable amount of theoretical work on the boundary layer in af low 

comprising of a steady and an oscillatory component. Some experi- 

mental work has been conducted on cylinders oscillating in line with 

a current, a situation which is dynamically equivalent to that of 

a combined steady and oscillatory current acting on a stationary 

cylinder apart from an additional inertia force, the Froude-Krylov 
force, being the mass of fluid displaced times acceleration. The 

equivalence can perhaps most easily be seen by considering axes fixed 

to the cylinder, in which case the boundary conditions are identical 

in the two cases, and the only additional force is one compensating 
for the acceleration of the frame of reference$ i. e. the above men- 

tioned Froude-Krylov force, (see also Batchelor (1970), p 139). 

From the point of view of this thesis one is interested in the 

oscillations of a cylinder in-line with a current, and most such 

experiments have been conducted in order to illuminate the problem 

of hydroelastic vibrations, and the experiments conducted only over 

the ranges of parameters where hydroelastic vibrations occur, a not- 

able exception being the work of Mercier (1973). The problem of hy- 

droelastic vibrations is very similar for the cross-flow and in-line 

directions, and most research has been conducted into the cross-flow 
direction (vibrations perpendicular to the flow direction). Review 

papers of hydroelastic vibration work are given by King (1977), 

Blevins (1977), and Berger and Wille (1972). In the next section 

a brief summary of hydroelastic vibration research is, given, for 

both cross-flow and in-line vibrations. 

5.1. Hydroelastic vibrations 

By 'hydroelastic vibrations' in this thesis is meant the phenom- 
ena which occur when vortex shedding forces have a frequency near 
that of an oscillating cylinder. The problem is most often associated 
with the vibrations of flexible cylinders which can occur in currents 
under certain circumstances. The problem is, however, often investi- 
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gated by physically forcing cylinders in currents. 
Although the term 'hydroelastic vibrations' is perhaps a mis- 

nomer when the cylinder is externally forced, the term is neverthe- 
less used. 

Hydroelastic vibrations may occur if the frequency of oscilla- 
tion of a cylinder (natural or forced) is near to a 
of vortex shedding. The vortex shedding frequency of a pair of vor- 
tices, nv, is controlled by the Strouhal number, S, such that 

nv = SV/D 

On a rigid cylinder at subcritical Reynolds numbers SZ . 2, 

and for transcritical Reynolds numbers SZ . 3. 

Associated with each vortex shed is a force on the cylinder 

with components both in-line and cross-flow, and thus the cylinder 

experiences forcing at the vortex shedding frequency in the cross- 

flow direction and at twice this frequency in the in-line direction. 

One might thus expect, for subcritical values of R, that resonance 

may occur at values of a parameter V/nD, where n is the cylinder 

oscillation frequency, of 5 and 2.5 in the cross-flow and in-line 

directions, respectively. In fact there is a complicated non-linear 
feedback mechanism such that resonances do not occur at exactly these 

values of V/nD, and the vortex shedding forces are affected by the 

oscillations. In addition there is a second type of in-line hydro- 

elastic vibrations, associated with a symmetric f orm of vortex 

shedding, which occurs at lower values of V/nD. 

This non-linear interaction whereby the vibrations of a cylinder 
affect and alter the vortex 'shedding forces (which for an elastic 

cylinder cause the vibrations) is a fundamental characteristic of 
the phenomenon. Thus if vibrations occur due to the response of a 

cylinder to vortex shedding, but the vortex shedding forces are un- 
altered, i. e. are the same as on a rigid cylinder, then the term 
1hydroelastic vibrations' is not used. 

The essential features of hydroelastic vibrations may be sum- 
marized as follows- 

i) If a cylinder is forcibly oscillated at a frequency n, or 
if a flexible cylinder with natural' frequency n has suf- 
ficiently low mass and damping, then, when the forcing 
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frequency from vortex shedding approaches n, so called 
'lock-on' occurs. That is to say that the vortex shedding 
frequency becomes controlled by the cylinder oscilla- 
tion frequency. For cross-flow vibrations the vortex 
shedding frequency is thus equal to the oscillating fre- 

quency, and for in-line vibrations is equal to one half 

the oscillating frequency. For the cross-flow direction, 
lock-on occurs for a range of velocities to either side 
of that where resonance was expected. Den Hartog (1954) 

considered this area to be 
+ 

20% of the value of V/nD 

where nv - n, and Marris (1962) considered it to be 
35%. Wootton (1969) has shown that the range depends 

on the cylinder roughness, length to diameter ratio, 

and mass and damping characteristics, as has Koopman 
(1967). 

Koopman (1967), Ramberg and Griffin (1974,1976) and 
Novak and Tanaka (1975) show that when nv = n, a rapid 
increase in the correlation length of vortex shedding 
occurs with increasing amplitude of oscillation. 
When this lock-on occurs, the vortex shedding becomes 

correlated along the whole length of the cylinder, and 
the vortex strengths are increasedo Davies (1976), lead- 
ing to increased lift forces, Griffin et al. (1975) and 
Feng (1968). There is a minimum amplitude of vibration, 
below which the vortex shedding is not controlled by 

the cylinder oscillation frequency and increased corre- 
lation does not occur. This so called 'threshold ampli- 
tude' depends on the value of V/nD, and various results 
for cross-flow vibrations are shown in Fig. 20, a, and 
for in-line vibrations in Fig. 20, b. It is seen that 
the lowest value of the threshold amplitude is when the 
natural vortex shedding frequency coincides with the 
cylinder oscillation frequency and the value would appear 
to be about . 06 diameters in both cases. A commonly ac- 
cepted value for cross-flow vibrations is .1 diameter 
and King and Every (1976) consider that the value for 
in-line vibrations is . 01 - . 02 diameters. 
A dimensional analysis of the problem (e. g. King et al. 
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(1973)) indicates that the amplitude of hydroelastic 

vibrations at resonance is a function of four parameters 

YO/D = f(V/nD, 2m/pD2,6, C L) 

where yo - amplitude of vibrations, m, 6- mass per 

unit length and logarithmic damping of the system, and CL 

= lift coefficient. For analysis in the in-line direc- 

tion C is replaced by C' and yo is replaced by LD 
xo* For a surface piercing cylinder x0 and y0 are con- 

sidered to be maximum amplitudes common to the fluid 

and cylinder, King (1977). 

Vickery and Watkins (1962) considered the energy bal- 

ance between forcing on the cylinder due to vortex 

shedding and energy dissipated by damping, and determined 

that the maximum amplitude of responses at resonance, 

for a general mode shape would be 

L 

2c f- (Y/Y 
0 

)dz 

Y /D = OD- V2L0 
0 U6 

(7D-) TTr L2 
f (Y/Y 

0) 
dz 

0 

where, here, y is the amplitude of vibration at a par- 

ticular position, z, along the cylinder and the integral 

terms account for the mode shape. On the basis of this 
it was considered that the second two terms in the dimen- 

sional analysis could be combined to give a single para- 
meter, the so called 'stability parameter' k. = 2m6/pD2. 

For a simple analysis one might consider a cylinder 
of length L, mass per unit length m, spring constant 
b and damping factor c, and with a LL&C4rm mode shape 
such that the deflection at any instant is the same along 
the length of the cylinder. The cylinder is considered 
to be undergoing a sinusoidal forcing given by 

F(t) - F. sin wt 
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The equation of motion is 

Myý cý + by = Fo sin W 

where M= mL. The solution is 

F0 
y0b 

2)2+( 2cco )2 
nc crit 

wn 

= -u- * (D. M. F. ) 

where (D. M. F. ) stands for Dynamic Magnification Factor. 

At resonance 

FcF 7T 
o cri 0 
2bc b6 

where c crit ý critical damping (= 2MW 
n) and damping 

logarithmic decrement. 

For the cross-flow direction it is considered that 

the forcing is sinusoidal (Bishop and Hassan (1964a)) 

and given by 

.5pD v2 c Lsin(2 TT nv 0 per unit length 

Assuming full correlation, then 

Fo = .5pD V2 CLL 

from which one can obtain 

YO 
(-v )2 (Tl 

cL' 

ITD c2 s 47T 

or at resonance 
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cL 

D nD 
) 77T 

s 

which, f or this linear mode shape, is the same as equa- 

tion (5) obtained by Vickery and Watkins (1962). 

iv) The maximum cross-flow response occurs at values of V/nD 

between 5 and 8 (King (1974)), although Meier-Windhorst 

(1939) found that the value was dependent upon the mass 

of the cylinder, and Wootton (1969) found that the value 

was dependent upon kso Nevertheless for reasonably con- 

stant V/nD one expects the response to be dependent upon 

ks and CL* Furthermore it is considered that CL for an 

oscillating cylinder is primarily dependent upon yjD. 

For cross-flow response King (1975), Griffin et ai. 

(1975) and Blevins (1972) found that there was a unique 

relationship between yo/D at resonance and ks, shown in 

Fig. 21, a. The cross-flow response is thus seen to have 

a maximum amplitude of about 2 diameters for very low 

ks, and the amplitude falls off as ks increases, there 

being no noticeable response for ks ý 16. King (1975) 

shows a similar curve, shown in Fig. 21, b, for the in- 

line response (for both asymmetric and symmetric shedding 
forms). Using equation (5) the relationship between CL 

and y O/D at resonance can be obtained from experiments 

where ks and yo/D are measured. A typical f orm of the 

curve is shown in Fig. 22, a from King (1975) where it 

is seen that as yo/D is increased the value of CL f irst 

increases to a maximum at yo/D z . 05, and then decreases 

gradually again to zero f or yo/D Z 2. King considers 
that the increase in CL up to yo/D z . 05 is due to in- 

creasing correlation of the vortex shedding, and that 

CL in fact decreases monotonically with yo/D, and if the 
value is extrapolated to yo/D -0 it is approximately 
that value measured on a stationary rigid cylinder. 

V) From Fig. 21, b it is seen that maximum in-line response 
is only about 0,2 diameters and that a value of ks of 
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about 1.2 is sufficient to supress vibrations. The reason 
fo r this is evident from equation (5) as in-line response 

occurs at about 1/2 the value of-V/nD of cross-flow re- 

sponse, and the oscillating drag coefficient, C1 I is D 
typically -C L 

/6. 

vi) If equation (5) is used to analyse in-line vibrations, 
(but with replacin C) then a similar shaped curve CL 9L 
to that of Fig. 22, a is obtained for x /D versus 0 

CL. 

King (1975), however, considered that the equation for 

in-line response should be written with relative veloc- 
ity terms, as 

F (t) ý' 5PD (CD+CDI sinwt) (V-i)2 

in which case %I is found to increase monotonically with 

YO /D (Fig. 22, b and c), due to having to overcome a damp- 

ing term which is now included (expanding (V-: k)2 for 

V >> k gives V2 - 2V: k, the second term being a term op- 

posing structural velocity, i. e. a damping term). 

vii) Although the two terms. 6, and 2m/pD2 could be combined 

at resonance, giving ksp -they cannot be so away from 

resonance (see equation (6)), and in fact it is seen that 

for a constant value of k one would expect a broader ex- s 
citation range for lower 6, as in fact found, -Koopman 
(1967). 

viii) The terms mass and damping have been rather loosely de- 

f ined to now. Nearly all researchers have taken still 
water values for damping, and the mass to include the 

added mass of water calculated as the displaced mass 
of water, and Figs. 21, a, b are drawn under this assump- 
tion. Sarpkaya (1978) points out that the added mass 
and the fluid part of the damping are essentially fluid 

terms and should not be mixed up with structural terms. 
Furthermore there is no reason to believe that the values 
are the same at resonance as in still water (in still 
water the damping and added mass are given -by unseparated 
flow values, at resonance the flow can by no means be 
considered to be unseparated). 
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ix) 

x) 

Sarpkaya (1978) oscillated a cylinder transverse to 

a steady current stream and measured the inertia and 
damping forces on the cylinder. He found that the added 

mass coefficient increased from its unseparated value 

of 1.0 at low V/nD, to 2.0 at V/nD z 4.5, and then de- 

creased rapidly to negative values for V/nD > 5.3. This 

thus confirms that still water added mass should not 
be used and indicates why Wootton (1969), Meier Windhorst 
(1939) and Glass (1970) found that larger values of ks and 

m/PD 
2 led to resonance at higher V/nD. 

Various authors have noted that the steady component of 
drag for cylinders undergoing hydroelastic vibrations 
increases. Sarpkaya (1978) found that there was a maxi- 

mum at V/nD - 5.0, and that larger amplitude vibrations 
led to a higher steady component of drag, for yo/D-- . 84 

the value was CD=3.2. Mercier (1973) noted the same 

effects, though his increase was not as much (for Y. /D 

1.0, he recorded a maximum of CD = 1.7). 

Equation (5) is evidently oversimplified in that it does 

not reproduce several effects which occur with hydro- 

elastic vibrations. For example the lock-on effect, where- 
by the wake frequency is controlled by the cylinder fre- 

quency, is not reproduced, nor is the hysteresis where- 
by amplitudes of vibration against V/nD are different 

for increasing and decreasing V/nD. as shown by, amongst 

others, Bishop and Hassan (1964b). Bishop and Hassan 

seem to have been the first to suggest that the behaviour 

of the system may best be modelled as a non-linear oscil- 
lator, and Hartlen and Currie (1968) developed a model 
based on a van der Pohl's type non-linear oscillator 
for the lift force coupled to the body motion by linear 
dependence on velocity. They found qualitative agreement 
with results of Ferguson and Parkinson (1967). Various 

authors have further modified the model, for example 
Griffin et al. (1975), and Blevins (1972,1975). However, 
as Sarpkaya (1979) notes, the further developments of 
the method to give better predictions resemble "a highly 
non-linear equation system being conditioned to suit 



- 46 - 

qualitatively the observations". 
As has already been mentioned, a discrete vortex model 

of cross-flow hydroelastic vibrations in currents has 

been developed by Sarpkaya and Shoaff (1979b). The model 
has predicted many of the experimentally observed fea- 

tures of the phenomenon, the amplitude of vibration, 

the position of the separation points and their oscilla- 
tion, the lock-on effect, the increase in the steady 

component of drag, the position of vortices in the wake, 

etc. Based on his results, Sarpkaya (1979) proposes a 

mechanism causing the lock-on phenomenon. 

xi) Sarpkaya (1979) suggests that the reason for the sym- 

metric form of vortex shedding associated with in-line vi- 

brations for V/nD - 1.5 - 2.5, is that in this range 

of V/nD and amplitude of vibration the flow reverses 

twice per cycle. As the cylinder moves down-stream from 

its mid position it initially has a velocity greater 

than the stream velocity. At some point (dependent on 

the ratio Mco, where ko is the velocity amplitude of the 

cylinder) as the cylinder decelerates, flow reversal oc- 

curs, and two vortices start to grow symmetrically. These 

vortices continue to grow as the cylinder reverses direc- 

tion and moves against the stream. The relative distance 

travelled is insufficient for asymmetry to start (cf. 

the simple time dependent flows already discussed). The 

vortices are carried away from the cylinder by the stream 

symmetrically at first, and then asymmetrically. 
Sarpkaya considers the forcing on the cylinder to 

be due to a drag overshoot occurring as occurs in iur- 

pulsively started flow. 

The experiments in Part III will enable a closer look 

at this phenomenon discussed by Sarpkaya. 

xii) Cross-flow induced vibrations have been observed for Rey- 

nolds numbers up to 7x106. Frequencies of vortex shedding 
under such conditions in air (where there are no problems 
of added mass effects) have been recorded by several 
authors, and in general it is found that at subcritical 
Reynolds numbers the Strouhal frequency corresponding to 
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xiii) 

xiv) 

maximum vibrations is Sz . 16, the value rising through 

the critical regime to a value of S ý_- . 21 at transcriti- 

cal Reynolds numbers, (Wootton (1969), Dickey and Woodruff 

(1956), Pagon (1934) and Jones (1969)). Wootton et al. 
(1972) in full scale tests found that hydroelastic vibra- 

tions occurred in the critical and supercritical ranges 

of Reynolds number, whereas on a stationary cylinder 
there is no coherent vortex shedding. 

On a stationary cylinder the vortex shedding is very 
dependent on roughness, free stream turbulence, etc., 

whereas on an oscillating cylinder these effects seem 
to become secondary compared to the effects of the oscil- 
lations. 

Tests on flexible cylinders which undergo hydroelastic 

vibration, e. g. those by King (1974), show that the in- 

line vibrations are divided into two distinct regions, 

one lasting from V/nD = 1.5 2.5 and associated with 

symmetric vortex shedding of two vortices per cycle, 

and a second region, for V/nD 2.5 - 4.0 and associated 

with asymmetric vortex shedding of one vortex per cycle. 
Griffin and Ramberg (1976) forcibly oscillated a cyl- 
inder in an air flow at R= 190 and reported to have 

found both types of vortex shedding througout the entire 

range of their experiments, V/nD - 2.1 - 4.4. 

Measurements conducted on the vortex spacing behind cyl- 
inders undergoing cross-flow induced vibration (Koopman 
(1967), Griffin and Ramberg (1974)) showed that as the 

amplitude of vibration was increased, within the lock-on 

range, the lateral vortex spacing decreased, and became 

zero at about yo/D = .8-1.3. For greater amplitudes of 

vibration it was found that a third vortex was shed per 
two cycles, i. e. in one cycle there was a single vortex 

shed, of positive sign, say, and in the next two of nega- 
tive sign were shed, one being of smaller size than the 

other, but of increasing size as the amplitude was 
further increased. Griffin and Ramberg (1976) found sim- 
ilar effects for the in-line oscillations where one vor- 
tex is shed per cycle. At an amplitude of y0 /D = . 15 - .2 
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the vortex spacing became zero, and at larger amplitudes 

a third vortex was shed per two cycles. 

xv) Griffin an&Ramberg (1974) for the cross-flow direction, 

and Griffin and Ramberg (1976) for the in-line direc- 

tion where one vortex is shed per cycle, f ound that the 

longitudinal spacing , of vortices in the lock-on range 

was inversely proportional to cylinder frequency. For 

forcing frequencies above nv and 2nv in the- cross-flow 

and in-line directions, respectively, where nv is the 

shedding frequency from a stationary cylinder, the longi- 

tudinal spacing was shorter than that associated with 

a stationary cylinder, whereas for lower frequencies 

the spacing was greater. 

xvi) Several authors have oscillated cylinders cross-wise to a 

flow at other frequencies than near the Strouhal fre- 

quency. Stansby (1976) has found that subharmonic lock-on 

can occur when the frequency is twice., and three times 

the vortex shedding frequency. 

5.2. oscillations in-line with a current away from 

hydroelastic vibration effects 

As far as the author is aware the only investigations into oscil- 
lations of a cylinder in-line with a current which have included 

oscillations far away from the frequency of forcing caused by vortex 

shedding are by Tatsuno (1972) and Mercier (1973) whose data has 

been partially reanalysed by Matten (1976). Mercier's work included 

the forced oscillation of cylinders cross-flow to a stream as well 

as in-line with a stream, however only the work in-line with a stream 

will be discussed here. 

Mercier's work may be summarized as follows: 

i) The steady component of drag was analysed according to 
the following equation 

Steady component of force 
D 

. 5pD V2L 
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Values of CD versus nD/V for xo/D - 0.59 1.0,1.5,2.0, 

2.5 and 3.0 are shown in Fig. 23. It is seen that there 

is a peak in CD at values of nD/V around, 2 5 (V/nD As 4), 

though the value is rather dependent upon the amplitude 

of vibration. No hysteresis effect was found when com- 

paring results for increasing V/nD with those for de- 

creasing V/nD. 

The oscillatory component of drag was analysed according 

to the following equation 

E- Fundamental component of oscillatory drag 
2 

. 5pD Lk 
0 

(8/37T) 

where io is the velocity amplitude of vibration. 
There was considerable scatter in the results, never- 

theless Fig. 24, a represents the values obtained for CD 

versus V/nD for xo/D - 0.2,0.5,0.75,1.0,1.5,2.0,2.5 

and 3.0, and Fig. 24, b represents CD versus x0 /D f or 

various V/nD- At values of V/nD -0 (i. e. in still 

water), the results agree reasonably with those of other 

researchers (e. g. Keulegan and Carpenter (1958)). 

As V/nD is increased ýD decreases to about 0.7 at 
V/nD ýd 2 for all xo/D, and for higher V/nD the values of 
CD increase rapidly, particularly for lower xO/D. No nega- 
tive values of ýD were recorded although the lowest 

value of V/nD tested (apart from V/nD - 0) was 2.4, so 
that the negative values corresponding to the in-line 

hydroelastic vibrations already discussed in the range 
1.5 < V/nD <4 would be expected to have been observed. 
The oscillatory inertia force was analysed as 

C. Fundamental comEonent of inertia force 
m 

. 25PTT D2 Lk 
0 

-00) 
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Mercier's data has been replotted in Fig. 25 for CM ver- 

sus XO/D for various V/nD. 

iv) It is noted in passing that CDP CD and CM are based on 

equations exactly equivalent to equation (22) to be used 
by this author in Part III, and that CD is equivalent 

to the author's STCDIND, - is equivalent to CDIND and CD 

CM is equivalent to CM. 

V) Mercier conducted spectral analysis of the lift force 
(force perpendicular to the stream direction) for xo/D 

0.75 and V/nD 3.36,4.02,5.29,5.95. 

For V/nD 5.95 most of the power was at 1/2 times 

the oscillating frequency, with progressively smaller 

components at 3/2 and 5/2 times the oscillating fre- 

quency. At V/nD = 5.29 there was approximately equal 

power at the 1/2 and 3/2 components, and by V/nD - 4.02 

most power was at the 3/2 component, with a small contri- 

bution at 1/2. For V/nD - 3.36 most power was at the 

1 component, with a small amount at 5/2. 

From Mercier's Fourier coefficient analysis it is 

evident that the half-powers of lift occur over a narrow 

range in a region of V/nD -3-5, the exact value depend- 

ing on x0 /D. The larger the value of x0 /D, the higher 

the order of the half-power component which is dominant. 

Mercier associated these half-power components with 

vortex shedding which involved the shedding of a single 
large vortex from one side of the cylinder in one cycle, 

and from the other side in the next cycle. 

Matten (1976) has reanalysed Mercier's results, but instead 

of using the above equations he considered that the force per unit 
length of a cylinder oscillating in-line with a current should be 

described by the so called 'modified Morison's formula', the same 

as the author's equation (21) to be used in Part III, and written 

as 

f(t) = . 5pD . 25pw D2cI. CD(V-*) I (V-'C) I- 
IX 

Matten used Fourier coefficient analysis to derive two time aver- 

aged coef f icients, one for the steady component of drag and the 'other 
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for the oscillating component. These are referred to here as C' and D 
respectively. is equivalent to the author's STCDDEP and D 

(CD' 

CD1 to CDDEP. ) 

In Fig. 26 Matten's reanalysis of Mercier's data is plotted 
for CL versus V/nD for various xO/D (with the addition of data for 

x /D = .5 which Matten did not plot). In Fig. 27 C' versus V/nD 
0D 

is plotted for various xo/D. The very large variations in the coef- 
ficients that Mercier found are considerably reduced, suggesting 

that the relative velocity form of equation (11) may represent the 

physical situation better. Matten claimed that the relative velocity 

equation is true if CL is equal to ýL. There is no reason for these 

to be the same unless CD in equation (11) is invarient with time, and 

the author considers this unlikely. Matten claimed that the values 

of Z' and C-' are "of similar magnitude and nature over the range of DD 
reduced velocity given". From the figures, however, there appear 

to be considerable differences. 

Petrauskas (1976) has looked at the steady force on, and damping 

of, cylinders oscillating in-line with various currents. The cyl- 
inders were mounted on a flexible mounting, and then 'plucked, and 

the decay of the motion noted. He found that for values of V/nD < .7 
the damping was given by the Stokes' damping (derived from equation 
(4)). As V/nD was further increased, the damping increased and ap- 

peared to approach a dam 
k 
ping given by the use of a relative velocity 

drag with a value of CD - . 25. He explained his results at low 

values of V/nD by interpreting the results of Lighthill (1954) to 

imply that if V/nD is very low, then the oscillating boundary layer 

is contained wholly within the boundary layer of the steady flow, 

and the two flow fields are independent. Lighthill showed this for 

the boundary layer, however his results cannot be extended directly 

to cover the area near and afte r separation on the cylinder. 
Tatsuno (1972) has conducted a flow visualization investiga- 

tion for cylinders oscillated at various amplitudes and frequencies 

in-line with a steady current, the Reynolds number being 100. Tat- 

sunots experiments were conducted in the ranges V/nD - .8- 20 and 
XO/D = .1-1, and he was most interested in the relationship between 
the frequency of cylinder oscillations and the wake frequency* 

Tatsuno found that there were two ranges where the wake fre- 

quency was controlled by the cylinder, at V/nD -7-9 when the wake 
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and cylinder f requencies were equal, and V/nD -3-6 where the f re- 

quency of oscillation of the wake was one half the cylinder f re- 

quency and in each wake oscillation cycle 4 vortices were shed, 

two of one sign of circulation followed by two of the other (see 

Fig. 4 of Tatsuno's paper, also reproduced in Fig. 155, a). In this 

range of V/nD the separation points moved through large angles, par- 
ticularly for larger xo/D, and the wake was very wide. The area where 
this synchronization occurred moved to higher V/nD as xo/D was in- 

creased, for example it occurred for V/nD = 3.3 - 4.4 for xo/D 

and for V/nD - 4.0 - 6.5 for xOID - . 54. 

No other ranges of V/nD were found where the cylinder frequency 

controlled the wake frequency. At low V/nD, however, it was found 

that a pair of symmetric vortices were shed in each oscillation 

cycle, but that a certain distance downstream from the cylinder the 

vortices reformed, some disappearing, and an alternate, von KArm9n 

type street appeared, the frequency of which was unrelated to the 

cylinder oscillation frequency, though slightly dependent on the 

amplitude of cylinder oscillations, larger xo/D giving a lower fre- 

quency. 
Tatsuno's results will be compared with results obtained by 

the author in Part III. 
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VIBRATIONS OF CYLINDERS IN WAVES OR OSCILLATORY FLOWS 

Experimental investigations 

Amongst the earliest investigations falling into this category 

is that of Laird (1962), who oscillated flexible cylinders in still 

water with an amplitude of oscillation of 6 diameters. He found that 

the maximum drag force could be up to 4.5 times, and the lift forces 

up to 1 times, the drag in a steady current velocity equal to the 

maximum oscillating velocity, UM. 

For low structural natural frequencies the frequency of vibra- 

tion in the cross-flow direction was about nv, and in the drag direc- 

tion about 2nv, where nv was defined as 

nv = . 9U 
m 

S/D , with S= 

For higher structural natural frequencies vibrations occurred 

at, or very near, the cylinder natural frequency in both the in-line 

and cross-flow directions. 

Sawaragi et al. (1977,1978) conducted laboratory experiments 

with a flexibly mounted cylinder in waves for values of the root- 

mean-square of the local instantaneous value of Keulegan-Carpenter 

number over the length of the cylinder of up to 20, and for values 

of structural to wave frequency ratio of 0.5 to 7.5. They found that 

the major response, both in-line and cross-flow, was at the integral 

multiple of the wave frequency nearest to the natural frequency* 

They found that the ratio between the r. m. s. value of cross-flow 

vibrations, and the r. m. s. value of in-line vibrationso Yrms/xrms' 

was greater than 1.0 for K>6 and n/nw ý 1.4, where nw is the wave 
frequency, and that this ratio exhibited maxima (i. e. most cross-flow 

response) when the natural frequency was near. to an integer multiple 

of the wave frequency, and that these maxima were greatest if the 

value of K was such that the dominant lift force frequency on a sta- 
tionary cylinder was expected to be at this same integral multiple 
of the wave frequency. Bullock et al. (1978) agreed in general with 
these results and presented a more complete picture of the relation- 
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ship between Yrms /x 
rms 9K and n/nw, f or n/nw < 5. However f or 

n/n w=3, Sawaragi et al. obtained a value of Yrms/xrms of 2.6, 

whereas Bullock et al. 's value was 1.5. 

Using results from Sawaragi et al. (1976) for the components 

of lift force on a similar but stationary cylinder in waves, Sawa- 

ragi et al. (1977,1978) developed a model to predict the cross- 
flow response of the flexible cylinders. They included a hydrodynamic 

damping term, . 5PD CD ý' opposing the cylinder velocity (in the 

cross-flow direction) because "since the horizontal water particle 

velocity is negligible in the direction of lift force, the pile must 
be subjected to a fluid damping force in proportion to the moving 

velocity of the pile". The choice of CD in this damping term is not 

stated. 
For the in-line direction Morison's formula, modified for rela- 

tive velocitites (i. e. with a similar term to the above damping term), 

was used and the in-line response was well predicted when account 

was taken of the wave non-linearities. 
Bullock et al. developed a similar mathematical model for in- 

line response and again found reasonable prediction of the experi- 

mental response when using values of CD and CM obtained from oscil- 
latory flow tests and distributed according to the local values of 
K, using 2nd order wave theory, accounting for wave non-linearities 

and using relative velocities in Morison's formula. An exception 

was for n/nw near 2.0, and K- 10 - 17, when the lift force on a sta- 
tionary cylinder has a dominant component at twice the wave fre- 

quency. They suggested that the underestimation of in7line response 
by the mathematical model in this area was due to the very large 

cross-flow response which fed back and caused the vortex shedding 
to be stronger. Apart from in this range Bullock et al. considered 
that vibrations in waves do not affect the vortex shedding or the 
forces on a cylinder in waves (over their ranges of parameters)) 
i. e. that hydroelastic vibrations do not occur. Both Sawaragi et 
al. (1977,1978) and Bullock et al. (1978) considered that their 
in-line responses were caused by higher components of the wave force 
introduced by wave non-linearities and the velocity squared term 
in Morison's formula. They did not account for any vortex shedding 
forces, even though both attributed the cross-flow response to these 
forces. 
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Both Chako and Colonell (1973) and Haritos et al. (1978) have 

looked at responses of cylinders in waves, but in both cases the 

conditions were inertia dominant (very low K). Haritos et al. pre- 

dicted the vibrations well, both in-line and cross-flow, and in the. 

in-line-case used for their mathematical model forcing given by Ifori- 

son's formula, not with a relative velocity tem. It is, however, 

to be expected that the inclusion of relative velocities would make a 

negligible difference, the damping introduced being extremely small. 

Sarpkaya and Rajabi (1979) have conducted tests on flexibly 

mounted cylinders free to oscillate perpendicular to a pure oscilla- 

tory flow. The results are for smooth and rough cylinders and, appar- 

ently, at high values of Keul eg an-Car pent er and Reynolds numbers 

(no data enabling these to be calculated are given). Their analysis 

is similar to that given in chapter 5.1 for cross-flow vibrations 

in a current, except that instead of the cross-flow forcing being 

proportional to V2 it is considered to be proportional to Um 
2 /2, as 

it is supposed that the rate of energy transfer to the cylinder is 

proportional to the root-mean-square value of velocity. On a sta- 

tionary cylinder in an oscillating current it has already been seen 

that the lift frequency varies through the cycle, however at reson- 

ance, which occurredat a value of Um/nD - 5.4, the shedding was per- 

fectly synchronized to the cylinder frequency, in part justifying 

the use of a sinusoidal forcing function. 

Sarpkaya and Rajabi attributed the scatter in the results for 

cross-flow response in a current to the fact that the value of CL 

for a stationary cylinder is not taken into accountp and they there- 

fore employed a stability parameter defined as 

k' 
2TrmS 

s 
pD 

2c0 
L 

where m and 6 are in-vacuo values, (as discussed previously) , and 
Co is the lift coefficient on a stationary cylinder. (The factor L 
7T has appeared because they conducted the analysis in terms of damp- 

ing ratio rather than damping logarithmic decrement. ) 

The analysis of Vickery and Watkins (1962) assumes that the 
lift coefficient on an oscillating cylinder is a function of yo/D, 
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whereas Sarpkaya and Rajabi assume that the ratio of the lift coef- 
ficient to that on a stationary cylinder is a function of y. /D. 

Sarpkaya and Rajabi found that there was a unique relationship 

between maximum amplitude of response, yo/D, and their stability para- 

meter ks', for all rough and smooth cylinders, which is reproduced 

in Fig. 28. They also suggested that this figure could be applied 

to steady flow induced oscillations and for any after-body shape, 

providing that y /D and Co are replaced by r. m. s. values. It is in- 0L 
deed surprising that the various effects of roughness, K, R and the 

different manner in which the lift frequency varies through a cycle 

of oscillatory motion at high and low K can all be incorporated by 
0 including CL The vibrations of the cylinder so alter the vortex 

shedding, in both frequency and amplitude, that it is surprising 

that the lift coefficient bears a constant relationship to that on 

a stationary cylinder. 
Sarpkaya found that the maximum lift coefficient on an oscil- 

lating cylinder occurred at a value of V/nD slightly below that where 

perfect synchronisation and maximum response amplitude occurred. 

6.2. Dynamic analysis of offshore platforms 

It has already been explained that the major reason for under- 
taking the experiments to be described in this thesis was the desire 

to investigate the damping of vibrations of Jacket-type offshore 

platforms or structural members. It would therefore seem appropriate 
here to give a brief description of the present methods used to ac- 

count for damping in the dynamic analysis of such platforms. 
As structures are designed and built for progressively deeper 

water, damping becomes more important due to the natural frequencies 

of the structure approaching wave frequencies. Investigators who 
have been involved in the development of complex computer programs 
for the dynamic analysis of these platforms have considered damping 
from three effects. 

i) Structural damping - usually very small 
ii) Foundation damping - difficult to estimate and very de- 

pendent on soil conditions 
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iii) Hydrodynamic damping - due to the f luid induced damping 

of motion of the structure. 
As structures become larger, the damping attributed to the last 

of these becomes dominanto Penzien (1975). 

The hydrodynamic damping considered to apply in almost . all in- 

vestigations is that which is derived from the modified Morison's 

formula where relative velocities and accelerations are used. The 

force f per unit length on a flexible cylindrical member then becomes 

f- . 5pD CD (U--k)I(U-k)l + . 25pnD 2 Cill 

- . 25p7TD 2 (Cli- 1)x 
-02) 

where U fluid velocity, fluid acceleration, structural 

velocity, x= structural acceleration, and it is considered that 

the values of CD and CM to be used are those that would apply f or 

a stationary cylinder in the same flow conditions. 
The inertia term in equation (12) is more complex than a direct 

substitution of (ý-*x) for t in equation (3), because, as explained 
in chapter 3, the inertia term of equation (3) is made up of two 

parts. One of these, the Froude-Krylov force representing the force 

on the body due to the pressure gradient in the fluid, is not af- 

fected by body movement, provided that the extent of the movement 
is very small compared to the wave length. (See also Hogben (1976). ) 

if UM >> ý0, as is usually the case, the drag term may be ap- 

proximated as 

. 5PD CD(UIUI - 2JUji) 

The equation of motion for a cylinder with displacement x every- 

where along its length (say part of a member) may in general be 

written 

m3c* + ak + bx -f( -(13) 

where m, c and b are the mass, damping factor and restoring constant 
per unit length. 

Combining equations (12) and (13) under the assumption that 
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U X* terms on the lef t hand side and intro- 
m 

>> ko, collecting i and 
ducing the added mass per unit length, ma = . 25pTr D2(C, 4-1), one ob- 

tains 

(m+m 
a 
)*X* + (c+pD CDIUI)'c + bx = . 5pD CD UJUJ 

+ . 25p7 D2 ý4 ý 

The right hand (forcing) side of equation (14) is identical 

to Morison's formula (3) for a stationary cylinder, and thus the 

effect of introducing relative terms into Morison's formula has been 

to introduce the added mass and the hydrodynamic damping* The hydro- 

dynamic damping coefficient in this case is pD C DIUI" 
It should be noted that even if the 2 JU I ic term is extremely 

small compared to the UIUI term U. e. Um >> *0) , then it is still 

of fundamental importance for response near resonance as it is, in 

effect, a damping term, and at resonance damping provides the sole 
limitation to the response. 

A constant damping coefficient could be obtained by using the 

average value of U=2Um /IT. 

For the dynamic analysis of platforms in an irregular sea the 

drag term is usually linearized by equivalent linearization assuming 

the probability density of U to be Gausian. This leads to a linear 

damping term 

. 5PDC D (8/70 
1/2 

(U 
rel)rms 

kI 

where (Urel)rms is the root -mean-square of the relative velocity, 
U 

rel ý (U-i). This method was proposed by Borgman (1967) and has been 

used extensively by, amongst others, Foster (1967), Malhotra and 
Penzien (1970) and Gerwick (1975). 

Some investigators have used equation (9) directly in a time- 

domain solution where no linearization is necessarye 
The use of the above form of equation can lead to high damping 

values. Gerwick (1975) states that values of hydrodynamic, damping 

of 5-10% of critical are "usually accepted", and Penzien (1975) has 
found that the damping increases with depth, and for a platform in 
1000 ft depth he obtained hydrodynamic damping of'10% of critical. I 
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The relative velocity assumption, at least with the stationary 

cylinder values of CDI would appear to contrast sharply with full 

scale measurements by Earle and Mandery (1972) who obtained values 

of damping of 3.5% of critical in both calm weather and hurricane 

conditions on the same platform. 

6.3. Initial discussion on the use of the modified 
Morison's formula 

The discussion is confined to the drag term of the modified 
Morison's formula, although similar comments apply to the inertia 

term. 

The modified Morison's formula is essentially a quasi-steady 
formula, where 'steady' in this case is understood to mean a wave 
flow on a stationary cylinder. The equation states that the drag 
force at any instant where the instantaneous relative velocity is 

U 
rel w (U_ý) is identical to that in a 'steady' case with a velocity 

U inst m Urel* It is considered that the basic parameters of the flow, 

K, R, etc., are essentially the same so that the same values of the 

coefficients can be used. It is interesting to examine when the situa- 
tion of vibrations in waves may reasonably be expected to become 

quasi-steady. 
From the work described in chapter 4 on the boundary layer on 

a cylinder in combined steady and oscillatory flow, it is evident 
that unseparated flow of a cylinder oscillating in a steady current 
will be quasi-steady for large V/nD, and this may be expected to 

apply in the wave situation for large Um/nD, as Uinst/nD is large 
for most of the cycle. Similarly for low V/nD (and Um/nD) over the 

unseparated part of the cylinder the oscillating flow is expected 
to be the same as for a cylinder oscillating in still water, and 
the outer flow the same as on a stationary cylinder. 

In an oscillatory or wave flow Um/D is used to characterize 
the vortex shedding freqiiency and thus the rapidity of development 

of the wake* For large values of Um/nD there are many vortices shed 
per vibration cycle, at least over most of the wave cycle, and the 
situation can be reconciled with the idea of quasi-steadiness. For 
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low values of Um/nD, however, the oscillations are rapid compared 

to the vortex shedding, and the wake cannot keep pace with the 

changing velocity. 
It is possible that for low values of Um/nD and small ampli- 

tude oscillations, the oscillations may be the same as for a cylinder 
in still water over the rear portion of the cylinder also, as the 

flow velocities in the rear of a cylinder in a steady current are 

very low. It is only in the area of separation that the situation 

will be very different to that for a cylinder in still water, and 

it should be emphasized that the separation points may move over 

the cylinder during the vibration cycle (Lighthill (1954)). 

Thus from an initial discussion it appears that the modified 
Morison's formula, used with stationary cylinder values of CD and 

C., is only expected to predict the forces for large values of Um/nD. 

It is also possible that the oscillatory forces for small amplitude 

oscillations at low Um/nD may be approximately given by those in 

still water, i. e. * as in chapter 3.13. 
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PART II - EXPERIMENTAL INVESTIGATION INTO VIBRATIONS OF 

CYLINDERS IN WAVES 

INTRODUCTORY COMMENTS 

One fundamental difficulty with an investigation into vibra- 
tions in waves, as the author sees it, is that the problem being 

dealt with is extremely complicated, there are a large number of 

parameters which are difficult to vary, other than over relatively 
small ranges, and the majority of which cannot be varied independ- 

ently. The work presented in this Part reflects these difficulties 

and is by no means complete. The major weakness of the results ob- 

tained is that although considerable understanding of the processes 
involved has been gained, and some major parameters have been in- 

dicated, thA- author has been unable to non-dimensionalize the results 
satisfactorily. 

The work was undertaken by the author at BHRA in the period 
1974 to 1976 and dur. ing three months of 1978 under a contract with 
the Department of Energy into the vibrations of cylinders in waves. 
The work is described, chronologically, in a number of reports, Ver- 
ley (1975a, 1975b, 1976,1977b, 1978b) and Verley and Every (1977, 

1978). The contracted work has been considerably extended by the 

author. The work involved investigation into the vibrations of iso- 
lated cylinders, pairs of cylinders in close proximity and groups 
of several cylinders. Only the work on isolated cylinders and some 
few results from pairs of cylinders will be considered in this thesis 
(the co-author Every conducted the tests on groups of cylinders)o 

A chronological description of the tests and the results ob- 
tained, including some discussion, will be undertaken in the fol- 
lowing chapters, followed by a more extensive discussion in chapter 
5. 
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1. DESCRIPTION OF THE APPARATUS 

The aim of the research contract under which this work was under- 
taken was to gain a better understanding of the vibration problems 

associated with conductor tube banks on offshore platforms. As a 
first stage in the investigation it was decided to study a single 
isolated cylinder with variable dynamic properties in the range of 
those appertaining to a conductor tube. 

Due to the variation in values of coefficients obtained by vari- 

ous researchers on rigid cylinders in waves and the small amount 

of data available, it was considered advisable to compare directly 

the forces on a flexible cylinder with those on a rigid cylinder 

mounted beside it, but with a sufficient distance between the cyl- 
inders that no interactions should occur. It was anticipated that 

the rigid cylinder would provide reference data against which to 

compare the -flexible cylinder, thus isolating the effects due to 
flexibility and avoiding uncertainties in the estimated forces for 

rigid cylinders based on uncertain coefficient values and inaccu- 

racies in estimated flow kinematics. 

1.1. The flexible cylinder 

Because of the difficulty in varying the structural properties 

of an elastic cylinder, it was decided to use a rigid cylinder flex- 

ibly mounted as an inverted pendulum, and such is meant throughout 

this Part when 'flexible cylinder' is referred to* 

The flexible cylinder was pin-jointed to the dummy cylinder 

at its bottom end and helical springs on long wires were attached 
to the upper end to give the natural frequencies required (see Fig. 

29). The springs were anchored above the water level to stiff canti- 
levers and forces were measured by strain-gauging one of the canti- 
levers as a half-bridge. Natural frequencies were easily altered 
by changing the helical springs. Initially motion was permitted only 
in the direction parallel to the wave propagation, which is refered 
to as the 'in-line' direction. Long inextensible wires were employed 
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to restrain motion in the direction perpendicular to the wave pro- 

pagation, the 'cross-flow' direction. For later tests, in the cross- 

flow direction, the sets of restraining wires and helical springs 

were changed around to permit cross-flow motion and force measure- 

ment and to prevent in-line motion. 
The decision to restrain one motion whilst looking at the other 

motion was taken because it simplified the test rig considerably 

and eased the analysis. King (1974), looking at steady flow induced 

hydroelastic vibrations, found that restraining motion in one direc- 

tion had little or no effect on the response in the other direction. 

All the tests have been conducted with the above arrangement 

of an inverted pendulum with the natural frequency provided by heli- 

cal springs. 
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The rigid cylinder 

The rigid cylinder was also pin-jointed at its lower end to 

a dummy cylinder, and forces were measured on it by a half bridge 

strain-gauged stiff P. V. C. cantilever mounted inside the dummy cyl- 

inder at the upper end, as in Fig. 30. This method was employed for 

the rigid cylinder throughout all tests. The natural frequency of 

the rigid cylinder was 16.5 Hz in water. 

1.3. Wave flume 

Only regular waves have been used in the investigation., 

The wave flume used for the tests was 20 m long, 1.5 m deep 

and 1m wide. A hinged flap type hydraulically driven wave maker 

was installed at one end, the amplitude and frequency of movement 
being controlled by a simple oscillator. The test cylinders were 

placed about halfway down the length of the flume. The beach had a 
slope of 200 and was covered with a5 cm thick porous rubber matting. 
The reflection coefficient was estimated to be between 2 and 5% over 
the range of the wave frequencies used. 
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Test set-up 

The tests were conducted with the top of the test cylinders 

0.08 m, below the water surface in 1.2 m of water. The length of the 

test sections of the cylinders was 0.76 m. Above and below the test 

cylinders dummy cylinders were mounted to minimise end effectso there 
being a gap of approximately 0.5 mm between the test sections and 

the dummy sections. 
The test set-up is sketched in Fig. 29. 

1.5. Wave measurements 

All wave measurements were taken using a twin wire resistance 

type wave gauge. The wave gauge was self -compensating for changes 
in temperature and salinity, and allowed specific calibration factors 

to be selected at will. 

Outputs recorded 

Initially outputs were taken f rom the strain gauges at the top 

of the two cylinders and f ed through amplifiers into a U. -V. re- 

corder. Preliminary tests in the in-line direction indicated that 

the output from the flexible cylinder was the same as from the rigid 

cylinder, but (sometimes) with a higher frequency component super- 
imposed. To look at the higher frequency component the two signals 

were subtracted electrically and the resultant 'difference reaction' 
trace displayed on the U. -V. recorder. This difference trace repre- 

sented the effects due to flexibility, and this was the basic vari- 

able quantified. The circuitry is sketched in Fig. 31. This differ- 

ence trace was not used when testing in the cross-f low direction, 

in which case the method used to quantify the vibration is described 
in the next section. 

All outputs had variable amplification so that the three traces, 
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one from the top of each cylinder and one for the difference, could 

be calibrated to give the same deflection on the U. -V. recorder for 

the same force input. The outputs were calibrated in terms of force 

applied at the top of each cylinder, and there was found to be less 

than 1% deviation in the calibrations from the best linear fits. The 

calibration was carried out by applying various forces to the top 

of each cylinder using a pulley system and weights. The measurements 
in the tests thus represent the reactions measured at the top of 

the cylinders. 

Tests conducted 

Several test series have been conducted for both the in-line 

and cross-flow directions. The cylinder diametert D, and still water 

values of natural frequency, n, and logarithmic damping, 6swj have 

been varied over the following ranges. 

In-line tests 

D . 0190, . 0254, . 0508 m 

n from 1.7 to 6.7 Hz 

6sw from . 05 to .3 

Cross-flow tests 

. 0254 

n from 2.2 to 5.4 Hz 

6sw from . 08 to .7 

The wave frequency, nw, was varied in the range .5 to 1.0 Hz, and 
the wave height between . 05 and . 25 m. 

Various damping factors were obtained by having one of the 

springs controlling the flexible cylinder natural frequency passing 
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through a bath of silicone fluid, as in Fig. 32. By using various 

silicone fluids the damping could be varied over the range 6SW-005 

- . 7, and was perfectly linear over the range of amplitudes of vibra- 

tion encountered. 
Various methods of quantifying the vibration reaction have been 

used. In initial tests in the in-line direction, the highest peak-to- 
peak value of the difference reaction in a 15 second recording period 
was taken by eye from the Us-V. traces. In later tests, r. m. s. values 
were taken using a true reading r. m. s. meter set with a time constant 
of 15 seconds. This r. m. s. value is denoted Rx. 

In the cross-flow direction it was not possible to subtract 
the rigid cylinder reaction from the flexible cylinder reaction. 
This was because the variation due to lift forces, on top of which 

was superimposed vibration, was sometimes similar to and sometimes 
the mirror image of that on the rigid cylinder, dependingg presum- 

ably, on whether vortex shedding occurred from the same or opposite 

sides of the two cylinders. (This made no difference in the in-line 

tests. ) Therefore, in order to compare the results with those of 
the in-line direction, the average amplitude of the vibration com- 
ponent of the flexible cylinder reaction was estimated by eye and 
converted'to rm. s,. using a form factor of 1.11 (as for a sinusoid). 
The r. m. s. value calculated is denoted Ry. The results are thus in- 
herently less accurate than the in-line results* 

Experimental procedure 

For each wave frequency, at which each flexible cylinder natural 
frequency and damping combination was to be tested, the procedure 
was as follows: 

After the previous test, the water in the wave flume was allowed 
to settle until there was no visible movement of the surface (about 

10 minutes). The oscillator driving the wave generator was set for 

the appropriate wave frequency and the lowest wave height and the 
wavemaker was started. Recording of the traces was started after 
about 10 waves had passed the cylinders, and continued for a period 
of about 20 seconds. The amplitude of the wavemaker was then in- 
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creased to the next wave height (without stopping the wavemaker), 

and results again recorded after about 10 waves at the new height 

had passed. The four lowest wave heights were tested in this manner, 

i. e. without stopping between wave heights. For the higher wave 

heights, however, the water in the flume was allowed to settle be- 

tween tests at each wave height. Testing was conducted at 7 wave 
heights at each of 5 wave frequencies. 
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RESULTS 

2.1. Initial results in the in-line direction 

Initial testing in the in-line direction showed that for low 

wave heights there was no visible difference between the traces from 

the rigid and flexible cylinders. For larger wave heights the flex- 

ible cylinder trace resembled that from the rigid cylinder, but with 
a higher frequency component superimposed which was at, or very near, 
the flexible cylinder natural frequency, as in Fige 33* The trace 

obtained by subtracting the rigid cylinder reaction from the flex- 

ible cylinder reaction, the difference reactiong thus consisted of 

a trace at, or very near, the natural frequency and this ýdifference 

trace' quantified the differences between the flexible and rigid 

cylinders. 
From the traces of Fig. 33 and other similar traces it has been 

noted that the average number of vibration cycles in the difference 

trace per wave cycle is equal to the integral multiple of the wave 
frequency nearest to the natural frequency. 

The initial results have been quantified in Fig. 34 against 
Um/nD, where Um is the maximum horizontal fluid velocity calculated 

at the top of the cylinder using linear wave theory. Experimental 

points are plotted for n-6 and 1.65 Hz. 

From these results it can be seen that vibration of the flex- 
ible cylinder first started at a value of Um/nD z 1.0, for any cyl- 
inder natural frequency and wave frequency within the limits 1.65 <n 
ý 6, .5< nw < 1.0 and for a value of logarithmic damping of 6sw ý 
0.08. It is of interest to note that vibrations occurred even for 

the highest ratio of natural to wave frequency, 6/. 6 - 10, the cri- 
terion Um/nD > 1.0 apparently being the only criterion to be satis- 
fied for vibration to occur. 

For a given value of Um/nD more response occurred for higher 
values of n. For the higher natural frequencies there is little scat- 
ter from the curves shown in Fig. 34, however for lower natural fre- 

quencies there 'is, for any particular natural frequency, greater 
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response for some wave frequencies than for others. Which wave fre- 

quency gave greatest response varied depending on the natural fre- 

quency, however greater response appeared to occur when the natural 
frequency was nearer to an integral multiple of the wave frequency* 

To illustrate the effects of the natural to wave frequencyratio, 

a flexible cylinder with a natural frequency of 2.50 Hz was tested 

in waves of frequency 0.775,0.792,0.8209 0.836,0.845,0.861 and 
0-910 Hz, yielding ratios of 3nw/n of 0.93,0.95,0.989 1.00,1.02, 

1.03, and 1.09, respectively. The traces yielded an average frequency 

of 3 nw in all cases. The effect of the ratio n/nw can clearly be 

seen in the results, Fig. 35, where there is greater response the 

nearer the ratio is to 3.000, i. e. the nearer 3nw/n is to 1.00. 

Example traces are shown in Fig. 36 where it is seen that for 

an integral ratio of n/nw the difference reaction is much more even, 

and of greater amplitude, than when n/nw is away from an integral 

value. 
In all further results the natural to wave frequency ratio is 

expressed as a parameter 1(1-rnw/n)l 
, where r expresses the number 

of oscillations of the difference trace per wave cycle, i. e. r is 

an integer such that rnw/n is as near to 1.0 as possible. Thus the 

nearer the parameter 1(1-rnw/n)l is to 0.0, the nearer the natural 
frequency is to an integral multiple of the wave frequency and the 

greater response expected. 

2.2. Further tests 

Tests have been conducted f or three cylinder diameters in the 

in-line direction, and one diameter in the cross-flow direction. 

The natural frequency and damping of the flexible cylinders were 

varied and r. m. s. values of the difference reaction were measured. 
The results are plotted as Rx/nD3 for the in-line direction and 

Ry /nD3 for the cross-flow direction in Fig. 37. Average curves are 
plotted for the points in various ranges of 6sw and I (1-rnw/n) Ex- 

ample curves, with points, are shown in Fig. 38. 
The parameters Rx/nD3 and Ry/nD3 are not non-dimensional, but 

are used for convenience as they were found to collapse the results 
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for all cylinder diameters, natural frequencies and wave frequencies. 

Non-dimensionalization will be discussed in a subsequent chapter. 
From the results it is seen that vibration first starts at 

UM/nD ýý 1.0 for both the in-line and cross-flow directions. Greater 

response occurs for lower values of 1(1-rnw/n) I, but the parameter 
has less' effect for higher values of SSW, Increased damping reduces 
the response, but not by very much. The cross-flow results are sim- 
ilar to the in-line except that the response is about twice as great. 
Example traces from the cross-flow direction are shown in Fig. 39. 

At this stage the question arose as to whether the forcing on 
the flexible cylinder was similar to, or entirely different from that 

on the rigid cylinder. Two simple experiments were devised to in- 

vestigate this and are presented in the next section. 

2.3. Comparison of the forcing on the rigid and flexible cylinders 

The mode shape of the flexible cylinder (an inverted pendulum) 

means that in free vibration the reaction at the top of the cylinder 
is exactly twice as great as that at the bottom of the cylinder (as 

the centre of inertia is 2/3 of the way up the cylinder from the 

centre of rotation). 
If one considers the response of the flexible cylinder from 

the point of view of the Duhamel integral, then one can consider the 

response as the linear superposition of responses to a series of 
impulses of varying intensity which together make up the input force 

time history. After each impulse is applied, the cylinder oscillates 
in free vibration. If one thus took an experimentally measured reac- 
tion from the bottom of the flexible cylinder, multiplied it by 2.0 

and subtracted it from the reaction from the top of the cylinderp 
then all the superimposed free vibration components would be removed, 
and only the impulse forcing would remain. The magnitude of the 
forcing would not be shown unless it acted purely at the top of the 
cylinder, and if it acted 1/3 of the way down the cylinder, itwould 

also be removed. 
An experiment was conducted where also the cross-flow reactions 

at the bottom of the flexible cylinder were measured using a strain- 
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gauged cantilever similar to that shown in Fig. 30, except that it 

was pin-jointed to the cylinder. 
In Fig. 40 example traces from this experiment are shown. It 

is seen that the trace from the flexible cylinder with free vibra- 
tion removed is very similar to that recorded from the top of the 

rigid cylinder. This indicates that the forcing on the flexible cyl- 
inder was similar in nature to that on the rigid cylinder. Further- 

more the amplitudes of the traces are similar, probably indicating 

that the forcing is being applied very near the top of the cylinders. 
(It is possible that the forcing is applied lower, but is of larger 

magnitude on the flexible than on the rigid cylinder. ) 

In order to investigate the comparison of the forcing on the 

rigid and flexible cylinders further, the rigid cylinder trace in 

the cross-flow direction was used as input to a simple mathematical 
model of the equation of motion of the flexible cylinder, and the 

output predicted from the model was compared with that obtained with 
the actual flexible cylinder in experiments. The equations were 
modelled using a finite difference solution programmed on a pocket 
calculator. Still water values of damping were used in the model. 
In Fig. 41 are shown the traces from the rigid and flexible cylinders 
in an experiment together with the predicted flexible cylinder trace. 
It is seen that the predicted response is very similar to the actual 
response. 

This model will be further built on in the following chapter. 

2.4. Initial indications of the causes of the vibration 

It seems, from the initial brief investigations of the previous 
section, that the cross-flow forcing on the flexible cylinder is 

similar to that on the rigid cylinder, and that the flexible cyl- 
inder response may be predicted using the rigid cylinder reaction 
as input to a dynamic model and with damping given by the still water 
experimental value for the flexible cylinder. 

It will be shown in chapter 4.3 that the rigid cylinder reaction 
traces in the cross-flow direction are very similar to those obtained 
by other investigators, who considered their traces to be caused 
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by vortex shedding, and to traces produced by a quasi- steady model 

of vortex shedding forces to be considered in chapter 4.2. Therefore, 

it is considered that the cross-flow forces on the rigid and flexible 

-cylinders are due to vortex shedding forces. 

The response in the in-line direction is very similar to that 

in the cross-flow direction, exhibiting the same dependence on the 

parameters Um/nD, 6sw and 1(1-rnw/n)l 
. It therefore seems likely 

that this vibration is also a response to vortex shedding forces. 
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MATHEMATICAL MODELS TO PREDICT VIBRATIONS 

It has been seen in the previous chapter that the flexible cyl- 
inder's in-line and cross-flow vibrations were probably both caused 
by response to vortex shedding forces. Furthermore the forces-causing 

the vibration, at least in the cross-flow direction, appeared to 
be similar to the forces on the rigid cylinder, and the response 
seemed to be reasonably well predicted when still water values of 
damping were used. However, insufficient data was analysed, and the 

pocket calculator solution of chapter 2.3 was too time consuming 
to be applied to many time series. It was therefore decided to in- 

vestigate the prediction of the flexible cylinder response using 

computer collected experimental data and computerized mathematical 

models. 
In Part I, chapter 6.2 it was seen that the modified Morison's 

formula is usually used for the dynamic analysis of cylindrical struc- 
tures in waves. This formula does not include any cross-flow forcing 

terms, and no account is taken of vortex shedding forces (other than 

their effect on the time averaged drag and inertia coefficients). 
It is thus interesting to compare the in-line response with that 

predicted using the modified Morison's formula. It was also seen 
in Part I, chapter 6.2 that the relative velocity term in the modi- 
fied Morison's formula leads to an additional damping term, the so 

called hydrodynamic damping. In Part 1, chapter 6.3 it was suggested 
that the use of the relative velocity formulation may be unreason- 
able other than for high values of Um/nD. It is thus of interest 

to investigate the effects of this damping term in the in-line direc- 

tion. This was done both by using the complete modified Morison's 
formula, in which case both the forcing and damping are given (see 

equation (14)), and also by using the forcing given by the rigid 

cylinder reaction in conjunction with the hydrodynamic damping given 
by the modified Morison's formula. The following mathematical models 
were therefore developed. 

Case A The reaction from the rigid cylinder in experiments 
was used as input to a mathematical model of the flexible cylinder 
where damping was given by experimental values in still water. 

Case B The reaction from the rigid cylinder in experiments 
was used as input to a 'mathematical model of the flexible cylinder 
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where damping was given as structural damping (not still water 
damping) plus that obtained from the modified Morison's formula with 
CD distributed over the cylinder according to local values of K and 
using data from experiments in oscillating flow. 

Case C The Morison's formula was used to predict the reaction 
of the rigid cylinder which was in turn used as input to the model 

with damping given by the still water value. This case is the same 
as Case A except that the input reaction is changed. 

Case D The full modified Morison formula was used, giving 
both the input force and the damping in addition to structural damp- 
ing. This case is the same as Case B except that the input reaction 
is changed. 

Case D was very similar to those considered by Bullock et al. 
(1978) and Sawaragi et al. (1978), except that first order wave 
theory was used and the test section of the cylinder did not pene- 
trate the water surface. 

In Cases A and B the experimental reactions of the rigid cyl- 
inder are used as input, and thus the inputs to the models include 

the vortex shedding forces measured on a rigid cylinder, which Cases C 

and D do not. 
For the cross-flow direction only the model of Case A has been 

used. 
Unfortunately only one set of data for isolated cylinders could 

be collected, and this was only analysed for the model of Case A. 
Therefore, results from tests where two cylinders were mounted side 
by side and five diameters apart (centre to centre) were also used. 
It was found that the results were the same as for isolated cyl- 
inders, i. e. there did not appear to be any interactions between 
the cylinders. (Proximity effects first began to be noticed when 
the cylinders were 3 diameters apart. ) In these tests data was re- 
corded for 20 seconds at each wave height. Some of the results for 

cases A and B above are given in Verley (1978b). 
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3.1. Derivation of the mathematical models 

The mathematical models were used to give a predicted flexible 

cylinder reaction trace and an r. m. s. value of the difference reac- 

tion by modelling the flexible cylinder as a first degree of rota- 

tional freedom system, the equation of motion being solved in the 

same time domain. 

The flexible cylinder was an inverted pendulum, and the system 
is sketched below- 

F 

0 

The equation of 'motion of a first degree of rotational free- 

dom system can in general be written as 

PT + Cb +H 0- = Fz V2 

Furthermore w "R 
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where I- moment of inertia, C= rotational damping coefficient MR 

rotational stiffness, Fz - moment and logarithmic damping. 
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Model for Case A 

From the diagram and using the relationships of (15) the equa- 
tion of motion for the cylinder at a time instant, t, may be written: 

+ sw t+ 4Tr 2n2 
t (I 

cyl+i a) 

Lft zdz FtL 

,- 
(I +I )= (i I) 

Z-0 cyl a cyl+ a -06) 

where et, bt and Vt = angular displacement$ velocity and accelera- 
tion at a time instant, t, I 

cyl 
inertia of the cylinder about the 

centre of rotation (in air), Ia inertia of the added mass of water 

about the centre of rotation, n= natural frequency in water, f- 

force per unit length at each level z and FtL is the moment input 

to the model where Ft is obtained from the rigid cylinder time his- 

tory in the experiments. The damping used is the damping measured 
in still water which is made up of a structural damping term, Ccyl, 

and viscous fluid damping, Cvisc, i. e. 

cc+c 
sw cyl visc 

The still water damping was obtained from the logarithmic 

damping of vibrations in still water and was found to be constant 

within the range of amplitudes of vibration encountered in the ex- 

periments. The structural damping was obtained from vibrations in 

air, and the remaining damping, Cvisc, agreed within 5% with that 

calculated using Stokes' equations (Part I, chapter 3.13). The in- 

ertia of the added mass, a, was calculated using the small ampli- 
tude, still water value of added mass, i. e. using the displaced mass 
of water. 

A fourth order Runge-Kutta solution of the equation for 0 as 
a function of time was written by the author, and the time step used 
was 0.04 sec. -N. kZjg%&ý mL&ý wv- h_j'IRjý. 

The mathematical model was tested by choosi ng values of n and 
CSW and using impulse and step inputs. The frequency and logarithmic 
damping of the model output were checked together with the deflec- 
tion for the case of the step input* The frequency of vibrations 
was found to be about 1% lower than that input to the model (this 
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is usual for the numerical technique used), and the damping and de- 

flection produced were within 1% of the theoretical values. It was 

therefore considered that the model and programming were correct. 
The reaction of the rigid cylinder in the experiments was used 

as input to the model, and from the output, e(t), a predicted flex- 

ible cylinder reaction was produced (from the knowledge of the cyl- 
inder length and spring constant, b). The output time history was 

stored on the computer together with a difference reaction. The 

r. m. s. value of the difference reaction was taken over the last 

15 seconds, as there were initial transients, associated with the start- 
ing of the mathematical model, ' which were present during the first 
5 seconds or so of the response. 

Model for Case C 

The model for Case C is the same as that for Case A, except 
that the input reaction, i. e. the right hand side of, equation (16), 

is derived from Morison's formula. i. e. the right hand side of (16) 

becomes 

LL2 
Eftz AZ =EI 5PD CDut lutl + . 25P7 D ýl ýtjz AZ 

Z=o Z=o 

which can be written 

sin0 z Az - (1 6a) . 5PD Uil ýcD Cosolcosol 

Tr Cm 

K 
ZJ1 

where the phase 6- 27Tt/T, T- wave period and 0=0 at the wave 
crest CD1 CM and K are local values at each level, and Az = . 02 m, 
i. e. the cylinder length is divided into 38 levels. 

It is noted that the inertia of the added mass, 'at is still 
calculated using the displaced mass of water. 
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Models for Cases B and D 

The force, Af, on a small length, Az, of a moving cylinder in 

waves is assumed given by the modified Morison's formula: 

Af = . 5pD CD (U-k)I(U-k)lAz + . 25PND 2c 
it 

6AZ -ma *ýeAz 

where U, 6 and A, V refer to, local values of fluid and cylinder vel- 

ocities and accelerations, respectively, and ma is the added mass 

per unit length = . 25p'T D2(CM-1). 

The drag term can be written as 

y 
[5pD CD (U2 -2Uk + : ý2), ýZ] 

where y= +1 when U> ic 

and Y= -1 when U< :k 
The equation of motion for the cylinder at a time instantg t) 

may be written 

L22 
I 

cyl. 
0 -t +C 

cyl 
6t+ ii pl 

0t=Z {y 1 5PD CD (U -2U: k+: k )tZ AZI 
z=O 

. 25prrD 2 cmý, z Az -ma *x* 
tZ 

Az 

where Ccyl is the structural rotational damping coefficient calcu- 
lated by noting the logarithmic decrement of vibrations in air and 

using (15). 

Using the relationship 

ý= Z6 

and collecting terms in 6,6 and V on the lef t hand side, one obtains 

+11222 Vt 
1 +1 

c 
cyl+ 

Z {y (PD CDutz Az - . 5pD CDze 
t-1 

Az) 6t +4TT n0t 
cyl aI Z=o 

11 

1122 
+I -E Y(. 5pD CDUt zAz) + . 25P7D ZAZ (18) 

cyl a z=O 

I 
ý& 

I 
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where Ia is the inertia of the added mass given by 

L2 
Emzz 

Z=O a 

It was found, as might be expected, that io << Um, where ko is the 

velocity amplitude of the cylinder vibrations. Thus 

YU 
2zU 
tt 

lut I 

and the right hand side of equation (18) becomes the reaction due 

to the Morison's formula, as in (16a). The left hand side of equation 
(18) is the same as that of equation (16) except that the hydro- 

dynamic damping is given by the term in curled brackets rather than 

the viscous damping term. 
The value of bt-1 within the curled brackets on the left hand 

side of equation (18) was given by its value at the previous time 

step. This was necessary, otherwise the equation would be non-linear 
due to a 62 term, and hence extremely difficult to solve. 

One simplification to equation (18) was employed, namely that 

the added inertia, I 
a' used was the still water value, i. e. as if CM 

2 in equation (18). This was used irrespective of the values of 

CM on the forcing side of the equation. The error is considered to 

be small as the added inertia was only about 20% of the total iner- 

tia. 
Equation (18) was used for the model of Case D, and for Case B 

the right hand side was replaced by the reactions measured on the 

rigid cylinder, i. e. the same as the right hand side of equation 
(16). 

3.2. Prediction of forces on the rigid cylinder using Morison's 
formula 

In order that the use* of the modified Morison's formula can 
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be justified it must first be shown that the forces on a rigid cyl- 

inder are reasonably predicted by Morison's formula, and values of 

CD and CM must be determined. 

The forces on the rigid cylinder could in principle have been 

determined from reactions measured at the upper and lower ends of 

the cylinder and used to determine CD and CM values, using an inte- 

grated form of Morison's formula. Average values over the whole 

length of the cylinder would be determined as no account could be 

taken of variations in the coefficients with local Keulegan-Carpenter 

number. 
Instead of the above method, an attempt was made to predict the 

reaction at the top of the rigid cylinder in the in-line direction 

by using Morison's formula with values of CD and CM varying along 

the cylinder in accordance with the varying local Keulegan-Carpenter 

number, and choosing the values of CD and CM f rom the results of Part 

III where cylinders were oscillated in still water. These values 

are virtually identical to those of Sarpkaya and Tuter (1974). In 

Part I, chapter 3.12 it was seen that several researchers have shown 

that coefficients determined in oscillatory flow may be successfully 

used to predict forces in waves. 
Equation (16a) was used to calculate the rigid cylinder in-line 

reaction. I 
It was found that the amplitude of the reaction predicted by 

equation (16a) agreed very well with that measured, except for the 

highest wave frequencies (. 9,1.0 Hz), particularly for the largest 

heights, when the amplitude was over predicted. The most probable rea- 

son for this is that in the experiments the waves were very 'poor', 

being near breaking and three-dimensional, at these highest fre- 

quencies, particularly for the higher heights. Some representative 

examples of actual rigid cylinder reactions compared with reactions 

predicted using Morison's formula for lower frequencies are shown 

in Fig. 42. It is seen that the amplitude and general shape of the 

reaction traces are predicted well. However the smaller distortions 

of the traces are not predicted, as is also the case in oscillatory 
flow for 10 ýKý 30. 

On the basis of the above, the mathematical models of Cases A-D 

were only used to predict vibration for frequencies < .9 Hz- 
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3.3. Results of the mathematical models 

As has been mentioned only one set of tests for isolated cyl- 

inders could be used, and only the model of Case A was run on these 

data. The results are presented in Fig. 43 for both the in-line and 

cross-flow directions. The experimental results are marked 'EXPERI- 

MENTAL' and those from the model, W. 

Representative results from the pairs of cylinders are presented 
in Figs. 44 to 46 for various values of 6 

sw and 1(1-rn 
w 

/n)l. In Fig. 

44 6sw is in the range . 05 to . 07 and J(1-rnw/n)j = . 03. In Fig. 45 

the damping is in the same range and 1(1-rnw/n)l is from . 03 to l. 

In Fig. 46 both 6 
sw and 1(1-rn 

w 
/n) I are high, being in the ranges 

. 16 to . 21 and .1 to 1.0, respectively. The experimental results 

are marked 'EXPERIMENTAL', and those for each model are marked with 

the relevant letter. 

3.4. Discussion of the results 

It is immediately evident from the results that the only model 

which predicts the measured vibration reasonably is that of Case A$ 

i. e. using the rigid cylinder reaction as input and the measured 

still water damping. This is true for both the in-line and cross-flow 
directions. All the other models underpredict the vibration, par- 

ticularly that using the modified Morison's formula. 

There is considerable scatter in the results, though it is noted 

that it is nearly always the response to all wave heights for a par- 
ticular combination of n and nw which lie high, say, rather than ar- 
bitrary points. (For example the solid diamonds and open squares 

of Fig. 45. ) It is also evident that if a particular data point from 

the experiments appears to be high, say, then those predicted by 

the models of Cases A and B are usually also high. This indicates 

that not all the factors controlling the vibration have been un- 
covered. 

The most important conclusions of these results are that the 
modified Morison's formula (Case D) underpredicts the vibration con- 
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siderably, and that this method of calculating the vibration of off- 

shore platforms should be called into question until similar tests 

to these are conducted at the relevant values of Reynolds and Keule- 

gan-Carpenter numbers. The use of the simple Morison's formula with- 

out accounting for relative velocities gives a better, though still 
low, prediction of the vibration, presumably due to its non-inclu- 

sion of vortex shedding forces. In order to estimate the vibration 

correctly it is necessary to have a rather better estimate of the 

forces on a rigid cylinder than the present Morison's formula, spe- 

cifically including vortex shedding forces, at least for the values 

of K involved here. 

Furthermore the vibration does not appear to alter the forces 

on the cylinder, and the response of a flexible cylinder can be pre- 

dicted from a full knowledge of the forces on a rigid cylinder, in- 

cluding forces from vortex shedding. i. e. there are no hydroelastic 

effects for the range of parameters tested. 
Alternatively it is possible that the relative velocity 

form is correct but that the coefficients are altered by the 
vibration, the net effect being that the response is the same 
as when calculated without 'relative velocity effects. A 
sensitývity analysis to see how different values of CD would 
have to be from those on a rigid cylinder for Case B to give 
the same vibration as Case A. 
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A DESCRIPTION OF VORTEX SHEDDING FORCES IN OSCILLATORY 

AND WAVE FLOWS 

Traces of cross-flow vortex shedding forces on the 

rigid cylinder in waves 

There is considerable evidence f rom. the results presented that 

the forcing which the flexible cylinder undergoes is the same as 

that on the rigid cylinder. Thus a complete description of the 

forcing which the rigid cylinder is subjected to, including that 

due to vortex shedding, should be sufficient to determine the re- 

sponse of a flexible cylinder. 
Some research has already been conducted into the forces on 

rigid cylinders in oscillatory flows or waves. In Part I, chapter 

3.4 it was seen that various researchers have given the relative 

magnitudes of the lift components at the first few multiples of the 

wave frequency for varying K. Unfortunately the present results do 

not lend themselves to a complete analysis. Only reactions at the 

top of a rigid cylinder have been measured rather than forces over 

small lengths of a cylinder and the time series collected are too 

short to enable an accurate spectral analysis of the frequency con- 

tent of the forces to be obtained. Nevertheless, the traces of the 

cross-flow reaction from the rigid cylinder have been examined quali- 

tatively and several general observations may be made. 
i) Traces for different wave frequencies but the same value 

of K exhibit similar trends in terms of number of oscil- 
lations per wave cycle and general shape of the traces. 

ii) Cross-flow forces first become apparent at values of K 

between 4 and 5, the cross-flow trace sporadically ex- 
hibiting oscillations, one per half wave cycle and usu- 

ally only in one half of each wave cycle. 
iii) By a value of Kz7 there is a very regular, almost sinu- 

soidal cross-flow forcing at twice the wave frequency, 

as in Fig. 47, a. As K is further increased the trace 
becomes more saw-toothed, but still performs two oscil- 
lations per wave period. The steep parts of the trace 
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are always very near the peak and trough of the wave 
(maximum velocity), and are in the same direction at 
both the peak and trough. Fig. 47, b is typical of traces 

for values of K from 8- 11. The traces in this range 

are still fairly even, though there is some variation 

from cycle to cycle in amplitude and shape. The oscilla- 

tion in the wave crest half cycle is often slightly 
larger than that in the wave trough half cycle. 

iv) In the region K= 12 - 13, as in Fig. 47, c, the trace is 

still saw-toothed in form, but changes with time, there 

often being several cycles of saw-toothed form followed 

by cycles with small or no amplitude, followed again 

by several cycles with a saw-toothed trace, the direc- 

tion of the saw-tooth often having reversed. 

V) In the range K= 13 - 15 a trace such as that in Fig. 

47, d occurs where the trace consists of a dominant com- 

ponent at twice the wave frequency. The amplitude in 

the wave crest half cycle is rather larger than that 

in the wave trough half cycle. Again there is consider- 

able variation with time, the trace sometimes almost 
dying away and sometimes becoming particularly large, 

and the exact shape of the trace varies slightly from 

cycle to cycle. 

vi) For K above about 16 and to the maximum tested (-22), the 

traces may be characterized by Fig. 47, e, f, g and h 

with Fig. 47, e as the most commonly occurring trace. On 

first examination it may appear that there are consider- 

able differences between these traces, however only small 

adjustments in the amplitudes and positions of the vari- 

ous oscillations are necessary in order to change one 

shape to another. Fig. 47, g for example resembles both 

Fig. 47, e and h fairly closely, and indeed appears to 
be in between them, although Fig. 47, e and h do not ap- 

pear at first sight to resemble each other. 
All these traces consist mainly of components at two 

and'three times the wave frequency, with Fig. 47, f being 

mainly at two times and Fig. 47, h mainly at three times 
the wave frequency. Also in this range of K 'there was 
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considerable variation f rom cycle to cycle and with time. 

For example Fig. 47,1 shows a length of trace where the 

oscillations first resemble those of Fig. 47, e and then 

change in shape to resemble those of Fig. 47, h. Once 

again it is often found that the amplitudes in the wave 

crest half cycle are larger than those in the wave trough 

half cycle. 

4.2. A simple model of lift forces in oscillatory and wave flows 

Before embarking on a discussion of the cross-flow traces ob- 

tained from rigid cylinders in waves, it is appropriate to describe 

a very simple quasi-steady model of lift forces caused by vortex 

shedding in oscillatory flows. The model, despite its over-simplici- 

ty, is nevertheless instructive and gives some insight into the phe- 

nomena associated with vortex shedding in waves. 
The fundamental assumptions of the model are as follows: 

i) If one considers a steady flow of velocity V, then the 

vortex shedding and the cross-flow forcing frequencies 

are considered to be sinusoidal and defined by the Strou- 

hal relationship with S= . 2. 

nv = . 2V/D 

and the period Tv = 1/nve 

The instantaneous value of lift force is given as 

I 
f(t) = . 5pD CL V2 siný =k siný -(19) 

with kL = . 5PD CL 

where ý is the phase of the lift cycle = 27T t/Tv* 
For vortex shedding in waves it is supposed that (19) may 
apply quasi-steadily, i. e. using -instantaneous values 
of V and TV9 The instantaneous vortex shedding frequency 
is thus proportional to the instantaneous velocityO and 
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iii) 

iv) 

the instantaneous value of the lift force is proportional 

to the 'instantaneous velocity squared times the sine 

of the phase of the lift cycle. 
A step by step scheme was programmed in Fortran for use 

on the VHL NORD-10 computer whereby at each increment 

of time (1/50 wave period) the instantaneous velocity 

and vortex shedding 
, 

period were calculated, together 

with the increase in phase of the vortex shedding as- 

suming that the Vortex shedding period was constant over 
the time increment. The instantaneous force was then 

2 
calculated as 'LUinst siný where is the phase 
(ý 27rt/Tv, the phase must be cumulated from step to step 

as Tv varies). 
It is assumed that at the beginning of each half wave 

cycle the flow starts from scratch again and the phase 
is brought to either 00 or 1800, which amounts to de- 

ciding from which side of the cylinder the first vortex 

will be shed in the next half cycle. An attempt was made 

to simulate the reported suggestion, that the first vor- 
tex shed in a half cycle is shed from the same side as 
the last vortex shed in the previous half cycle, by having 

a test at flow reversal so that ý in the new half cycle 

was set to 00 if ý at the end of the previous was < 1800, 

otherwise ý was set to 1800. However it is considered 
that this amounts to too many assumptions about the re- 
lationship between when a vortex can be considered to 
be shed (in the understanding that it then promotes 
shedding. from the same side of the cylinder immediately 

after flow reversal) and the forces. Suffice it to say 
that if ý is set to 00 at the beginning of each half wave 

cycle, then the trace will repeat every half wave cycle, 
and if ý is set to 1800 the trace in each half cycle will 
be the mirror image of that in the previous and will 
repeat every wave cycle. These two types of trace lead 
to power, at only even and only odd multiples of nw, re- 
spectively., 

The model has been run with both ý in a new half cycle 
being set to 00 'and being set to 1800. A decision as 
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to the most appropriate may be judged f rom a compari- 

son of the time histories produced with those from ex- 

periments. 

V) It is expected that the model should give best results 
for higher values of K, when the flow becomes more nearly 

quasi-steady. 

Results of the simple model 

In Fig. 48 are shown traces of f2 siný, non-dimensional- kL'inst 

ized by kL1j2 
m, 

for three wave periods at values of K=5,10,12.5, 

15,18.5,20,22,30,40, and 100. 

For K up to 15 the traces most resemble experimental traces 

when ý at f low reversal is set to 00. For K up to 15 there are two 

oscillations per wave cycle, and it is in this area that several 

authors have noted the same and that one vortex is shed from the 

same side of the cylinder in each half wave cycle. For increasing 

K in this range the traces become more and more saw-toothed with 

a steep part near the maximum velocity points. 
For values of K> 16 experimental traces are found which re- 

semble the predicted traces for ý at flow reversal set to both 00 

and 1800. 

Spectral analysis for the traces over exactly 6 wave cycles 
has been conducted and the results are plotted, for various K, in 

Fig. 49. For K> 16 both the spectra for conditions with (b at flow 

reversal set to 00 and 1800 are plotted (odd and even powers of the 

wave frequency, respectively). 
As K is increased there is increasingly more power at the higher 

frequencies. 

In Fig. 50 the peak values of the spectra at the various mul- 
tiples of the wave frequency are plotted against K. This diagram 
is qualitatively similar to those obtained by Sawaragi et al. (1976), 

Isaacson and Maull (1976) and Maull and Milliner (1978), see for 

example Fig. 7. 

Further discussion of these results is given in the following 
section. 
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4.3. Discussion of vortex shedding from rigid cylinders in 

oscillatory and wave flows- 

In general the experimental traces in waves resemble those ob- 

tained in oscillatory flows by various researchers, except that there 

seems to be more variation with time and there is often a differ- 

ence in amplitude between the oscillations in the wave crest half 

cycle and those in the wave trough half cycle. 
The traces produced by the simple quasi-steady model of the 

previous section are also quite similar to traces obtained in oscil- 
latory and wave flows except that they are, of course, more even. 

The trace from waves for K=5-7, Fig. 47, a, is very similar 

to that produced by the quasi-steady model, Fig. 48, for similar 
K. 

One can compare Fig. 47, b in waves which is typical for values 

of K=8- 11 with Mercier (1973)ls Fig. 14, c for K-9.4, with Sarp- 

kaya and Tuter (1974)'s Fig. 7 for K= 12.4, and with the quasi- 

steady model in Fig. 48 at K= 12.5. All of these are similar, showing 

a saw-toothed trace at twice the wave frequency. 

Fig. 47, c for K= 12 - 13 in waves compares well with Mercier's 
Fig. 14, d at K= 12.6, both showing considerable variation with time. 

There is considerable similarity between Figs. 47, f and g in 

waves for K= 16 - 22 and Mercier's Fig. 14, e and f at K= 15.7 and 
19, respectively, and the quasi-steady model of Fig. 48 for K- 16.5 

and 20, respectively. Figures similar to Fig. 47, g in waves have 

also been produced by Sarpkaya and Tuter at K= 16 (their Fig. 5), 

and by Maull and Milliner at K= 21 (their Fig. 15, when replotted 
against an axis of time). 

A further example recorded in waves is shown in Fig. 47, j re- 
corded at K= 14, and this compares very well with the quasi-steady 
model for K= 15 shown in Fig. 48. Lastly the model trace for K= 40 

shows a remarkable resemblance to Fig. 53 of Sarpkaya (1976a). Sarp- 
kaya does not, however, state the value of Kf or his f igure, but 

merely that it is at "relatively high Keulegan-Carpenter number". 
It is evident, particularly f rom the quasi-steady model, that 

although various researchers have noted step increases in the domi- 
nant lift force frequency as K is increased, there is nevertheless 
a gradual increase in the higher order components, and indeed a 
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gradual introduction of power at new, higher components. 

For relatively low values of K the flow, from the point of view 

of vortex shedding, may be considered to increase rapidly from zero 

at flow reversal to the maximum velocity and then decrease rapidly 

again to the next flow reversal. The combined effects of increasing 

amplitude (k LU21nst) and frequency of the vortex shedding force leads 

to a large, rapidly applied force at or very near each maximum vel- 

ocity point of the wave. For higher values of K the change in f low 

velocity is more gradual, i. e. the period over which it changes 

is much longer than a vortex shedding period, and thus there are 

many vortex shedding cycles per wave half cycle, and the frequency 

and amplitude increase gradually to the maximum velocity point and 

then decrease again. 

Evidently the peak values of the force trace will, assuming 

a constant value of lift coefficient, CL in equation (19), depend 

on where in the cycle the vortex is shed. If the vortex is shed at 

such a point that the maximum force is at the maximum velocity point, 

i. e. that siný =1 or -1 at a maximum velocity point, then a particu- 

larly large force will occur. For example the positive peaks in the 

f irst half wave cycle of Fig. 48 f or K= 22 have a value of only 

0.5 as they occur away from a maximum velocity point, whereas the 

negative peak occurs at a maximum velocity point and thus has value 

-1.0. The difference between the various traces found for K> 16 

can be explained by two effects. Firstly, residual circulation from 

previous half wave cycles and variations in the flow, non-lineari- 

ties, turbulence, etc. may slightly promote or delay vortex shedding, 

causing the forces associated with it to occur either nearer or 

further away from the maximum velocity points, leading, respectively, 

to increased or decreased peak force values. Secondly, the trace 

shapes are dependent on whether the first vortex in successive half 

wave cycles is shed from the same, or from opposite sides of the 

cylinder, which is again dependent on the test conditions and, par- 

ticularly, on the manner in which the last vortices shed in a half 

wave cycle are swept back over the cylinder and influence the initial 

shedding in the next half wave cycle. 
The larger amplitude of the vortex induced forces in the wave 

peak half cycle compared to those in the wave trough half cycle is 

probably due to wave non-linearities generating a larger velocity 
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amplitude in the wave peak half cycle. The difference in forces is 

most noticeable for high wave heights when the non-linearities are 

greatest. 
The quasi-steady model does not take any account of the fact 

that in an accelerating flow a vortex is able to build up to a more 

than quasi-steady circulation and the force associated with it is 

particularly large (see Sarpkaya 1963b, 1976a). The quasi-steady 

model is expected to perform best at relatively high values of K, 

where the flow is more nearly quasi-steady, as seen in Part I chapter 
4, and the effects of the vortices from the previous half cycle on 
the shedding in the next half cycle become less important. 

On each plotted spectrum from the quasi-steady model in Fig. 49 

is shown the frequency defined by the Strouhal number used in the 

model, 0.2, and the maximum velocity, i. e. . 2Um/D. It is seen that 

the power from the model is at the few multiples of the wave fre- 

quency to either side of this frequency. 

Isaacson (1974) considered the number of lift cycles per wave 

cycle to be equal to the number of vortices shed per half cycle plus 
1, and that the first vortex shed in a half cycle is shed from the 

same side of the cylinder as the last vortex in the previous half 

cycle. Isaacson found, as have other researchers, that for Ký 12 

one vortex is shed per half cycle and is shed from the same side 
of the cylinder in each half cycle. Evidently the rule that fr M1 
+(vortices shed per half cycle) is oversimplified. The definition 

of 'shed' is very uncertain and , as seen in Part I, chapter 3.4, 

various researchers consider that they have seen various numbers 
of vortices shed per half cycle at the same values of K, although 
their values of fr have been in agreement. The problem arises from 

the fact that vortices may start to develop as the flow decelerates, 

and at flow reversal it is extremely difficult to see if they are 
shed (defining 'shedding' perhaps as when the feeding shear layers 

are cut), or even what happens to them. However, according to Isaac- 

son, the range of K covered by the results of this Part in waves covers 
1 or 2 vortices 'shed' per half wave cycle. 

Any signal which repeats itself with a certain frequency will, 
when Fourier analysed, be found to contain power only at multiples 
of that frequency. Short lengths of the experimental traces are found 
to repeat every half or full wave cycle, with some smaller varia- 
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tions. The variations in the trace f rom one cycle to the next, the 

changing of sides of vortex shedding from the cylinder, and the 

longer term changes in the traces, for example as in Fig* 47,1, will 

cause there to be peaks in a spectral analysis of the signal at both 

even and odd multiples of the wave frequency, but these will be 

spread out rather than being spikes as would be the case for a per- 

fectly repeating function. 

The spectral analysis of the signal from the quasi-steady model 

for K= 20, shown in Fig. 49, can be compared with a spectral analysis 

of an experimental trace, Fig. 51, also at K 2: 20. It is seen that 

the peaks for the spectral analysis of the experimental trace are 

more rounded, however there are quite definite peaks at multiples 

of the wave frequency. It must be pointed out that the results from 

the spectral analysis of the experimental signal are only qualitative, 

as the 90% confidence limits of the spectral estimates are .3 times 

and 2.3 times the plotted estimates. It is evident that the vortex 

forcing on a rigid cylinder exhibits peaks at multiples of the wave 
frequency, but that there is some spread in power to frequencies 

between multiples. 
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GENERAL DISCUSSION OF WAVE INDUCED VIBRATIONS OF 

CYLINDERS 

5.1. Vibration starting at Um/nD Z: 1.0 

The most important parameter isolated is Um/nD. It was found 

that vibration occurred if UM /nD > 1.0 for all values of n, nw, 6sw, 

and D. This parameter is expected to expressý the ratio of vortex 

shedding frequency to natural frequency. 

The parameter K is of lesser importance here as it controls the 

ratio of the frequency-of vortex shedding to the wave frequency* 

From the spectral analysis of the quasi-steady model of vortex 

shedding in waves, Fig. 49, it is evident that as K increases there 

is increasing pov-er at the higher multiples of the wave frequency. 

For example the power at 4nw 4ncreases from 0.1 units at K-5 to 

0.21 units at K= 17.5 -at which stage there are noticeable components 

at 5nw and 6nw. When one considers that variations with time, etc. 

as previously discussed, will lead to a rounding of the peaks and 

spreading of power to between multiples of the wave frequency, then 

it is reasonable to suppose that the highest frequency at which there 
is significant power, for a given wave frequency, increases grad- 

ually (and not stepwise) with K. Thus Um /nD (- Knw /n) may represent 
the ratio of the highest frequency present in the vortex force trace 

to the natural frequency. It is only when a forcing frequency ap- 

proaches the natural frequency that the dynamic magnification factor 

becomes significantly greater than 1, and there is expected to be 

a difference between the rigid and flexible cylinder traces. This 

evidently first occurs at Um/nD z 1.0. 
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5.2. Effect of the wave to natural frequency ratio parameter 

This parameter has been expressed as I (1-rnw/n)l and expresses 
how near the natural frequency is to an integral multiple of the 

wave frequency. It has been seen that the vortex forcing on the rigid 

cylinder leads to power peaks at integral multiples of the wave fre- 

quency, and thus more response is expected the nearer the natural 
frequency is to one of these peaks. 

The response of a cylinder subjected to various wave frequencies 

around a particular value of r, as in Fig. 34 for example, shows 

well the effect of the parameter, larger response occurring for 

smaller values of the parameter* However, in tests where wave fre- 

quencies between 0.5 and 1.0 Hz were used, there were often anomalies 

where there was, say, less response for a particular wave frequency 

than expected. The range of wave frequencies is such that the value 
of r in the parameter 1(1-rnw/n)l varies, i. e. one is comparing vi- 
bration near to one multiple of the wave frequency with that near 

another. The parameter will only give consistent results if the 
forcing is similar in magnitude at the two multiples of the wave 
frequency. The parameter is also rather sensitive to small changes 
in nw, which is found to vary a little from wave to wave. 

The variation in response for various wave frequencies around 
the particular value of r-3 shown in Fig. 34 is considerably less 

than would be calculated if one assumed all power in the vortex in- 
duced force to be at 3nw. The table below shows the actual response 
in arbitrary units at Um/nD = 5.5 for the various values of 3nw/n 

compared with that calculated assuming all forcing to be at 3nW and 
giving equal response for 3nw/n - 1.003. 

3n Actual Calculated 
w 

n response response 

. 930 37 14 

. 950 43 18 

. 984 62 46 

1.003 70 70 

1.014 65 48 

1.033 58 26 

1.092 31 9.5 
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The, 'reason that there is less variation in response is because a 

proportion of the total response, particularly when 3nw/n 0 1.000, 

is response to other frequencies in the forcing, i. e. caused by the 

spreading of frequencies previously described due to variations in 

the regularity of the forcing function. 

5.3. Effects of damping 

For values of 1(1-rnw/n) I >_ . 03 there would not be expected 

to be much dependence on damping. Even if all power in the forcing 

function was at the frequency rn w, 
then for I (1-rn 

w 
/n) = . 05 the 

effect of increasing damping, 
, 

6sw, from 0 to 0.4 would only reduce 

the response by 40%, i. e. one has to accurately hit resonance for 

damping to be important. Even if 1(1-rnw/n)l 
= 0.00 the response, 

in terms of r. m. s. 0 would not be so dependent on damping as would 
be the case if the forcing was purely sinusoidal at the natural fre- 

quency, when response would be a 1/6swo This is due to the response 

at other frequencies being less dependent on damping. For example 
for a white noise input the response would be a A/6swo 

Indeed for small values of 1(1-rnw/n) I there was a larger 

damping effect, however there are so few results, with considerable 

scatter, that a comparison of the measured effects of damping with 
those predicted assuming sinusoidal forcing at rnw, sayg cannot be 

conducted. 

5.4. Causes of the vibrations 

In section 2.4 it was indicated that the cause of the vibra- 
tions is probably the response to vortex shedding forces. This can 
now be discussed further. 

Both the frequency content and shape of the cross-flow traces 
from the rigid cylinder in waves were very similar to those obtained 
by other researchers in waves and oscillatory flows, and also similar 
to those predicted by the quasi-steady model of vortex shedding 
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forces. Thus it is reasonable to assume that the cross-flow forcing 

on the rigid cylinder is due to vortex shedding forces. Furthermore 

it is evident that these forces are applied close to the top of the 

cylinder. This is 'indicated by the fact that the traces from the 

rigid cylinder were similar to those in a two-dimensional. flow at 

a valbe of K equal to that at the top of the cylinder, and by the 

test in chapter 2.3 where the vibration component was removed from the 

flexible cylinder trace showing a forcing of similar magnitude to 

that from the rigid cylinder. 
The cross-flow vibration was predicted well by a dynamic model 

of the flexible cylinder which used as input the reaction measured 

on the rigid cylinder and for damping used the still water experi- 

mental values. This indicates that the forcing on the flexible cyl- 

inder was very similar to that on the rigid cylinder and that no 

hydroelastic effects occurred. It is perhaps surprising that the 

still water, unseparated flow, damping applied, however it should be 

pointed out that the response was not strongly dependent on damping, 

so that damping may in fact have changed somewhat. However increased 

damping as given by the modified Morison's formula evidently did 

not occur. 
In the in-line direction there are several factors other than 

vortex shedding forces which can lead to vibrations, for example 

wave non-linearities and the velocity squared term in Morison's for- 

mula, which produces power at odd multiples of the wave frequency 

and will lead to vibrations whenever the natural frequency is near 

to an odd multiple of the wave frequency. The problem is to try and 
determine to what extent the vibration in the experiments was caused 
by response to these non-linear effects and to what extent it was 

caused by response to vortex shedding. 
There are several factors which indicate that the majority of 

the in-line response was due to response to vortex shedding,, Firstly, 

the in-line response behaved exactly like the cross-flow response, 
in that it started at Um/nD - 1.0, and exhibited the same dependence 

upon the parameters 1(1-rnw/n)l and 6sw* The response was, however, 

rather greater in the cross-flow direction. Secondly, the mathematical 
models considered in chapter 3 Oiich used as input the reaction cal- 
culated using Morison's formula, correctly predicted the rigid cyl- 
inder reaction, but underpredicted the response of the flexible cyl- 
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inder. Thirdly, there was no greater response when the flexible cyl- 

inder's natural frequency was near an odd multiple of the wave fre- 

quency than when it was near an even multiple, nor did the spectra 

from the rigid cylinder in the in-line direction show relatively 

more energy at odd multiples of the wave frequency (other than at 

1x the wave frequency). 

In the in-line direction, it appears that the response of the 

flexible cylinder is predicted accurately by a mathematical model 

using the reaction measured on the rigid cylinder as input and with 

damping given by the still water value. It seems that it is necessary 

both to account for vortex shedding forces and also not to include 

hydrodynamic damping calculated by considering relative velocities. 

It seemsthat the relative velocity form of Morison's formula is con- 

ceptually incorrect for the low values of Um/nD of these experiments, 

and that it is better to consider the forces due to the waves and 

the vibrations separately, i. e. as if the waves were acting on a 

stationary cylinder and the cylinder was vibrating in still water. 

This is supported by the experiment of Petrauskas (1976) in currents 

described in Part I, chapter 5.2 (though for lower values of V/nD), 

and, for the unseparated part of the flow around the cylinder, by 

the work of Lighthill and Moore considered in Part I, chapter 4. 

5.5. Comparison with other researchers' results 

Both Bullock et al. (1978) and Sawaragi et al. (1978) have con- 

ducted similar experiments in waves, but with surface piercing cyl- 

inders. Both these investigations indicated that the in-line response 

of the cylinder, quantified as an r. m. s value of amplitude of re- 

sponse over diameter, could be predicted by the use of the modified 

Morison's formula, using values of coefficients appropriate to oscil- 

latory flow, using higher order wave theories and accounting for 

the variation in water height on the cylinder. Neither of these in- 

vestigations considered an in-line component of vortex shedding to 

cause vibration, despite the fact that both considered their cross- 

flow vibration to have been caused by vortex shedding. Both con- 

sidered, rather, that in-line vibrations were caused by the various 
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non-linearities introduced in the forcing. 

Sarpkaya (1976a, b) showed that there is an in-line component 

of vortex shedding forces, particularly for 10 <K< 30, which is 

the range of both the above mentioned investigations and the experi- 

ments of this thesis. 

Both Bullock et al. and Sawaragi et al. quantified their results 

in terms of an r. m. s. of the response amplitude, and thus included 

the basic forcing at the wave frequency, which is the majority of 
the signal for low values of Um/nD and is significant even for high 

values. It is possible that the surface piercing cylinder condition 
led to further non-linearities which, in turn, led to response which 

was greater than that caused by vortex shedding. 
In the results presented here there is no indication that hydro- 

elastic response occurred, i. e. where the vibration altered the 

forces causing the vibration. Bullock et al. indicate that hydro- 

elastic response occurs when n/nw - 2.00 and K- 10 - L70 when the 

vortex shedding force also has a major component at twice the wave 
frequency. These conditions were not covered by the tests presented 
here. 

Sarpkaya has found that cross-flow hydroelastic vibrations occur 
in an oscillating flow for values of Um/nD z6 at high, but un- 

stated, values of K. In this situation hydroelastic effects are much 

more likely to occur, partly due to the very uniform, two-dimensional 

flow and partly due to the fact that at high values of K the vortex 

shedding is more even (see for example Fig. 4-8 for K- 100 produced 
by the quasi-steady vortex shedding model). 

5.6. Non-dimensionalizing the results 

Results were found to collapse when plotted on axes of Rx/nD3 

or Ry /nD3, for the in-line and cross-flow directionsg respectively, 
versus Vm/nD. Collapse was achieved for all values of wave frequency, 

natural frequency, cylinder diameter and damping. However the axes 
R 

x/nD3 and RY /nD3 are not non-dimensional, and have in fact dimen- 

sions of velocity. These axes are thus meaningless and can only be 

used as a convenient aid to plotting the results until-som-e non-dimen- 
0 
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sional, meaning f ul fu&^Lur is discovered. 

A simple analysis of the situation is conducted below: 

Consider the vortex forcing of significance to be acting on 

a length, a, at the top of the cylinder, and that a is small compared 

to the cylinder length L, which is consistent with the discussion 

of chapter 5.4. The system may be considered as sketched below. 

P 

I 

The output signal from the system, P, is equal to the spring 
force produced by the cylinder deflection. 

by 

The moment of inertia about the centre of rotation is mL2/3 and, 

as Y= *01, the equation of motion may be written 

(mL/3)Y + cý + by .= aP(t) 

where y, k and Y are the deflection, velocity and acceleration of 

the top of the cylinder. 
It is asumed that the input to the system, P(t) can be repre- 

sented by a series of sinusoidal functions 

cc 
P(t) =E 

[Pi 
cos (21Tni 0 

i=l 

where ni and 01 are the frequency and phase of the i'th function. 
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Writing the coefficients of the series as dimensionless force 

coefficients, pi: 

cc 
P(t) = . 5PD U2 cos (27Tn +0 

miJ 

Thus the equation of motion can be written as 

2 cc 
(1/3mL)y + cý + by = . 5pD Um aEP, cos(2Trn, + 0, 

i=l 
I )l 

For which the steady state solution is 

.5 pD U2 cc maZ (D. M. F. )i pi cos(2rni + oi + 01) b 
i=l 

11 

where (D. M. F. )i and 0. are the dynamic magnification factor and 

phase angle for each input frequency. 
I 

Now substituting for b, where 

(2TTn) 2 
ML 

3 

yields 

2U2 
a 

I(D. 
M. F. )i pi cos(2wni + Oi + Od 

8Tr 
2m nD 3. = 11 

(which is similar to equation (7) derived in Part I, chapter 5.1 

for hydroelastic vibrations in a current)* Substituting for y gives 

U2 cc a F= .5P n2D3L G--) E 
[(D. 

M. F. ) pi cos(2Ttn ++ nD L i=l ii 
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For the rigid cylinder the natural frequency is considerably 

higher than the highest forcing frequency, and thus one can assume 

(D. M. F. ), -1 and 0, =0 for all i. 

Thus the difference reaction, FDIFFI is given by 

U2 00 
F DIFF '-- 5pn2D3L (--5) (2) S (D. 11. F. )i pi cos(2uni + Oi + Oi) 

nD L 

- p, cos(2Tm i+0i) 

Therefore 

U2 co 
F . 5p n2D3L (m a) (D. M. F. ) pi cos(27Tn +a DIFF ý nD Lii 

Taking the r. m. s. of this yields 

U2 co 
R or Ry = . 5p n2D3L (--a) (2-) Z ((D. Ii. F. )i-l) p -(20) x nD L i=l i2 

Thus this analysis would suggest plotting of 

(R or R 

. 5pn 2D3L 

as a function of (Um/nD), (a/L), and a complicated response para- 

meter, which is an integrated effect of the amplitude of input at 

each input frequency and the dynamic magnification of the system 

to these frequencies. 

This last parameter cannot be evaluated without a complete analY- 

sis of the forces on a rigid cylinder, but is, in general, a function 

of the Pi's ni/nIs, and damping. Some properties of this function 

have already been seen in the preceeding sections. 

The Parameter (Rx or Ry)/. 5p n2D3L differs in effect from the 

parameter plotted as 1 /n (as P and L are constant throughout the tests). 
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This means that plotting of the results on axes of 

(R or R) 
-x23y versus U /nD 

. 5pn DL 

would result in lines of lesser slope for increasing n. 
The inability to non-dimensionalize the results is iather un- 

satisfactory, however it is considered that the most important result 

obtained is that, for the considered range of parameters, the flex- 

ible cylinder response can be predicted from a complete knowledge 

of the forces on a rigid cylinder. Furthermore, the use of Morison's 

formula does not give an adequate description of the forces in the 

in-line direction, and the use of a modified form of the formula 

to obtain hydrodynamic damping, using relative velocities and station- 

ary cylinder coefficients, grossly underpredicts vibration, whether 

the forces on the rigid cylinder are used or the forces are con- 

sidered given by Morison's formula. 
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PART III - EXPERIMENTAL INVESTIGATION INTO THE FORCES ON CYL- 

INDERS OSCILLATED IN STILL WATER AND STEADY CURRENTS 

INTRODUCTORY COMMENTS 

In this section, an experimental investigation into the forces 

on cylinders oscillated in still water and in-line with steady cur- 

rents is presented and discussed. Before this author moved to Norway, 

Professor Geir Moe of the Norwegian Institute of Technology, working 
from the structural point of view, had realized that the use of the 

relative velocity form of Morison's formula leads to higher calcu- 
lated damping and reduced estimated vibrations of offshore struc- 
tures, but that there had been no fundamental investigation into 

the formula, and that possible overestimation of damping would have 

far reaching consequences. Discussions with Professor Moe led to the 

author, in March 1977, putting forward a proposal, Verley (1977c), 

for a fundamental investigation into the problem. 
In the experimental program to be presented here, various cyl- 

inders were oscillated from a pendulum in still water and currents, 

and the damping of the motions and the in-line forces on the cyl- 
inders were measured. Flow visualization experiments were also con- 
ducted. 

Various reports have been prepared in the course of the investi- 

gation (Verley (1978a), Moe and Verley (1978), Verley and Moe 
(1979a)) and the work has been described at various colloquia and 
conferences (Verley (1977d), Verley and Moe (1978), Verley and Moe 
(1979b)). 
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1. DESCRIPTION OF THE APPARATUS 

1.1. Principle of the experimental rig 

The basic experimental apparatus is drawn in detail in Fig. 52. 

It consisted of a massive pendulum which spanned a current flume 

and to which a horizontal cylinder was attached and submerged in 

either still or flowing water. The pendulum was sufficiently massive 

that the damping was small, there being at most a 2% decrease in 

amplitude per cycle. The position of the cylinder was monitored by a 

linear spring and force transducer, and from this signal the damping 

of the motion of the pendulum was calculated and this could be re- 

lated to the oscillatory drag coefficient. In addition, the forces 

on the cylinder in the horizontal direction were measured, and from 

these force time histories could be calculated oscillating drag and 
inertia coefficients and-steady component of drag coefficients. 

1.2. Current channel used for the experiments 

The flume, which was specially built for the experiments, is 

sketched in Fig. 53. The flume was built of plywood, lined with water- 

proof plastic and with a see-through plastic panel on one side where 
the rig was mounted. The water supply to the flume was from tanks 
in the roof. which were kept at a- constant level by pumping water 

continuously from the sumps in the cellar. The flume was supplied 

with water via a valve, stilling box and calibrated standard V-weire 

The V-weir was mounted about 50 cm above the water level held in 

the channel, and the water fell from the weir into a stilling chamber 

which contained chicken-wire baskets filled with aluminium turnings. 
From this stilling chamber was a contraction to the main part of 
the flume, the beginning of which was filled with 1m long, 10 cm. 
diameter plastic pipes. These pipes have been found to be advan- 
tageous in obtaining an even flow. The main part of the channel was 
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10 m long, 0.5 m wide, and 0.7 m deep, with a water depth of . 55 m 

used in the experiments. The water level was held constant for the 

various flow rates by adjusting an overflow weir at the end of the 

channel. From here the water was led down to the cellar sump. 

The flume was commissioned by Mr. J. E. Horne, a final year stu- 

dent working under the supervision of Professor Moe and the author, 

and horizontal and vertical flow profiles where the rig was placed 

are shown in Fig. 54, obtained from Mr. Horne's data. 

Flow velocity calibrations 

The calibrations were conducted by the author. A Nova Streamflo 

403 propellermeter was used to measure flow velocities, which were 

measured in the flow, without the cylinder present, at the point 

where the middle of the cylinder would be. This author feels that 

this type of propellermeter is not particularly reliable, particular- 

ly for low velocities, as hair, small dust particles, etc. can easily 

become tangled up in the propeller spindles and alter the calibra- 

tion, often by only small amounts which may not be noticed. Through- 

out the channel velocity calibrations, the propellermeter was there- 

fore continually recalibrated against the velocities of floating 

particles timed over known distances. The flume was calibrated by 

noting the flow rate (using the weir calibration) for eleven veloc- 

ities covering the range used in the experiments. It was found that 

the relationship between flow rate and velocity varied by only about 
5% between the various velocitiesq and this variation was not related 

to velocity, indicating that the velocity profiles were similar for 

the various velocities and that the 5% variation was almost certainly 

due to the propellermeter. An average of all the flow rate to vel- 

ocity relationships was taken, and this was used throughout the ex- 

periments to calculate the flow velocity from the known flow rate. 
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The pendulum rig 

The rig is shown in detail in Fig. 52. The basic pendulum con- 

sisted of a main horizontal beam spanning the channel and supported 

on knife edges. At each end of the beam hung long rods to the bottom 

of which were attached heavy weights, approximately 23 kg on each 

side. Hanging down from the centre of the horizontal beam, and rigid- 
ly attached and braced to the beam, was a bar to which was attached 
the force transducer used to measure forces on the cylinder. The 

cylinder was held between two end plates which were attached to two 

arms. These arms were braced by a horizontal bar to which the force 

transducer was also attached, thus forming an H, and the cylinder 

was held between the lower arms of the H. The upper ends of the arms 

were pin-jointed to the horizontal beam using 2 mm stainless steel 

pins running in PTFE low friction bearings. (PTFE has the nearly 

unique and, in this case, important property that it has a very low 

starting friction, virtually the same as its sliding friction. ) Thus 

the cylinder and its support arms could swing quite freely and in- 
dependently of the pendulum if it were not for the force transducer 

connecting them. 

1.4.1. End plates 
------------------ 

The end plates were 16 cm in diameter and it was hoped that 
they would help to ensure 2-dimensionality of the flow. The end 
plates and the parts of the arms which were under water were made 
of 2 mm thick aluminium plate and the edges were rounded. 

1.4.2. Higher frequency tests 
-------------- 

The pendulum rig as described in the foregoing section had a 
natural frequency of 0.4764 Hz in air with no cylinder attached. 

A number of tests were conducted with a modified rig, where 
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the weights were raised 30 cm and strong, linear springs were at- 

tached to the pendulum, see Fig. 52. With this arrangement the natu- 

ral f requency, again for no cylinder attached and in air, was 

1.409 Hz- 

1.4.3. Inertia and natural frequency of the rig and cylinders 
----------------------- 

All the individual parts of the pendulum were weighed and the 

total mass, inertia and centres of gravity and inertia of the rig 

calculated, and from these the theoretical natural frequency was 

calculated. The natural frequency, for small amplitude oscillations 

in air, was measured to be 0.1% higher than the calculated frequency, 

which was considered confirmation that the masses and inertias wer. e 

correctly measured and calculated. 

The mass and inertia of the two pendulum systems with no cyl- 

inder attached are tabled below. 

Mass kg Inertia kgm2 

Low frequency (early tests) 52.36 62.726 

Low frequency 52.77 62.750 

High frequency 11.05 16.621 

(The low frequency rig was slightly altered after the first 

few tests had been conducted by the addition of a strengthening mem- 
ber to the cylinder support arms, hence the two figures above. ) 

The diameters, masses, inertias and inertias of the added masses 

of the cylinders (assuming added mass - mass of fluid displaced), 

together with the natural frequency of the two pendulum systems with 

various cylinders attached are listed below. 



- 107 - 

Cylinder Mass Cylinder Added Natural frequency 

Dia. Inertia mass 
Inertia low high 

m kg kgm2 kgm2 Hz Hz 

. 01275 0.3535 0.173 0.021 0.4764 1.403 

. 0202 0.1250 0.061 0.052 0.4762 1.403 

. 0252 0.1955 0.096 0.081 0.4760 1.401 

. 0320 0.1050 0.051 0.131 0.4758 1.400 

. 0350 0.3750 0.184 0.157 0.4757 1.397 

. 0502 0.3305 0.162 0.323 0.4744 

. 0701 0.4800 0.235 0.630 0.4717 

0 0 0 0 0.4764 1.409 

The last row represents the rig without any cylinder attached. 

It is seen that the maximum variation in the frequency for the 

low frequency pendulum system is 1.0% for the 7 cm cylinder. This 

cylinder was only used in tests in still water. The maximum varia- 

tion otherwise is 0.4%. For the high frequency set up the maximum 

variation is 0.85%. In all calculations the correct values of fre- 

quency for the relevant cylinder were used. 

The calculations of inertia used in the analysis for the total 

system with each particular cylinder attached includes an inertia 

term due to the added mass and this added mass is calculated as being 

the displaced mass of water. Now it should in fact be the displaced 

mass of water times the added mass codfficient which will be found 

in the results to vary between 1.1 and -. 4. The maximum error in 

the total inertia of the system caused by always using the displaced 

mass of water is 0.7% for the 5.02 cm cylinder. 
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2. INSTRUMENTATION 

2.1. Measurement of pendulum motion 

The motion of the cylinder was measured by attaching a force 

transducer to the pendulum via a linear spring. The force transducer 

was a Bofors type 
t2 kg, and was found to be linear within measure- 

able accuracy. The spring was chosen to give suitable force per unit 

displacement and was from a standard set of Terry springs. The wire 

attaching the pendulum to the spring and transducer was 3m long, 

and the maximum movement of the pendulum at the point of attachment 

was 4 cm, and thus the change in angle of the wire and thus of 

the horizontal component of force, over the extent of the motion, 

was negligible. 

2.2. Measurement of force on the cylinder 

The cylinder and mounting arm combination was hinged to the 

main horizontal beam at the upper end and held to a bar attached 

to the beam by a ring-type force transducer. The transducer had to 

satisfy the conflicting demands of high sensitivity, -to measure small 
forces accurately, and high stiffness, so as to obtain as high a 

natural frequency as possible of vibrations of the cylinder and sup- 

port arms system. 
On the second attempt a transducer was built which was suffi- 

ciently sensitive and the system had a natural frequency of 14 Hz 

with the heaviest cylinder attached and in water. The ring was 

equippedwith four strain gauges wired as a whole bridge circuit. 
The transducer was found to be linear within the accuracy of measure- 

ment. 
The force transducer was mounted such that it measured forces 

perpendicular to the line between the pivot points of the pendulum 

and the centre of the cylinder. Thus when the pendulum was deflected 

the force measured was not quite horizontal. The maximum deflection 
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of the pendulum in the tests was 120, and thus the error in the hori- 

zontal force measurement at maximum deflection was about 2%. For 

smaller deflections the error was correspondingly less, i. e. for 

60 it was 0.6% (corresponding to xo/D - 2.9 for the 2.54 cm cyl- 
inder). 

2.3. Amplification and recording 

The two force transducers, to measure position of and hori- 

zontal force on the cylinder, have been described. The instrumenta- 

tion is sketched below. 

GRAPH 
T ER FORCE PLOTTER 

TRANCDUCER 

N RD - 
[:: I-- HOTTINGER 

NORD-10 
POSITION AMPLIFIER A/D CON- Cu 

(VARIABLE GAIN) VERTER COMPUTEF 

c 

SYSTEM 

0 10 

FORCE ON L 
CYLINDER T-100 FM LI NE 

TELETYPE PR I NTER TAPE RECORDER 
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ICONTROL 

OFFSET AGAIN 

The transducers were coupled to two Hottinger Baldwin variable 
gain amplifiers (type TVE-OIA), and the outputs from these connected 
to a Tandberg T-100 FM tape recorder with variable offset and gain. 
In the experiments the time histories were first recorded on tape 

and then played back at higher speed (2 or 4 times) to the computer, 
using a standard data collection program. The signals could also 
be recorded on a U. -V. recorder during experimentation. 
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2.4. Calibration of the instrumentation system 

Although the force transducers to measure the position of. and 
forces on the cylinder had been calibrated and checked for linearity 

in the laboratory before the rig was assembled, in-situ calibration 

tests were also conducted. For both cases voltages at output from 

the amplifiers were measured using a digital volt meter (D. V. M. ). 

2.4.1. Position transducer 
--------------------------- 

The position transducer was calibrated by deflecting the pen- 

dulum, without the heavy weights attached, and noting the D. M. 

reading. The pendulum deflection was measured using a water level 

point gauge measuring to 1/10 mm mounted horizontally and used to 

measure the deflection at the bottom end of the bars which carry 
the weights. The calibration was conducted in terms of output of 

the amplifier, set at known sensitivity, for unit horizontal deflec- 

tion at the cylinder centre. Repeated testing, also after the experi- 

ments were conducted, showed that the calibration did not vary by 

more than 0.4%. 

With a constant input to the amplifier the output was measured 
for the various sensitivities which could be set. The outputs were 

correct to within 0.1%. 

2.4.2. Force transducer 
------------------------ 

The transducer to measure force was calibrated by applying 
forces to the cylinder using standard weights and a very low fric- 

tion pulley. The calibration was repeatable within 0.5% both before 

and after the experiments were conducted. 
Loads were also applied vertically to the cylinder to see if 

the transducer was sensitive to these. It was found that the sen- 
sitivity in this direction was 0.6% of the horizontal sensitivity. 

Again the outputs for. a constant input and various amplifier 
sensitivities were correct to within 0.1%. 
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2.4.3. FM recorder 
------------------- 

The FM recorder had a built-in amplifier which could give ad- 

ditional amplification of 1,2,5 or 10 times, of which 1,2 and 

10 times were used. The recorded tapes were played back and digi- 

tized at either 2 or 4 times the original recording speed, which 

was 15/16 in/sec. The following test was therefore conducted to 

check the FM recorder. 
A 0.400 v signal was applied to the two inputs and recorded 

at 15/16 in/sec, firstly with a gain of 1 and then with a gain of 
10. The recorded signals were then played back at 15/16,1 7/8 and 
3 3/4 in/sec, and the outputs measured using the D. V. M. The outputs 

are given in the table below. 

CHANNEL Output 

Playback speed 

Input 0.400 v 15/16 1 7/8 3 3/4 

Gain lx . 402 . 399 . 399 

lox 4.03 4.00 4.00 

CHANNEL 2 Output 

Playback speed 

Input 0.400 v 15/16 1 7/8 3 3/4 

Gain lx . 397 . 399 . 399 

lox 4.01 4.01 4.01 

Thus the maximum error in the playback at 1 7/8 or 3 3/4 in/sec 

was 0.25%. 

To minimize flutter the anti-flutter capability of the recorder 

was used (using a further channel to monitor flutter in tape speed 
by recording a fixed high frequency). Using this the values of the 

outputs in the above table did not vary from the figures given over 
a 20 second period, (without the anti-flutter the variation was -2%). 



- 112 - 

2.5. Calibration accuracy of the recorded signals 

From the above it is considered that the calibration of the 

signals at input to the computer's A/D converter are better than 

1%. Furthermore it is considered that most of this inaccuracy is 

in the form of uncertainty of the calibration constants rather than 

variation in them. 
A further possible problem besides calibration inaccuracies 

is amplifier drift during experiments. This will be considered in 

a subsequent section. 

2.6. Amplifier sensitivity 

The Hottinger amplifiers are designed so that the sensitivityO 

i. e. the calibration constant, can be varied in known steps. The 

sensitivity ranges are in terms of microstrain input for full de- 

flection, and the selectable ranges are 100,200,5009 1000, etc., 

up to 100000. The calibration constant of the force transducer was 

612.7 gm. /volt t 0.5% on the 5000 range, and thus on the 100 range, 

with an additional 10 x amplification on the FM tape recorder, a 

maximum sensitivity of 1.23 gm/volt could be obtained. For the de- 

flection the calibration was 9.083 cm/volt :ý0.4% on the 2000 range, 

and thus maximum sensitivity was 0.04 cm/volt. 

The range of the (8-bit) A/D converter used for the digitisa- 

tion was 
t5v. 

For a particular test run the sensitivities of the amplifiers 

were set so that the signal recorded on the tape recorder, which 

could be monitored, was nearly full scale, 
t5v (the procedure will 

be given in more detail shortly). For the position signal this in- 

volved only an adjustment of the amplifier sensitivity as the signal 

had almost equal positive and negative amplitudes. However the force 

signal, when there was a current present, consisted of a constant 

voltage, corresponding to the direct component of force', and a super- 
imposed oscillatory voltage, due to the oscillatory force components. 

For high current velocities, particularly for small amplitudes of 

motion, the steady force component may be very much larger than the 
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amplitude' of the oscillatory components. In order to obtain as high 

an accuracy as possible of the oscillatory component the input to 

the tape recorder was offset (a facility present on the tape re- 

corder), so that the oscillating component oscillated about -0 V. 

The offset voltage used was noted so that the direct component of 

force could be correctly calculated. 
The computer program used to digitize the signals was a standard 

VHL program written for use with the Hottinger amplifiers. Using 

this program it was only necessary to stipulate the calibration con- 

stants for a known sensitivity scale once, and then merely to note 
the sensitivity range used for each particular test run. 

2.7. Amplifierdrift 

Amplifier drift was under most circumstances immeasureableo 

in fact no drift was noticed over a period of many hours. Noticeable 

drift occurred under two circumstances. Drift was apparent during 

the first hour or so of operation after the amplifiers were switched 

on, almost certainly due to the warming up of the strain-gauges. 
The equipment was therefore always switched on at least 5 hours be- 

fore experiments'were conducted. 
Drift was otherwise noticeable over, say, 100 cycles when the 

amplification of the signal was greatest, i. e. with the amplifier 

set on the 100 range and the amplification of the FM tape recorder 

at 1,2 or 10. Calculation of damping and oscillatory coefficients 
was not affected as these calculations are conducted with reference 
to the local signal double amplitude. However, the calculation of. 
the mean drag, i. e. the mean offset of the signal, was affected by 

amplifier drift. For the lowest flow rates the drift could be a sig- 
nificant part of the mean offset. Therefore, in conducting the experi- 

ments for the lower flow velocities, the pendulum motion was stopped 

periodically, the amplifiers set to the most sensitive and the drift 

checked (this will be covered in more detail in the description of 
the experimental procedure). Some test runs were discarded due to 
drift. 
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EXPERIMENTAL METHOD 

3.1. Experiments conducted 

Altogether a large number of experiments have been conducted 
in still water using various cylinder diameters, using a similar, 
but smaller pendulum to that described (and analysing results by 

hand from U. -V. traces) and with different pendulum inertias. The 

results, however, are virtually identical for similar values of 
and therefore only those results obtained with the described rig 

will be presented in full here. 

Again results in currents for the oscillating component of drag 

coefficient have been obtained both with the described pendulum and 
with a previous, smaller version where the results were analysed 
by hand. (The results presented in Verley (1978a), Moe and Verley 
(1978), Verley (1977d), and Verley and Moe (1979a) were produced 

with the initial, smaller rig and covered only results for the oscil- 
latory drag coefficient. ) A full description will only be given of 
the results obtained with the described pendulum rig. 

The combination of cylinder diameter and flow rate are given 
by the 'Test Number' of the test. The last figure in the test number 
determines the cylinder diameter from the table below. 

Last Cylinder 

figure diameter 

0 0 

1 . 0202 

2 . 0252 

3 . 0320 

4 . 0350 

5 . 0502 

6 . 0701 

7 . 01275 
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The velocity of flow, and whether the high or low pendulum f re- 

quency was used, are determined from the first figures of the Test 

Number. The flow velocities tested, in the order in which they were 

tested, are given below. In some cases the smallest and in other 

cases the largest cylinders were tested first. 

Low pendulum frequency 
--------------------- 

Flow Velocity Test Numbers 

0 20 21 22 23 24 25 26 

Before extra . 128 30* 31 32 34 35 

stiffening . 288 40 41 42 44 45 

added . 445 50 51 52 54 55 

. 233 60 61 62 64' 65 

0 120 121 122 123 124 125 126 127 

. 179 70 71 72 74 75 

After extra . 081 80 81 82 84 85 

stiffening . 048 90 91 92 94 95 

added . 039 101 102 104 105 

. 059 111 112 114 115 

. 028 131 132 134 135 

* Data for test 30 was accidentally destroyed. 
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High pendulum frequency 
----------------------- 

Flow Velocity Test Numbers 

0 700 701 702 703 704 

. 039 200 201 202 204 205 

. 028 210 211 212 214 215 

. 048 220 221 222 224 225 

. 059 231 232 234 235 

. 081 240 241 242 244 245 

. 128 250 251 252 254 255 

. 288 260 261 262 264 265 

. 103 270 271 272 274 275 

In addition some tests were conducted in air, both with and 

without cylinders attached. 
After test series 60-65 the pendulum was slightly modified by 

the addition of an extra stiffening bar to the cylinder support sys- 

tem. This was done because some twisting of the cylinder was observed 
in the tests at the highest flow velocities. As will be seen the 

results in still water after the modification (tests 120-126) gave 

virtually indentical results to those before the modification (tests 

20-26). 

The maximum amplitude of motion of the cylinders in the experi- 

ments was about . 15 m for the low pendulum frequency tests, and . 08 m 
for the high frequency tests (due to limitations of the springs which 

were used to raise the frequency). Data was collected for amplitudes 
of motion down to about . 001 m. From these values the variation in 
the parameter xo/D, where xo = amplitude of motion, for the various 
cylinders can be calculated. 

The ranges of the other major parameters were 
V/nD .6 to 47 

Vlk 
0 . 05 to 50 

ý= nD2/v 80 to 3500. 
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3.2. Experimental procedure 

In order to obtain the force coefficients for the various cyl- 
inders it is necessary to conduct the experiments with the cylinders 

and also with no cylinder attached to the pendulum. The data obtained 

with no cylinder attached gives the damping of the system due to 

friction, motion through air and motion of the end plates through 

the water, and forces on the transducer due to fluid forces on the 

end plates and inertia forces due to the motion of the rig (these 

will be considered in more detail in later sections). The data ob- 

tained from the rig with no cylinder attached is subtracted from 

that from tests with the various cylinders to yield effects due to 

the cylinders. The variation in the amplitude of motion for any one 

test condition is about two orders of magnitude, and forces vary 
by even more, so it is evident that it is necessary to vary the sen- 

sitivity of the amplifiers in the course of the experiments. In order 

to give some overlapping the following routine was initially enr- 

ployed. 
The pendulum motions were worked up to maximum amplitude by 

hand and the sensitivity of the amplifiers and, if necessary, the 

offset of the force signal to the tape recorder adjusted so that 

the signals to the tape recorder varied within the range 
+5v (full 

scale). Having set the amplification the pendulum was oscillated 
by hand at full amplitude for a few cycles and then released. After 

about 2 cycles recording was started and continued until the smallest 

of the two signals was oscillating at about 
t 1.5 v. The sensitivity 

of the amplifiers was then increased (by a factor of 2 or 2.5) and 
the motion built up by hand until it was considerably more than 
±' 5 v. The motion was allowed to die down until both signals were 
within the range 

+5v, 
which was usually after at least 10 cycles, 

and recording started and continued until one signal was down to 

about 
t 1.5 v. This procedure was repeated down to the smallest aur- 

plitudes. (The range of sensitivity of the motion amplifier varied 
from 1000 for the low and 500 for the high pendulum frequency test 
to 10. ) Over some ranges of the test parameters the force output 
decreased in amplitude more rapidly than the motion output, and in 
these cases tests were conducted at 2 force amplifier sensitivities 
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for each motion sensitivity. In this way the signals were always 

held in the range 
ý5 

to 
ý 1.5 volt, and the overlap was such that 

the whole range of amplitudes was covered twice. For each condition 

the amplifier sensitivities and the force amplifier offset were 

noted, together with the tape recorder footage at the beginning and 

end of the recording. 
For the lower flow velocities (V < .1 m/s) where drift of the 

force amplifier is important, it was decided to stop the pendulum 
between each sensitivity variation, and to check that no drift had 

occurred (by turning to the most sensitive range). Also the smallest 

amplitude condition was tested first, and then progressively larger 

amplitudes. An example of the noted conditions for one test is shown 

in Fig. 55. 
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ANALYSIS OF THE DATA 

A schematic description of the various computer programs used 

to analyse the data is given in Appendix 1. 

From the time histories of the pendulum motion, the damping coef- 

ficient for the rig, as a function of amplitude, could be calculated 
from the logarithmic decrement of the motion. From the force time 

histories, the average steady force and, using the method of Fourier 

averages, the oscillatory drag and inertia coefficients could be 

calculated, as functions of amplitude. 
From the results of damping, steady force and Fourier oscilla- 

tory coefficients for the rig with a particular cylinder attached, 

were subtracted the results for the rig with no cylinder attached, 

at corresponding amplitudes, yielding damping due to, steady forces 

on and oscillatory coefficients for the cylinder. 

From the damping and from the oscillatory drag coefficient were 

subtracted the still water viscous drag values, calculated using 

Stokes' equations (Part I, chapter 3.13, equation (4)). The reason 

for this will become evident from the results in still water. The 

remaining damping and oscillatory drag coefficient are those due 

to separation and pressure effects and represent the effects over 

and above the purely viscous forces. 

From this remaining damping was calculated oscillatory drag 

coefficients which could also be compared with those obtained from 

the Fourier analysis of the force time histories. From the steady 
forces on the cylinder were calculated time-averaged steady drag 

coefficients. 

Digitization 

Digitization of the signals was conducted using an 8-bit, t5v 

range A/D converter controlled by a NORD-10 minicomputer using a 
VHL standard data collection program. Digitization intervals were 
0.04 sec and 0.02 sec of experimentation time for the experiments 
at the low and high pendulum frequencies$ respectively. These repre- 

sent about 53 and 35 samples per oscillation cycle, respectively. 
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The A/D converter was rather 'coarse', being only 8-bit, giving an 
accuracy of only + 0.039 volt. However, as will be discussed in a 
later section on the measurement of damping, considerable improvement 

of this accuracy was obtained and in fact the coarseness was not 
found to be a problem. 

4.2. Basic equations 

The results have been analysed using two equations. In the first 

the force per unit length of the cylinder is considered to be given 
by the relative velocities and accelerations (fluid acceleration 
is zero however), and written 

f(t) = . 5g)D C (V-ý)1(V-k)i- . 25pTrD2 c -(21) D3(t) a(t)*x 

where CD3 and Ca are time dependent drag and added mass coefficients. 
There is in this situation no Froude-Krylov force, and the inertia 

coefficient which would apply with the fluid oscillating rather than 
the cylinder would be given by CM = Ca+" :k and *x* are the structural 
velocity and acceleration, respectively. 

The second equation used assumed that the forces due to the 

steady current and the cylinder oscillations could be written inde- 

pendently, i. e. 

2_2 fM= . 5pD c DI 
(t)v 

. 5pD C D2(t)klkl - . 25p7TD Ca (t)*X* -(22) 

Here CD1 and CD2 are drag coef f icients associated with the 
steady and oscillatory drag forces in (22), respectively. 

The drag coeffi: cients in (21) and (22) are given numbered sub- 
scripts to avoid confusion. Equation (21) is identical to equation 
(11) used in Part I. Equation (21) is also the same as (12), used 
in the dynamic analysis of platforms, when V replaces U and ý=0. 

C D3'CD11 CD2 and Ca are in general functions of time. In 
this thesis time averaged coefficients will be used. 

Two methods are commonly used to determine time averaged coef- 
ficients in wave or oscillatory flows. In the first the oscillatory 
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drag and inertia coefficients are related to the first two Fourier 

coefficients of the time series, that is to say the sine and cosine 

coefficients at the fundamental, oscillatory frequency. This method 

was used by Keulegan and Carpenter (1958). The other commonly used 

method is a least squares f itting of the two coef f icients to the 

force measured in a cycle, as used by Sarpkaya (1976a, etc. ). 

The following methods are used in this thesis. The oscillatory 
drag force is determined from the damping measured, and used to cal- 

culate time averaged oscillatory drag coefficients from (21) and 

(22). The steady component of drag force measured is equated to the 

steady components of equations (21) or (22), to give time averaged 

steady drag coefficients. Time averaged oscillatory drag and inertia 

coefficients are determined from the time histories of force on the 

cylinder using the Fourier analysis method used by Sarpkaya (1976a). 

A detailed derivation of the coefficients is given in Appendix 2) 

where it is also shown that all the coefficients are equivalent to 

those determined by equating to Fourier coefficients, as used, for 

example, by Matten (1976) in his reanalysis of the data of Mercier 

(1973). 1 

In equation (21) the steady and oscillatory drag forces are 

mutually dependent and the time-averaged oscillatory drag and steady 

drag coef f icients determined are denoted CDDEP and STCDDEP, respect- 

ively. 

In equation (22) the steady and oscillatory drag forces are 

independent, and the time-averaged coefficients are denoted CDIND 

and STCDIND, respectively. 
The time-averaged added mass coefficient is the same for both 

equation (21) and (22), and is called CA. The coefficient which will 
be plotted, however, is the inertia coefficient, CM - CA+J. 

CDDEP and STCDDEP are thus the time-averaged oscillatory and 

steady components of CD3(t) in equation (21) and CDIND and STCDIND 

are the time-averaged values of CD1(t) and CD2(t) in equation (22), 

respectively. CDDEP and CDIND represent contributions over and above 

the viscous contribution calculated from Stokes' equations (and near- 
ly always very much smaller). 

Thus, using time averaged coefficients, equation (21) may be 

rewritten as 
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f(t) = . 5pD(STCDDEP). (steady component of (V-ic)I(V-: k)l) 

+. 5pD(CDDEP). (oscillatory component of (V-k)I(V-: k)l) 

25 pTTD2 (CA)5e 

-(23) 

Similarly equation (22) may be rewritten as 

f(t) = . 5pD(STCDIND) v2 

+. 5pD(CDIND) : kjAj 

-. 25piTD2 (CAX)e -(24) 

The above equations apply to the experimental condition of a 

cylinder oscillating in a steady current. For a condition of a sta- 

tionary cylinder in a combined steady current, of velocity V, and 

oscillatory current, of instantaneous velocity U, equations (23) 

and (24) would still apply, but with CM (= 1+CA) replacing CA, -U 

replacing :k and -ý replacing 7i. 

A time-averaged oscillatory drag coefficient from equation (22) 

was also determined by the method of Fourier averages applied to 

the force time histories. This coefficient is called CDINDI. Values 

of CDIND and CDIND' were found to be virtually identical when com- 

pared from tests in still water, but there was rather more scatter 

in the results of CDINDI. Therefore results of CDIND, i. e. obtained 
from the damping, are presented in this thesis. 

4.3. Equations for evaluation of the various coefficients 

The derivations of the equations for the evaluation of the vari- 

ous coefficients are detailed in Appendix 2. The equations are, how- 

ever, reproduced below. 
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4.3.1. Oscillatory drag coefficients, CDDEP and CDIND 
-------------- ---------- -------- -- 

These coefficients are derived from the damping of the rig. 

The equation of free oscillation of the pendulum rig with a cylinder 

attached may be written as 

It -6+ Ct6 + 14 Re-0 

where It = total inertia (including that 

added mass of water), Ct = total rot, 

MR = rotational stiffness and e, 6 and *e' 

ocity*and acceleration, respectively. 

The total damping coefficient, Ct, 

the cylinder, Ccyl and that 9 Co, due to 

tion, drag on the end plates, etc. 

Thus 

ct =c0+c 

cyl 

due to the cylinder and the 

itional damping coefficient, 

- angular displacement, vel- 

is made up of that due to 

other effects such as fric- 

If L is the length of the cylinder and h the distance from the 

axis of rotation to the cylinder axist then 

c 
cyl ý- ccyl h2L 

where ccyl is the linear average damping coefficient per unit length 

of cylinder. 
By definition 

Ct = 21t n6t 

where 6t is the logarithmic damping with the cylinder attached. 
Co is determined from experiments with no cylinder attached to 

the pendulum as 

Co = 210 n 080 
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and therefore 

21 n6 -c tt0 
c cyl h2L 

where the subscript 0 refers to conditions with no cylinder attached. 

The viscous drag damping coefficient (Part I, chapter 3.13) 

is given by 

I+I 
Cvisc ro 2pa2D2n 

LA 

7Tý -(25) 

and the damping due to separation effects is thus 

c press m Ccyl - cvisc -(26) 

The system will be such that the damping will be a minimum, 

and thus cpress represents a least energy form of averaging* 
The average damping c press can be related to similarly averaged 

oscillatory drag coefficients for use in equations (23) and (24) 

by equating work done. 

The work done by a force f over a small displacement, dx, is 

fdx = fý dt 

Therefore 

T 
f fk dt 
0 

c press T2 
fk dt 
0 

where f is. given by equation (21) and (22) to yield respectively 
CDDEP and CDIND and integration is over a cycle. 

The results of the integrations using f given by (21) and (22) 

are: 

-C x 
CDDEP press 

20 
. 5pD k0B -(27) 



- 125 - 

where B= 2a for V> ko, &A&týc- a-r- VAto 

and B is given by equation (9') of Appendix 2.1 for V< koe 

-3c 
CDIND press 

ý ýnpD x0 -(28) 

4.3.2. Oscillatory drag and inertia coefficients CDINDI and CM 
--------------------------------------------------------------- 

These coefficients are determined through a Fourier coefficient 

analysis of the force time histories. It is seen from equation (21) 

that the oscillatory part of the forcing side of the equation is 

identical to that in a pure oscillatory flow except that Ca replaces 

CM due to the effects of the Froude-Krylov force in oscillatory flow. 

Thus the equations derived by, amongst others, Sarpkaya (1976a) for 

oscillatory flow can be used to determine CDINDI and CA. (CA is the 

time averaged value of Ca. ) Thus if the velocity is assumed given 
by 

-Um cos(2Trnt) 

Tf cos(2lTnt)dt 
CDINDI = -3nTr f_ cy 

-(29) 20 
pD LU2 

m 

and 

4U Tf (t) sin(27nt)dt 
CA = (CM-1) =2mI cyl 

2 -00) 
7r Do pD LUM 

where fcyl(t) is the force time history on the cylinder through a 

cycle. 

Now the force time history obtained with a cylinder attached 
to the rig, ft(t), includes contributions due to the drag and inertia 
forces on the end plates and the cylinder support arms. One could 
obtain a cylinder force time history by subtracting that obtained 
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with no cylinder attached from that obtained with a cylinder at- 

tached, at the same amplitude of oscillation, i. e. 

fcyl(t) = ft(t) --fo(t) 0 

However it is easier to obtain drag and inertia coefficients 

with no cylinder attached, as CDIND' and CA , using f (t) for 
000 

f 
cyl 

in the above equations, and then subtracting these at each am-- 

plitude from the values obtained with a cylinder attached, CDIND t 
and CAto This is permissible as 

T 27Tt T 
2Trt T 

27Tt 
f (f 

t 
(t)-f 

0 
(t))cos( 

T 
)dt =fft (Ocos(=; ý=)dt -f fo(t)cos( -T)dt 

000 

and 

T2 
Trt 

T 21Tt T 21Tt 
f(f 

t 
(t)-f 

0 
W)sin(-: Iý)dt =f ft(t)sin(-T )dt -f fo(t)sin(-T )dt 

000 

In the tests with no cylinder attached a reference value for 

'diameter', D of . 0252mis used. In subtracting the values of CDIND I 
0 

and CAO from those obtained with a particular cylinder attached, ac- 

count must be taken of the reference diameter value used. 
Thus, for the oscillatory drag coefficient for a cylinder of 

diameter D, one obtains 

. 0252 CDIND' 
CDIND' = CDIND' 70 ID 

where values of CDINDI , CDIND' and CDIND' are at the same amplitude t0 

of oscillation, x0 41 

In order to obtain the inertia coefficient for the cylinder, 

CM, not only the no cylinder value must be subtracted, but also the 

contribution due to the mass and buoyancy of the cylinder, CA 
cyl 

(The derivation of which is explained in chapter 7. ) 

Thus 
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CM =1+ CA t- CAO - CA 
cyl 

Throughout this thesis values of CM will be plotted, rather. 

than of CA, mainly so as to compare with results obtained by other 

researchers. 
Values of CDINDI and CM were calculated for every oscillation 

cycle of the force time history. The values obtained were then aver- 

aged over a 3% range of amplitude. 

4.3.3. Steady drag coefficients STCDDEP and STCDIND 

These coefficients are determined by equating the force on the 

cylinder to the steady components of equations (21) and (22). 

The steady force on the cylinder, Fcyl, at a particular ampli- 

tude of oscillation, xo is given as 

F 
cyl ýFtF0 

where Ft is the average force measured in experiments with a cylinder 

and Fo in experiments without a cylinder. 

The force on the cylinder is equated to the steady components 

of equations (21) and (22), i. e. 

T 
ff dt 

cyl T0 

where f is given by equations (21) and (22). Conducting the integra- 

tions, which are fully documented in Appendix 2.2, yields 

For V>k STCDDEP 
F 

cyl 
0.2 

x 
. 5pD V2 (1 +02 

2V 

v< STCDDEP 
F 

cyl 
0 

. 5pD k2E 
0 
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where E is a coefficient dependent on the ratio V/io, and is given 
by equation (13') of Appendix 2.2. 

STCDIND -F 
cyl 

2- 
(32) 

. 5PD V 
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SOURCES OF INACCURACY 

Inaccuracies in the estimation of damping 

The logarithmic decrement of a signal is defined as 

6=1 ln( h 
0) 

i h. 
1 

where h0 is the signal amplitude of a particular cycle, and hi is the 

amplitude i cycles later. 

Errors in the estimation of 6 are introduced by errors in the 

estimation of ho/hie 

The various coefficients to be calculated -are expected to -vary 

with amplitude of motion and thus 6 must be defined at particular 

amplitudes of motion. The calculation of a single value of 6 is ne- 

cessarily over a range of amplitudes from ho to hi and represents 

some form of average value over the range of amplitudes h0 to hi* 

So as not to average out changes with amplitude of 6, and therefore 

of CDDEP or CDIND, it is desireable to have ho/h i as "utr 1.0 as poss- 

ible. However the inherent error in the estimation of 6 increases 

rapidly as ho/h i decreases. This is especially critical as the digi- 

zation is conducted with only 8-bits. 

For values of ho/hi ý 1.5, as is always the case in the analysis 

conducted in this thesis 

% error in h A. 
error in h /h. 

01 
-03) 

01 

i. e. 1% error in ho/hi* when 
in 6, whereas when ho/hi 

= 1.5 the error is 2%. Thus 

creases dramatically as ho/hi 

ho/hi 

Thus the choice of ho/h i 

ho/hi . 1.01 leads to a 100% error 
1.1 the error is 10%, and when ho/hi 

Lt can be seen that the error in 6 in- 

approaches 1.0, for a given error in 

in the calculation of 6 has to try tc 
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satisfy the conflicting demands of desired high accuracy in 6 and 

estimation over as small a range of amplitude as possible. 
Estimates of the error in h0 /h 

i may be made as follows: 

The A/D converter had a resolution of + . 039 v, the maximum 

difference between actual and digitized voltage being + . 039. The 

smallest amplitude that the motion trace was allowed to decrease 

to in an experimental run was about 1.5 volt, indicating a maximum 

error in the estimate of hi of about +2.5%, and rather less for hO. 

Thus the very largest error in estimating ho/hi is 2.5%, for 

the unfortunate combination of small amplitude and maximum error 
in his i. e. +. 039 volts, and zero error in ho (increasing error in 

h0 in fact decreases the error in h0 /his for this given + . 039 v 

error inh i). 
The vast majority of results will have a smaller error due to 

the fact that the amplitude was nearly always greater than 1.5 v 
(varying between 5v and 1.5 v), and the low probability of the above 

mentioned unfortunate combination. One might perhaps estimate a Irea- 

sonable' error of ho/hi as, say, 1%. 

Now if the damping is sufficiently small that the amplitude 

of motion decreases by less than . 039 volt per oscillation cycle, 

as was in fact nearly always the case, then the error in ho/h i will 
be less than the above due to the analysis method. This can best 

be explained with the aid of the diagram below. 

5x . 039 

4x . 039 

3x . 039 

2x . 039 

1 . 039 

The signal voltage is shown with respect to an axis in steps 
of . 039 volts. The A/D converter gives any voltage between, say$ 
(1 x . 039) and (2 x . 039) volts the value (1 x . 039) voltso The pro- 
gram to calculate 6 picked out the first peak in a time series less 
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than a given step value, e. g. the first peak with a value less than 
(4 x . 039) volts in the figure is that marked A, and this was given 

the value (4 x . 039) volts in the program. Similarly the peak B is 

given the value (2 x . 039) volts. 
The maximum difference between the actual value of the peak 

of A and that assigned in the program is thus -a volts, where a is 

the difference between one peak and the next, assumed constant over 
the range of a calculation of 61 (which is reasonable for ho/hi 

1.5 and constant damping over this range). 
Now the ratio of the amplitudes of succesive peaks is exp(6), 

and thus 

a 
-ij 1/exp(6)) 

or the percentage error in the estimation of ho/hi, assuming the 
damping to be constant over this range is 

100(l - 1/exp(6)) -(34) 

Combining (33) and (34) gives an estimate of the percentage 
error in the calculated value of 6 as 

100(l - 1/exp(O) 

(ho/h i- 1) -05) 

with a maximum 'reasonable' value of 

1 
(ho/hi : -- -1) 

-06) 

or an absolute maximum value of all the error sources combining of 

2.5 
(ho/hi -(37) 

From (33) and (36) it is seen that the error will be less than 
the 'reasonable' estimate for values of 6< . 01. 

Least error is therefore given for low 6 and high ho/hie The 
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disadvantage of high values of ho/hi has already been mentioned. Low 

6 is also advantageous in that one desires to have as little change 
in amplitude of oscillation from cycle to cycle, so that the flow 

may be considered to be a 'steady' oscillating flow, as opposed to 

one decreasing rapidly in amplitude. This is probably of importance 

to the interaction of vortices in one cycle with those from the pre- 

vious cycle. Low 6 is obtained by having high inertia, hence the 

reason for the massive pendulum design. 

5.1.1. Choice of the ratio ho/h 
---------------------- 

The program written to calculate values of 6 used a (nearly) 

constant value of h0 /his A time series of motion for a . 0252 m dia- 

meter cylinder in still water was analysed using different values 

of this ratio. The amplitude assigned to a particular value of 6 is 
that of hi/21 i. e. the amplitude of the cycle half way between that 

with amplitude ho and that with amplitude his 

For very small values, ho/hi < 1.05, there was considerable 
scatter in the results, and for very large ratios, ho/h iý2 there 

was a noticeable change in curves drawn through the results. A value 

of 1.2 was chosen for all subsequent analysis. It should be mentioned 
that when there was a current the damping varied much less with am- 

plitude, and so the need to limit ho /hi to small values, due to the 

averaging effect over amplitude, became less important. Thus as there 

was no noticeable evening out of the curves in the still water test 
using ho/hi - 1.2. it was considered that this was never an important 

effects 
For small currents the damping is less at small amplitudes and 

increases with increasing amplitudes The test rig had greater damping 
for larger diameter cylinders. In still water, at an amplitude of 

. 25 diameters, the logarithmic decrement of the smallest and largest 

cylinders tested (. 0202 m, . 0701 m diameter respectively) were 6- 

. 0018 and 6- . 0036 respectively, indicating an accuracy in the esti- 
mates of 6, using (26), of . 9% and 1.8%, respectively. 

The absolute maximum error for a value of ho/hi - 1.2 is, from 
(37), 12.5%, and the 'reasonable' value is, from (36), 5%. 
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It is in the estimation of 6 that the majority of the error 

in the calculation of CDDEP and CDIND lies. A less coarse A/D con- 

verter would have considerably improved the errors, for example a 

12-bit converter would have had an absolute maximum error of only 

0.8% f or hoAi=1.2. The 8-bit converter was the only one avail- 

able, and it will become evident from the results that the accuracy 

was quite sufficient. 
In order to obtain a larger number of points for 6 versus ampli- 

tude the time history was stepped down in 7% steps of amplitude, 

and 6 calculated between each amplitude and the next but two, i. e. 

about 20% down. This is illustrated in the figure below. 

5.2. Inaccuracies in the estimation of the steady drag force 

The steady drag force was estimated by calculating the average 

of the force signal over the same range as each damping estimate 

was taken, i. e. over about a 20% amplitude range. 

5.2.1. Digitization error 
-------------------------- 

A digitization error due to the coarseness of the 8-bit A/D 

converter is introduced. 

The digitized value of any point will be between 0 and . 039 

volts lower than the actual value. As the average is taken over be- 

tween several hundred and several thousand points, the actual mean 

will be very nearly . 039/2 . 0195 volts higher than the estimated. 
This was not accounted for in the programs written, however the 
lowest force measured was represented by about 0.8 volts, and thus 
the maximum error due to this effect is about 2.4%. 
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5.2.2. Damping effect error 

If one assumes that there is a damped harmonic oscillation about 

a zero mean value from an initial value ho, say, i. e. that the curve 

may be described as 

h= ho cos(27nt)exp(-6t) 

then integration of this curve, over an integral number of cycles 

will not give a zero mean. 
It can be shown that the dif f erence between the true mean (zero 

in this case) and that calculated by integrating the curve is given 

by 

difference _ 
-h 0n1- 6exp(-6i/2)1 

iI 4Tr 2n2+62j 

where i is the number of cycles over which the integration is con- 
ducted. It is evident that the largest difference occurs for large 

amplitude oscillations with high damping and the integration con- 
ducted over few cycles. 

In the experiments high damping only occurs when there is a 

large current velocity, in which case the steady component of force 

is large and this error still represents only a small percentage 

error. The error may be significant in small currents where. the 

steady force is small, and with large amplitude vibrations where 
the oscillatory forces are large and the damping is also larger. 

The maximum error' in the steady component force due to this effect 
is estimated, using the above equation, to be about 0.15% of the 

oscillatory amplitude.. It is difficult to judge whether this will be 

significant or not. The smallest ratio of steady to oscillatory vel- 
ocity, V/ko was about . 05, indicating that the steady force may be 

very much less than the oscillatory, and the error from this effect 

correspondingly larger. However it appears that in this region the 

steady drag coefficient$ STCDIND, is very high, tending to decrease 

the error again. The results plotted in this thesis did not account 
for these errors, however some data, where the effect was expected 
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to be greatest, was reanalyzed accounting for this effect. The differ- 

ence in the results was very slight and it is therefore assumed that 

the effects of the damping on the estimation of the steady force 

were negligible. 
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SUBTRACTION OF NO-CYLINDER VALUES 

It has already been seen that values of force, damping, CDINDI 
0 

and CA 
0 obtained with no cylinder attached to the rig have to be sub- 

tracted from the values obtained with a cylinder attached in order 

to isolate the effects due to the cylinder. It was found that for 

low velocities of flow the force data with no cylinder attached were 

unreliable due to amplifier drift and the inaccuracies in measuring 

the very small forces involved. For some velocities, tests with no 

cylinder were not conducted and in one case the data was acciden- 

tally destroyed, and thus the no cylinder data for these cases had 

to be estimated from the data at other velocities. Data for these 

cases were obtained by multiplying data at other flow velocities by 

appropriate factors. In order to do this the data was curve-fitted. 

The curve-fitted results of the data from tests with no cylinder 

were subtracted from the data obtained with a cylinder attached at 

each particular value of amplitude xOO Curve f itting also eliminated 

errors which would occur if, for example, linear interpolation was 

used (due to scatter or spurious data points which occurred occasion- 

ally, most often caused by voltage 'spikes'). 

Curve fitting was also necessary in order to extrapolate between 

experimental points. The values of xo/D were not identical in all 

tests, and it was desired to compare data from different conditions 

at identical values of xo/D, therefore the final results, after cal- 

culation of the various coefficients, were also curve-fitted. 
The curve-fitting procedures are detailed below. 

Curve-fitting 

The curve-fitting routines consisted of library routines modi- 
fied by the author, which provided a least squares polynomial fit, 

of order up to 18, to up to 500 points, with the possibility of 
weighting any number of the points. 

The Ix-ixis' in the curve-fitting used in the results was always 
the amplitude of oscillation, xo/D. 

There are a number of problems with any curve-fitting procedure 
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which make it difficult to apply the technique generally without 

considerable forehand knowledge about the points to be fitted. Some 

of the probl ems are indicated below. 

i) Too low an order of polynomial will even out 'bumps' in 

a complicated curve. 

ii) Too high an order of polynomial can lead to the fitting 

of a complicated curve through a few points, which are 

in fact best fitted by a simpler curve. 

iii) If there is a gap in the data points, particularly if a 

high order polynomial is used, then the fitted polynomial 

may exhibit oscillations in this gap. 

iv) The least squares method reacts strongly to a 'spurious' 

point which may lie away from the rest of the points. 

V) Apparently simple curves, as for example those obtained 

for the oscillatory drag coefficient in still water (Fig* 

70), may nevertheless need high order polynomials to 

fit them. In the case of the oscillatory drag coefficient 

the peak is otherwise underestimated. Weighting may ad- 

vantageously be applied in areas where changes in the 

curve are expected, or where particular accuracy is de- 

sired. 

vi) If the data cover a wide range of values (for example 
damping in the experiments could vary over an order of 

magnitude)v then the lower values will have corresponding- 
ly less importance attached to them, and the fitted curve 

will exhibit larger percentage deviation for the low 

values, as the procedure is to minimize the absolute 
deviation. If the percentage error is desired to be as 
little at low values as at high (as in the case of 
damping here), then it is advisable to change the data 

values so that they vary less, for example by taking 

the logarithm first (a variation of 2 orders of magni- 
tude from, say, 10 to 1000 then becomes a variation from 

1 to 3). As another example, results of MIND with no 

cylinder attached to the rig were approximately propor- 

. 
tional to 1/xop and consequently varied greatly with 
xo/D. Therefore, by multiplying MIND by xo before con- 
ducting the curvefitting, the values were virtually con- 
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stant. Any program which uses curve-fitted coefficients 

which have been produced from data which has been altered 

by taking logs,, etc., before conducting the curvefittings 

must be aware of the alterations so as to apply their 

inverses after calculating values at desired points, 

e. g. if curve-fit coefficients are produced f or 

(CDIND . xo) versus x0 /D, then a program calculating 
CDIND at a particular value of xo/D has to first substi- 
tute the particular value of xO/D into the coefficients, 

evaluating (CDIND . xo) at this value, and then to divide 

by x0e It is therefore necessary to keep very careful 

track of data alterations used to suit curve-fitting 

routines. 

In many respects, curvefitting 'by-eye' represents an exceedingly 

advanced form of fitting, the effectiveness of which can rarely be 

duplicated by a computer routinel (However in our case, fitting by 

eye does not produce data which 'can easily be used in further nu- 

merical routines, as polynominal coefficients can. ) 

For the various data considered in this investigation it was 

necessary under different circumstances to use different orders of 

polynominal, to take logs, to multiply by xop to use weighting, etcog 

to suit the data of the particular condition. This dependence of 

the curve-fitting routine on the data to be fitted cannot easily 

be reconciled with the desire to automise the process as far as poss- 

ible. The analysis programs took a large amount of computer time, 

and it was desired to run the programs in batch processing. 
Representative results for the various expected data forms were 

therefore analysed. several times using various combinations of poly- 

nomial order, etc., to try to find suitable combinations for the 

majority of the results. The results were then analysed In batch 

processing. All results ýwere then studied by plotting the actual 

points and curvefitted curves, and those which were deemed unsatis- 
factory were reanalysed with other combinations of polynomial order, 

etc., until satisfactory results were obtained. The process was, 
however, rather time consuming. 

Curve-fitting was not a method used primarily to improve poor 
results. Representative example curves with actual points plotted 
on are given in the main results. Also examples of actual points 



- 139 - 

and those predicted at particular values of xo/D for various vari- 

ables are given in chapter 10.1. In figures where actual and curve- 

fitted points are shown the curve-fitted points are shown with larger 

symbols. 

6.2. No-cylinder values of force 

The effects of amplifier drift on the estimation of the steady 

component of force have already been mentioned. Drift was most sig- 

nificant in tests with very small steady forces, particularly if 

the test covered a long time span. Drift was found to be a problem 
in estimating the steady component of force in low velocity currents 

for the rig with no cylinder attached. Also in this case the voltage 
deflection was small, even on the most sensitive range, being about 

.2 volts, again indicating inaccuracy. 

In Fig. 56 are shown the measured points for forcet Foo in New- 

tons, versus xo/D for the rig with no cylinder attached in various 

current velocities, for the low pendulum frequency. There is very 
little scatter in the results for higher current velocities and more 

scatter for the lower velocities. There is a small increase in force 

with increasing amplitudes. Similarly in Fig. 57 two curves are shown 
for the high pendulum frequency case. The increase in force with 

amplitude is rather greater (however if the increase is caused by 

a decreasing V/kO effect, then it is approximately the same for the 
two cases). 

In Fig. 58 are plotted the low amplitude values of the square 
root of the force measured against velocity, for both the high and 
low pendulum frequency cases for the data in the above figures and 
for other cases. An impression of the scatter is shown by the verti- 
cal length at each point. It is seen that for velocities greater 
than about . 07 m/s, the points are joined by a straight line. Appar- 

ently for lower velocities there is a rather greater force than that 

suggested by an extrapolation of the straight line. Although this 
may be due to a more dominant viscous drag term at lower velocities, 
the effect could have been due to amplifier drift and general in- 

accuracies at the low flow velocities. The results for forces on 
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the cylinders were obtained in two ways: by subtracting, f rom the 

forces measured in experiments with cylinders, forces given by the 

straight line, and forces given by the curved line drawn in Fig. 58. 

For example for the low pendulum frequency tests, the values 

to be subtracted for velocities lower than .1 m/s were calculated 

by multiplying those of test 70, obtained in a . 179 m/s current, 
by an appropriate scaling factor, e. g. for the tests in . 028 m/s 

current, using the straight line curve of Fig. 58, the results were 

multiplied by . 025 at all amplitudes. 
For the high pendulum frequency tests, test 260, at a velocity 

of . 288 m/s, was scaled appropriately for all the tests at other 

velocities. 
Fig. 58 is drawn for the small amplitude results, the increase 

in force due to increasing amplitude of motion was assumed to scale 

in the same manner. The no-cylinder force is, however, less important 

for large amplitudes of motion, as at small velocities of flow the 

drag force on the cylinder increases very rapidly with increasing 

amplitude, whereas the no-cylinder force increases by only a small 

amount. 
It was found that there was virtually no difference between 

results obtained when subtracting the no-cylinder forces given by 

the straight line relationship between and x0 /D, and those 

given by the curve relationship in Fig. 58, other than for a flow 

velocity of . 028 m/s and to a lesser extent . 039 m/s. The force dif- 

ference between these two approximations represents a value of 
STCDIND for the . 0202 m diameter cylinder of .2 and . 08 for the . 028 

and . 039 m/s currents9 respectively, and correspondingly less for 
larger cylinder diameters. 

Results obtained using the curved relationship of Fig. 58 for 

the no-cylinder force seemed to give a better collapse than those 

using the straight line approximation, when comparing results for 
the same values of V/nD and xo/D (the important parameters in this 

case), but for different cylinder diameters and flow velocities. 
It was therefore assumed that the curved relationship did approxi- 

mate the no-cylinder forces better than the straight line relation- 
ship. The various coefficient results presented in this thesis have 
therefore been obtained using the curved relationship. 
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6.3. No-cylinder values of damping 

In Fig. 59 are shown the calculated actual points for the 
damping factor of the rig in still water with no cylinder attached, 
Co, for the low pendulum frequency case. The curve-fitted points 
at various values of xo/D are also shown (the larger symbols). In 
Fig. 60 are shown points for the high pendulum frequency case. It 
is seen that the damping increases with xo/D, particularly for low 

velocities, that higher velocities lead to higher damping, and that 

there is virtually no scatter in the results. The high frequency 

pendulum evidently had higher damping. (A value of Co = .2 represents 

. 053% and . 067% of critical for the low and high frequency pendulums, 
respectively, which indicates how low the damping is. ) 

In Figs. 61 and 62 the values of Co for various values of x0 /D 

are plotted against velocity. It is evident that damping changes 
smoothly with amplitude and velocity, and values at other velocities 

can be accurately estimated. For the low frequency pendulum case 
data did not exist for flow velocities of . 128, . 059, . 039 and 

. 028 m/s. Data for . 128 m/s flow was obtained by suitably adjusting 
the data at . 179 m/s, and data for the other velocities were obtained 
from the data at . 081 m/s. As an example the data at . 128 m/s is ob- 
tained by multiplying that at . 179 m/s by 1.1 and subtracting . 021. 

In Fig. 61 the estimated data for these flow velocities are shown. 
Similarly for the high frequency pendulum, data for flow vel- 

ocities of . 059 and . 028 m/s were obtained from the data at . 048 m/s, 
and the estimated points are shown in Fig. 62. 

The damping of the rig with no cylinder attached is only a sig- 
nificant proportion of that with a cylinder attached for zero flow 

velocity, the smallest cylinder diameters (the . 035 m diameter or 
smaller) and for the very smallest amplitudes of oscillation, say 
xo/D < . 25. This can be seen from Fig. 63 where the damping measured 
against xo/D is shown for the low frequency pendulum rig in still 
water with no cylinder attached, and with each of the cylinders at- 
tached. 
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6.4. No-cylinder values of oscillatory drag coefficient, CDINDO 

From section 6.3 it is evident that the damping of the rig with 

no cylinder attached is virtually constant with amplitude. However' 

from equation (28) it is seen that CDINDO - 60/xoo The oscillatory 
drag coefficient obtained from the Fourier analysis of the force 

time history, CDINDOI, is therefore expected to be approximately 
cc 1/xo* In Fig. 64 is shown CDINDO for the low frequency rig with no 

cylinder attached in still water. The curve-fitted points shown have 

been obtained in the manner described below. 

Before applying the curve-fitting procedures the data for CDINDI 0 
was multiplied by 50 xo* The data of Fig. 64 are replotted in Fig. 65 

for CDINDO-50x 
0. 

It is seen that the scatter is very small except 
for xo/D _ý . 25. In Fig. 66 are plotted results for the low pendulum 
frequency at various flow velocities. The results for a velocity 

of . 0ý1 m/s lie only very slightly higher than those for zero vel- 

ocity, and there was no difference between those at . 048 m/s and 

zero velocity. For flow rates of . 059, . 039 and . 028 m/s, therefore, 

the data for . 048 m/s was used. 
Although results for CDIND' for the high pendulum frequency 0 

rig were obtained, they will not be presented in this thesis. Suffice 

it to say that the procedure was similar to that for the low fre- 

quency tests. 

6.5. No-cylinder values of mass coefficient, CAO 

For velocities of flow of . 233 m/s and with the largest cyl- 
inders attached, it was found that twisting of the frame holding the 
test cylinder could occur. This was prevented by adding a stiffening 
bar. Tests in still water were conducted both before and after fit- 
ting, and it was found that there was no difference in the curves 
of damping, force, or CDINDO. However the coefficient CAO was al- 
tered. The two curves are shown in Fig. 67, and it is noted that 
the values are 

- 
negative. In Fig. 68 are shown curves of CAO versus 

XO/D for the low frequency. pendulum rig with no cylinder attached 
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for various current velocities. It is seen that the values of CAO 

are independent of xo/D and that they are virtually identical to the 

appropriate still water values, except for the very highest velocity, 

. 445 m/s when the value of CAO was slightly changed. The values for 

a current of . 048 m/s (Test 90) were used for tests at lower flow 

velocities. 
For the high frequency pendulum rig tests, which were conducted 

after all the low frequency tests, the rig was in its modified ver- 

sion, i. e. with the stiffening bar. The value of CAO was the same 
for all values of velocity (CAO = 1.68, based on a diameter, D 

. 0252), and the curves are not reproduced here. 

The explanation of the negative values of CAO will be given in 

the next chapter, where the mass force due to the mass and buoyancy 

of each cylinder is considered. 
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INERTIA EFFECTS DUE. TO THE MASS AND BUOYANCY OF THE CYLINDERS 

The inertia force measured on the rig, with a cylinder attached 

and in water, is expressed, in terms of the cylinder diameter and 

the acceleration of the centre of the cylinder, as 

F= . 25PTr D2L CA tx -08) 

where 

CAt = CA + CA 
cyl 

+ CA 
0 -09) 

where CA (= CM-1) is the added mass coef f icient which it is desired 

to obtain, CAcyl is the mass coefficient due to the mass and buoyancy 

of the oscillating cylinder and CAO is the mass coef f icient due to 

the oscillation of the mass of the measuring system (the f rame con- 
sisting of cylinder end plates, support arms and strengthening mem- 
ber) and is given by tests in water conducted with no cylinder at- 
tached. 

The values of CAO have been discussed in the previous chapter; 
suffice it to say that the values for the low pendulum frequency 

tests were negative, and that this is due to the action of gravity, 

as will become evident in the following. 

Consider the value of CAcyl, due to the inertia force of a cyl- 
inder of length L, diameter D and mass M oscillating in air with 
pure oscillatory motion and amplitude x0e The force at any instant 

on the cylinder is. given by Force - Mass. Accelerationt i. e. 

F(l) 
cyl 

where Y is the instantaneous acceleration. 
This can also be written in the form 

F 
cyl . *25P7T D2L CA 

cylx 

and therefore 
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CA 
(1) m 
cyl 25pTr D2L -(40) 

where the (1) indicates that this is calculated for pure oscilla- 

tory motion in air. 
Now consider oscillations in air of the cylinder attached to 

the pendulum. Because of the arc of the motion there will be a compo- 

nent of the gravitational force perpendicular to the axis through 

the cylinder centre and centre of rotation of the pendulum, ie. 

acting in-line with the force transducer. This force has a magnitude, 

for a deflection angle 0 of the pendulum, given by 

Mg sinG z-- Mg 6= mg x/h 

where x is the instantaneous deflection of the centre of the cyl- 

inder, and h is the distance from the centre of the cylinder to the 

axis of rotation. Therefore in this case 

F 
(2) 

= bfii - Mg x/h cyl 

and 

CA 
(2) 

-1" IfCie - gx/h) 
cyl 

. 25P7T D2 IY 

and, as Y= 4U2 n2 x, this can be written 

CA 
(2) 

= CA 
(1) 

( 4Tr 2n2- 
g/h 

cyl cyl 47T 2n2 -(41) 

where (2) indicates that this is calculated for the cylinder attached 
to the pendulum and oscillating in air. 

Experiments were conducted for both the low and high frequency 

pendulums oscillating in air with no cylinder attached, and with 

various cylinders attached. The results are given below 
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D n M(kg) CAO CAt Measured Calculated 
CA 

cyl 
CA 

cyl 

. 0252 . 4764 . 196 -2.65 -3.30 -. 65 -. 663 

. 0350 . 4764 . 375 -1.36 -2.01 -. 65 -. 659 

. 0202 1.409 . 125 3.54 2.61 . 93 . 959 

. 0350 1.409 . 375 1.80 . 87 . 93 . 960 

* This value is adjusted for the relevant cylinder diameter. 

The agreement between the measured and calculated values of 

CA 
cyl 

is satisfactory and also indicates that the computer programs 

worked correctly. 
It is evident that a negative value of CACY, will occur if 

gx/h < V. Similarly a negative value of CAO was obtained for the 

low frequency pendulum system. The cylinder and the cylinder support 

system in these cases is effectively being 'held back' by the pen- 

dulum rather than being forced. 

Consider now a cylinder attached to the pendulum and oscillating 

in water. There will be a buoyancy force as well as the gravitational 

force, and in this case the force on the cylinder may be written 

as 

(3) 
F 

cyl 
mx (M-B)gx/h 

where B is the buoyancy mass and is given by the displaced mass of 

water. 
From this it can be derived that 

(3) (1) 
CA 

cyl = CACY, Z 

where 

z 
4Tr2n2M - (11-B) g/h 

% -(42) 4Tr 2n2 
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In the table below the values of CA 
(3) 

for the various cylinders cyl 
are calculated. 

B CA 
(1) (3) 

D n m 
cyl z CA 

cyl 

. 01275 . 4764 . 354 . 043 8.31 -. 374 -3.108 

. 0202 . 4762 . 125 . 107 1.168 . 775 . 905 

. 0252 . 4760 . 196 . 166 1.176 . 760 . 894 

. 0320 . 4758 . 105 . 268 . 392 3.434 1.346 

. 0350 . 4757 . 375 . 321 1.169 . 774 . 905 

. 0502 . 4744 . 331 . 660 . 501 2.568 1.287 

. 0701 . 4717 . 480 1.286 . 373 3.679 1.372 

. 0202 1.403 . 125 . 107 1.168 . 974 1.138 

. 0252 1.401 . 196 . 166 1.176 . 972 1.143 

. 0320 1.400 . 105 . 268 . 392 1.281 . 502 

. 0350 1.397 . 375 . 321 1.169 . 974 1.139 

. 0502 1.386 . 331 . 660 . 501 1.184 . 593 

An indication that this procedure is correct is given by the 

fact that the value calculated for CM at very small amplitudes of 

vibration was 2.1 ý 
. 04 for all cylinder diameters and both pendulum 

frequencies, and this value is in good agreement with that obtained 
by other researchers. 
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PARAMETERS OF IMPORTANCE 

For a dimensional analysis it is assumed that the drag force 

on the cylinder is a function of (Vinst, P, D, xo, TI, n, 0, where 

TI is the dynamic viscosity. This analysis yields 

F fn(x /D, V D/V, V /nD, V t/D) 
pD V20 

inst inst inst 
inst 

The last group can be replaced by t/T, which is a combination 

of the two last groups, where T= 1/n. Each of the two middle groups 

can be expressed as two groups with respectively V and as 

V inst 
(V-ý), i. e. 

F 

PD V2 
fn(x 

0 
/D, VD/V, AD/V, V/nD, k/nD, t/T) 

inst 

combining the third and fifth groups yields ý- nD2/v instead of the 

third group, and removing dependent groups gives 

F 

pD V2 
fn(x 

0 
/D, ý, V/nD, t/T) 

inst 

The f inal group is discarded as time averages of the coef 
f icients are used. The results have been plotted using V/nD as one 

parameter and either xo/D or V/k 
0 

V/nD divided by 2Tr x0 /D) f or 

various ranges of ý- 
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RESMS IN STILL WATER 

Only the results for the tests in still water will be presented 
in this chapter. Results for the tests in various currents will be 

presented in the following chapter. 

9.1. Oscillatory drag coefficient 

For zero flow velocity the oscillatory part of equation (22) 

reduces. to that of equation (21), and CDIND -7- CDDEP. 

The main tests conducted have been listed in section 3.1. It 

has already been mentioned that the Stokes' viscous damping contri- 

bution, cvisc, was subtracted from the cylinder damping (equation 

(26)), before CDIND was calculated. The reason for this will become 

evident from the following. 

In Fig. 63 are shown calculated points and the curve-fitted 

results for damping of the rig versus xo/D with various cylinders 

and with no cylinder attached. 
From these results, and those for other cylinders, results for 

CDIND, where the viscous contribution has not been subtracted, are 

shown in Fig. 69, i. e. ccyl is used for c press 
in equation (28). 

It is seen that f or small values of xo/D the curves for lower values 
of ý lie higher than those for higher values of a, and that as xO/D 
approaches zero the curves all go asymptotically to very large 

values. 
It has been shown in Part I, chapter 3.13 that for xo/D smaller 

than about 0.1 the damping force on the cylinder is given by Stokes' 

equations, i. e. by equation (25). 

Using equation (28), the drag coefficient due to viscous force 

can be expressed as 

CDIND -37T 
2 

(2-) 
[ F74 

+1 
-(43) visc ,4x0 Tr ýI 

From which it is seen that the (unseparated) viscous contribu- 
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tion is ccl/(x 0 
/D) and approximately -YrTl/7, (as v7_1/rý >> 1/ITý). 

This thus suggests that the effects noticed above in the experi- 

mental values of CDIND at low xo/D are due to viscous contributions. 

Therefore in Fig. 70 are plotted values of CDIND with the vis- 

cous contribution removed, i. e. using equation (26) for c press 
in 

(28). For larger xo/D the results are virtually unchanged, however 

as xo/D approaches zero the curves all approach CDIND - 0. These 

curves thus represent the value of oscillatory drag coefficient over 

and above that given by Stokes' equations, i. e. by equation (43). 

The curves may be thought of as representing the oscillatory drag 

coefficient component due to pressure, i. e. separation induced 

forces. (See also chapter 12.5. ) 

In all subsequent plotting, for both still water tests and tests 

in currents, the Stokes' viscous contribution is subtracted before 

the oscillatory drag coefficients are calculated. Stokes' viscous 

damping is only expected to apply for unseparated flow whereas it 

has been subtracted under all circumstances. However, other than 

for very low flow velocities and low values of xo/D, the contribution 

is small compared to the total oscillatory drag forces. Also, as 

will be seen, at very low f low velocities the experimental values 

of CDIND and CDDEP are virtually identical to those for zero flow, 

indicating that the subtraction of viscous forces is still reason- 

able. 
By fitting a curve to Fig. 70 for values of xo/D < .. 5 and com- 

paring the total drag coefficient, given by this curve plus the vis- 

cous contribution given by equation (43), to the viscous contribu- 
tion, it can be calculated up to what value of xo/D the drag coef- 
ficient, and therefore also the damping, is given by Stokes' viscous 

equations. In Verley (1978) it was shown that the viscous contribu- 

tion is 90% or more of the total for 

xo/D < . 53 (1/a)1/6 

for which xo/D varies from . 26 for 70 to . 14 for 3500, and 

. 05 for ý= 106. 

The implications of the above equation are probably one reason 
why various authors have obtained various values of xo/D up to which 
they consider Stokes' viscous theory to apply. 
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9.1. j. Scatter in the results 

Figs. 69 and 70 were plotted from curve-fitted results at vari- 

ous xo/D. 
In Fig. 71 the actual experimental data points for some of the 

values of ý are plotted. It is seen that only a very small amount 

of scatter is found. Further experiments showed that there was more 

scatter at very low values of xo/D. Scatter appeared to be about 

.5 at xo/D = . 05 and 05 at xo/D > . 2. 

Altogether in the course of the experiments a large number of 

results for CDIND versus xo/D for various 6 have been obtained, using 

various. cylinders attached to various pendulum rigs. An idea of the 

extremely good repeatability of the results can be obtained by com- 

paring the results of Fig. 71 with those of Fig. 72 obtained some 

months later, and Fig. 73 obtained, with a smaller pendulum and cal- 

culating values of logarithmic damping by hand from U-V traces of 

the motion output. The results can also be compared with those of 

Sarpkaya and Tuter (1974)ý whose results were obtained in an oscilla- 

tory flow and have been reanalysed, subtracting the viscous contribu- 

tion, and are plotted in Fig. 74. A curve drawn through these results 
is almost identical to those of the above figures for similar 
but the results show rather more scatter than the author's. 

Values_of_oscillatoly drag_coefficient from Fourier 

. gn2l. y§is of forces., 
_CPIILIý 

In the previous sections, values of the oscillatory drag coef- 

f icient CDIND (= CDDEP) obtained f rom the damping of the pendulum 

motion have been presented. Values of the oscillatory drag coef- 

ficient have also been obtained from a Fourier coefficient analysis 

of the forces measured on the cylinder, i. e. CDIND' as described 

in chapter 4.3.2. Some results for CDIND' versus xo/D are shown in 

Figs. 75 and 76. (The viscous contribution has again been sub- 

tracted. ) From these it is seen that the results for xo/D > 1.0 are 
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virtually identical to those for CDIND. For lower values of x0 /D the 

results of CDIND' lie somewhat higher, and there is also more scat- 

ter. For low x0 /D the force trace is predominantly inertia dominated, 

and there is hence less accuracy in the results of CDIND'. 

9.2. Inertia coefficient 

Curve-fitted results of CM versus xo/D for the low and high fre- 

quency pendulums are shown in Figs. 77 and 78, respectively, and 

the actual points for some of the low cylinder frequency results 

are shown in Fig. 79. Results from Sarpkaya and Tuter (1974) are 

also shown on Fig. 77. The low frequency pendulum results are similar 

to those of Sarpkaya and Tuter, however the large amplitude values 

are rather lower (-20%) than Sarpkaya and Tuter's. There is little 

scatter in the results for xO/D < 2.0, with increasing scatter there- 

after when the oscillatory forces become drag dominant. Values of 

CM obtained with the high pendulum frequency lie rather higher, for 

similar ý, than those from the low, at least for xo/D > 1.0. There 

is no apparent explanation for this, however the high pendulum fre- 

quency results exhibited considerably more scatter. 

It is noted here that CM is plotted rather than CA for compari- 

son purposes. The actual inertia force on the cylinder can be cal- 

culated from the results by subtracting 1.0 from the values of CM. 

C. M, as has been explained, represents the force for a case where 
the flow is oscillating and the cylinder is stationary. 
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10. RESULTS IN CURRENTS 

Example results 

Examples of the raw results for the damping, Cop the steady 
force, Fop and the inertia, CAO, for tests with no cylinder in 

various currents have already been presented in chapter 6. 

Due to the large amount of data collected, only af ew examples 
of raw results for tests with a cylinder attached are presented. 
The general variation and scatter in these examples are, however, 

entirely representative for all the results collected. 
In Fig. 80 are shown examples of the damping, C 

cyl? 
for various 

cylinders attached in various currents. It is seen that there is 

virtually no scatter except for results at the very highest flow 

velocities, when the scatter is still only about 
t 5%. 

In Fig. 81 are shown examples of the steady force, Ft, for the 

rig with various cylinders attached in various currents. Again there 
is very little scatter. 

From the damping data the oscillatory drag coefficients CDIND 

and CDDEP are calculated, and from the steady force data the steady 
drag coefficients STCDIND and STCDDEP are calculated. From the force 

time histories the inertia coefficient CM is calculated. 
An impression of the scatter in the oscillatory drag coef- 

ficients can be obtained from Fig. 82, CDIND- XO/D versus V/k 
0. 

The 

scatter is evidently very small other than for the highest flow vel- 
ocities at the smallest amplitudes of oscillation, when the scat- 
ter is about 

t 10%. It is nevertheless in this area where the method 
of equating the oscillatory drag force to the measured damping is 
most advantageous. The oscillatory drag force is extremely small 
compared to the steady drag force and small compared to the inertia 
force, and the results for CDINDI, calculated from the force time 
histories, exhibit very much more scatter because of the smallness 
of this component. The smallness of the oscillatory d rag force com- 
pared to other forces does not, however, imply that it is unimportant, 
precisely because of its relationship to damping. (See Part I, chap- 
ter 6.2. ) 
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Example results of the steady drag coefficient, STCDDEP, are 

shown in Figs. 83 and 84. It is seen that there is very little scat- 

ter for high values of V/nD, and rather more, though still little, 

at lower V/nD, mostly because of amplifier drift, as discussed in 

chapter 2.7. The examples, at low V/nD, in Fig. 84, serve to show 

the good repeatability of the results. The three curves shown are 

obtained with different flow velocities and cylinder diameters, 

nevertheless the curve for the higher values of V/nD are slightly 

higher than those for lower V/nD, in accordance with the overall 

results, (see Fig. 96). For V/nD < 1.5 the scatter was rathermore,, 

being about 
ý 

.3 (in STCDDEP), between various tests at similar 

values of V/nD- 

Example results of the inertia coefficient, CM, are shown in 

Figs. 85 to 87. The scatter is small for low flow velocities, par- 

ticularly at low x0 /D where the inertia forces dominate, as in Fig* 

85. For higher velocities of flow, Fig. 86, there is more scatter, 

and for very high velocities, Fig. 87, there is extremely large scat- 

ter, particularly for low x0 /D. The reason for this scatter at high 

V/nD is that the inertia force is then extremely small compared to 

the steady force, particularly at low xo/D, and is comparable in 

magnitude with the variations in force due to turbulence, variations 

in flow velocity and the- alternating forces from vortex shedding. 

It is not very important to quantify the inertia coefficient in this 

range precisely because of its small magnitude, and the inertia coef- 

ficient has not been plotted in the results where it exhibits large 

scatter. 

10.2. Results for oscillatory drag coefficients 

The time averaged oscillatory drag coefficient based on equation 
(21), CDDEP, is plotted against various axes in Figs. 88 to 91, and 
based on equation (22), CDIND, in Figs. 92 to 94, for a- 200-500. 

In this range of B the results for the still water oscillatory drag 

coefficient versus xo/D are virtually identical for all a, (see Fig. 
70) and the values of CDDEP and CDIND in currents are also the same 
for all ý in this range. 
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Values of CDINDI are not plotted. They were found to be vir- 

tually the same as for CDIND, however exhibiting rather more scatter* 

10.2.1. CDDEP,. 
-for_a_= 

200-500 

From Fig. 88, CDDEP versus xo/D, it is seen that as V/nD is re- 

duced CDDEP seems to approach the still water values, particularly 

for low and high x0 /D. For x0 /D between about 1 and 2.5, i. e. in the 

region where in still water there is a particularly large value of 

CDDEP (= CDIND) due to a very strong vortex developing immediately 

behind- the cylinder, the value of CDDEP at low V/nD is lower. It 

is probable that the strong vortex which occurs in still water is 

easily disturbed, even by a small current, and CDDEP does not attain 

such a high value. 

When CDDEP is replotted against V/nD, in Fig. 890 it is seen 

that, for any particular value of x0 /D, the value of CDDEP is more 

or less constant below a certain value of V/nD and that this value 

increases with x0 /D, i. e. for x0 /D - .4 the limit is reachedatV/nD-- 

.8 whereas for x0 /D -4 it is at about 5. This suggests that it might 

be a value of V/ý 
0 

below which CDDEP becomes reasonably constant and 

reasonably near its still water value. Indeed when plotted against 

V/ko, in Fig. 90, it appears that the curves for all xo/D ý .3 be- 

come reasonably constant for V/ýo %, .2- . 3. For smaller values of 

x0 /D there are insufficient results at low values of V/kO to see what 

happens to the curves at these low values. 

Thus one might suggest that for values of V/i 
0ý . 25 the flow, 

as far as the oscillatory component is concerned, will be virtually 

the same as in still water and the oscillatory drag coefficient CDDEP 

will be similar, though rather lower in the area 1.0 <x0 /D < 2.50 

possibly because in still water the very high value of oscillatory 

drag coefficient in this region is due to an unusually large vortex 

developing just behind the cylinder. It is suggested that this vortex 

may be particularly vulnerable to disturbance by even a very small 

current. (It will be seen from the flow visualization experiments 

that the position of the vortex is indeed different with a small 

current, though the general flow development in a cycleo i. e. in 
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terms of number of vortices shed, etc. is similar to the still water 

case. ) 

Fig. 91, CDDEP versus V/*o for various V/nD, is presented for 

the sake of completeness. 
From Fig. 89 it is seen that for high values of V/nD, CDDEP 

approaches the value 1.0 for all xO/D. The value CDDEP - 1.0 is sig- 

nificant. In experiments conducted where the pendulum was rigidly 
held so that the cylinder was stationary, the drag coefficient 

measured was 1.0 :ý 
. 05 over the whole range of the velocities covered 

by the experiments. Thus, for increasing V/nD, the drag coefficient 

approaches its quasi-steady value, as expected from the discussions 

of Part I, chapters 4 and 6.3. 

By comparing Figs. 89 and 90 it is evident that it is a value 

of V/nD, rather than of V/ko, above which CDDEP can be considered 

to be equal to 1.0, and one might consider V/nD z 30 to be a suitable 

value. 

10.2.2. Negative values of CDDEP 
--------------------------------- 

CDDEP exhibits negative values for small amplitudes of motion 

at values of V/nD around 2.0 and 3.0. These negative values are as- 

sociated with the phenomenon of hydroelastic vibrations, where the 

cylinder oscillation interacts with the vortex shedding process lead- 

ing to a reinforcement of the oscillation, as described in Part I, 

chapter 5.1. The results will be discussed further in subsequent 

chapters. 

10.2.3. CDDEP for other values of ý 

------------------------------------- 

Curves for other values of a are not presented. There were far 

fewer data points for other ranges of ý and the curves are very sim- 
ilar in form to those presented in chapter 10.2.1. The differences 

occur at low values of V/ko and are as follows. 

In chapter 10.2.1 it was seen that for high values of V/nD, 
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CDDEP approached 1.0, the quasi-steady value. For values of 

V/: k 
0< . 25, CDDEP becomes fairly constant and reasonably near, to the 

still water value, for all xO/D. For higher values of ý it was found 

that f or V/* 
0< . 25 CDDEP still approached the still water values, 

(for any particular xo/DO CDDEP is lower for higher 6, see Fig. 70)0 

and at high values of V/nD, CDDEP still approached 1.0, the quasi- 

steady value. 

10.2.4. CDIND 
------------- 

The time averaged oscillatory drag coefficient based on equation 
(22), CDIND, is plotted in Figs. 92 to 94 against various parameters. 

As V/k 
0 -* 0 the oscillatory parts of equations (21) and (22) 

become identical, and MIND becomes equal to CDDEP. (At V/io = .1 
CDIND is 2% greater than CDDEP, and at V/ko = .3 it is 13% greater. ) 

From Fig. 94 it is seen that at low values of V/ýo the results for 

CDIND are similar to those for CDDEP, reflecting this. At larger 

V/ko, CDIND becomes asymptotically very large, either positive or 

negative, indicating that equation (22), where the steady and oscil- 
latory drag force are written independently of each other, does not 

provide a satisfactory framework for an empirical description of 

the physical processes involved. Conversely the well behaved changes 
in CDDEP against V/: kO (and other parameters) indicates that it does 

represent the physical phenomena better, indicating that the steady 

stream velocity V does affect the oscillatory component of force. 

Graphs of CDIND are presented, however, as it is easier to form 

a mental picture 6f the expression MIND kjkj, and hence to evaluate 
the effects of current, say, on the oscillatory drag force, than 

of the oscillatory component of CDDEP (V-k) I (V--k) I. In the first 

case the oscillatory drag force is dependent only upon values of 
CDIND and ý, whereas in the second case the force is dependent upon 

values of CDDEP, k and V. 
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10.2.5. The effect of steady currents on the oscillatory drag forces 
--------------------------------------------------- 

These effects can best be seen by examining curves of CDIND. 

The effect of increasing current, characterized as increasing 

V/nD, on the oscillatory drag force for a particular oscillation 

amplitude, xO/D, and frequency, n, can be seen directly from Fig. 
93, CDIND versus V/nD. 

The effects of current are most pronounced for smaller values 
Of xO/D. For xo/D <-1 there are two negative minima at V/nD 1 2.2 

and 2.9, associated with the hydroelastic interaction effects dis- 

cussed in Part I, chapter 5.1 and to be further discussed in a later 

chapter. 
For x0 /D = .2-1.4 the oscillatory drag force increases with 

V/nD, first gently and then more steeply, particularly for low x0 /D. 

For higher xO/D the drag force decreases at first and then increases. 

It is seen that for V/nD : ý: 3.3 the oscillatory drag coefficient 
is equal to about 1.7 and virtually independent of xO/D for 

xo/D > . 2. For V/nD > 3.3 the coefficient decreases with increasing 

XO/D (the oscillatory drag force, however, which is proportional to 
CDIND-xo9 still increases with x0 /D, although only gradually). 

10.3. Results for the inertia coefficient, CM 

Once again it is noted that CM is plotted and not CA, and the 
actual inertia force on the cylinder in the physical experiments 
may be calculated by subtracting 1.0 from CM. 

10.3.1., 
-CM-for 

a- 200-1200 

The inertia coefficient, CM, is plotted against xo/D for various 

values of V/nD in Fig. 95, for ý in the range 200-1200. Results with 
the high and low pendulum frequencies were the same where they over- 
lapped. The curves are quite complex, however a number of observa- 
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tions may be made. 
As V/nD is reduced the curves approach the still water curve, 

particularly for lower values of xo/D. Howeverg even for the lowest 

value of V/nD = . 8, the curve at larger amplitudes, although nearer 

to the still water curve than higher V/nD curves are, is still con- 

siderably higher than the still water curve. 

At very small xo/D the value of CM in still water is about 2.1. 

For low V/nD this also applies, and as V/nD is increased CM decreases 

to a minimum of CM : z: 1.3 at V/nD - 5. As V/nD is further increased 

the small x0 /D value of CM increases again, to CM : ýý 1.9 at V/nD - 19. 

For larger values of V/nD it was not possible to determine CM at 

low values of xo/D. (See, for example Fig. 87 for V/nD - 24. ) 

For x0 /D 1.5 there is very little variation in CM with x0 /D* 

For V/nD 4 there is a maximum in CM at x0 /D z .8 and a minimum 

at xo/D z 2.2. It will be seen that the steady drag coefficient, 

STCDDEP, exhibits similar, but opposite trends at these values of 

XO/D. 

For V/nD =2-5 there is a further maximum, at xO/D varying from 

about . 12 to . 3. It will be seen that STCDDEP also exhibits peaks 

near these values. 

10.3.2. CM for other values of a 

There were only few points for higher values of ý, and these 

covered only fairly low values of xo/D. However the results did not 

appear to be any different from those for ý- 200-1200. In still 

water CM was found to vary much less than CDDEP with and this 

is evidently also true in currents. 

10.3.3. The effect of steady currents on the inertia forces 
------------------------------------------------------------ 

For xo/D < 1.5 the inertia force first decreases from its still 

water value as 'V/nD is increased, to a minimum at V/nD -- 5, and then 
increases again. For xO/D 1.5 there is an increase in the inertia 
force as V/nD increases. 
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10.4. Results for steady component of drag coefficients 

for all ý 

The time averaged steady component of drag coefficient based 

on equation (21), STCDDEP, is plotted against various parameters 

in Figs. 96 to 99, and based on equation (22) 9 STCDIND, in Figs. 100 

to 103. All values of ý are covered by these results as there was 

found to be no dependence on a within the range covered by these ex- 

periments. 

10.4.1. STCDDEP 
---------------- 

From Fig. 96, STCDDEP versus xO/D, a number of interesting ob- 

servations may be made. For V/nD <4 STCDDEP exhibits a maximum at 

X O/D ý-- 2.3, and a minimum at x. /D " 1.0, which for V/nD <_ 1.5 is 

negative. For still lower x. /D an additional maximum occurs for V/nD 

ý3 at increasing values of xo/D for increasing V/nD. For example 

for V/nD = 3.6 the maximum is at xo/D 2:: . 3, and for V/nD - 5.9 it 

is at xo/D - . 75. From Fig. 98, STCDDEP versus V/ýO, it is seen that 

this maximum occurs at values of V/ko 1 1.5. There is, however, some 

variation in the value of V/ýo of the peak. For V/nD - 5.4 the peak 

occurs at V/ýo ý-' 1.2 and for V/nD - 2.9 it occurs at V/ýO' -_ 2.1. 

Suf f ice it to say that this peak (if it occurs) is nearly always in 

the range V/ko =1-2. 
From Fig. 97, STCDDEP versus V/nD, it is seen that for high 

values of V/nD the curves for all xo/D approach STCDDEP = 1*0, the 

quasi-steady value. As in the case of CDDEP a value of V/nD z 30 

may be taken as the value above which the coefficient may be con- 

sidered to take the quasi-steady value. Similarly from Figs. 98 and 

99, for STCDDEP versus V/ko, it is evident that V/jo is not the para- 

meter controlling when the flow becomes quasisteady. (For example for 

XO/D - 6.0 STCDDEP becomes 1.0 at V/ko % 1.0, whereas for xo/D - . 05 

this does not occur until V/k 0Z 15. ) 

As xo/D approaches zero STCDDEP must approach 1.0, the steady 
flow stationary cylinder value measured (and here STCDDEP -: STCDIND). 

It is evident from Fig. 96 -that STCDDEP does approach 1.0, however 
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it is surprising how much the value is altered by even very small 

amplitude oscillations$ particularly for small values of V/nD. For 

example, for V/nD = .8 vibrations of only 5% of a diameter will cause 

CDDEP to be reduced to z . 1. Despite the fact that there was some 

scatter in the results for STCDDEP at values of V/nD ý 1.5 this scat- 

ter was no more than 
ý 

.3f rom the curves shown and, as there were 

some 15 tests at values of V/nD < 1.5, obtained with various flow 

rates, cylinder diameters and pendulum frequencies, it is considered 

extremely unlikely that there could have been any error on all these 

tests causing the value of STCDDEP to be consistently low. 

10.4.2. STCDIND 
---------------- 

From Figs. 102 and 103 it is seen that values of STCDIND are 

only well behaved for large values of V/io, where the values are vir- 

tually the same as those for STCDDEP. (As the steady component of 

equation (22) becomes identical to that of equation (21) as 

V/k 
0 -* cc. ) Once again it appears that equation (22)9 where the steady 

and oscillatory drag forces are written independently, does not pro- 

vide a reasonable description of the physical processes involved. 

10.4.3. The effect of oscillations on the steady drag force 
------------------------------------------- 

The effect of oscillations on the steady drag force can most 

easily be seen from curves of STCDIND, as this coefficient, for a 

given force, is dependent only on V and not on ý. Thus the varia- 
tion in STCDIND with xo/D for a constant value of V/nD shows the 

variation in steady drag force with amplitude of motion. 
From Fig. 100, STCDIND versus xo/D, and Fig. 101o STCDIND versus 

V/nD, a number of comments may be made. 
It is for the lowest values of V/nD that the steady force is 

most affected by the oscillations. For V/nD ý3 the steady drag force 
decreases from its stationary cylinder value as xo/D is increased 
from zero, and has a minimum at xo/D z 1, which, for V/nD ý 1.6, may 



- 162 

be negative. The steady drag f orce then increases to a maximum at 

x0 /D z 2.3. 

For higher values of V/nD the steady force increases gradually 

as xo/D is increased, though for certain values of V/nD <6 there 

is a small maximum at a fairly low value of xo/D. For example f rom 

Fig. 101, for V/nD z 4, there is a small peak at xO/D t . 3, and for 

V/nD z 5.5 there is a peak at xo/D : -' 1.0. However these peaks are 

little more than inflections on rising curves. 

Even for very large values of, V/nD there is some increase in 

the steady force, for example for V/nD - 24 the steady force is twice 

its stationary cylinder value for oscillation amplitudes xO/D P' 5. 

At xo/D z 1.5 there is little variation in STCDIND with V/nD. 

Very large variations in the steady force may occur particu- 

larly for low values of V/nD. For example for V/nD - 1.7, the steady 

force varies from about 0.5 times the stationary cylinder value at 

XO/D z1 to over 12 times at xO/D z 2.3. For V/nD - .8 there is no 

apparent maximum within the range of the resultse 

It is, however, difficult to judge if these force variations 

will be significant in terms of overall forces on the cylinder, as 

at low V/nD, particularly for larger xO/D, the oscillatory forces 

dominate. Therefore total force coefficients have been calculated 

and are presented in the next section. 

10.5. Maximum force coefficients 

10.5.1. 
__Total_oscillatory 

force coefficient 

In chapter 10.2.5 and 10.3.3 it has been seen that there is 

a considerable effect of current on the oscillating drag force and 

a lesser effect on the inertia force. It is difficult to determine 

the importance of the large variations in oscillatory drag, as it 

is not easy to see how large this force is in relation to the inertia 

force. 

In order to judge the. changes in total oscillatory forces due 
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to currents, a total oscillatory force coefficient was defined as 
2 

the maximum oscillatory force, non-dimensionalized by . 5PD ý0. Un- 

fortunately it was only decided to calculate this coefficient after 

the other coefficients had been analysed, and lack of time and fi- 

nance forbade a reanalysis of the time series to extract maximum 

experimental forces. Therefore the maximum forces were calculated 

from the values of oscillatory drag and inertia coefficients already 

obtained. These coefficients are average values over the cycle, and 

the maximum force calculated from them is not necessarily the same 

as the experimental maximum force. This will, in general, only necess- 

arily be the case if the coefficients are invarient over a cycle. 

Nevertheless, the coefficient is expected to give an impression of 

the way the maximum oscillatory forces change with velocity. 

The derivation of the maximum oscillatory force coefficient 

from the oscillating drag and inertia coefficients is detailed fully 

in Appendix 3, and the coefficient is expressed as 

CMAXOSC ý 
Calculated maximum 

2 
oscillatory force 

-(44) 
. 5pD k0 

It should here be noted that the maximum oscillatory force coef- 

ficient calculated here is the maximum combined effect of the oscilla- 

tory drag and an inertia force expressed via CM and not CA. I. e. 

a Froude-Krylov force has been included and coefficient values apply 

to a situation of combined steady and oscillatory flow on a station- 

ary cylinder. CM has been chosen rather than CA for consistency with 

the rest of the results presented. 
The coefficient is plotted against xo/D f or various V/nD in 

Fig. 104. At low. xo/D the coefficient increases rapidly with de- 

creasing xo/D. This is due to the fact that the inertia force is 

dominant at low x0 /D and non-dimensionalization is in terms of vel- 

ocity squared rather than acceleration. (If the oscillatory drag 

force was zero and CM constant, then CMAXOSC would be cc D/xo. ) 

For V/nD < 4.0 there is virtually no effect of V/nD (velocity) 

on the oscillatory force, and for further increases in V/nD there 

is a monotonous increase in the maximum oscillatory force. For ex- 

ample for V/nD - 37 and xo/D - 1.5 the maximum oscillatory force is 

about 5 times its still water value. 
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10.5.2. Total overall force coefficients 
----------------------------------------- 

In previous sections the effects of current on the oscillatory 
forces and coefficients, and the effects of oscillations on the 

steady forces have been discussed, however it remains to see the 

effects of current and oscillatory amplitude on the total forces. 

I Total forces, calculated from the time averaged coefficients, 
were examined in two ways. Firstly, a total force coefficient was 
defined with respect to the maximum relative velocity and secondly, 
the calculated maximum force was compared to that predicted using 
the relative velocity based equation (23) with values of CA - 2.0, 
CDDEP - 1.0 and STCDDEP = 1*0. 

MAXC 

The first coefficient is thus defined as 

MAXC = 
Calculated max. force (steady + oscillatory) 

-(45) 
. 5PD(V+k )2 

0 

Fig. 105 shows the maximum total force coefficients MAXC plotted 

against xo/D for various V/nD. 

As xo/D is reduced from xo/D z 1.5 the coefficient MAXC in- 

creases rapidly, particularly for low values of V/nD, then, at some 

smallish value of xo/D, a maximum is reached and the curve falls 

rapidly, again. This shape is due to the combined effect of the iner- 

tia contribution increasing the total oscillatory drag coefficient, 
CMAXOSC, very rapidly with reducing xo/D (as in Fig. 104) at the same 
time that the oscillatory contribution is reducing compared to the 
steady drag contribution. Eventually, at xo/D - 09 the oscillatory 
contribution is zero and MAXC takes the value 1.0, the steady drag 

coefficient. The small and negative values of STCDDEP for low V/nD 

and xo/D : ý: 1.0 do not reduce MAXC as the steady force is evidently 
small compared to the total oscillatory force at these low values 
of V/nD. 

There is a small maximum for V/nD 5 at xo/D z: 2.0 and this 
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is due to the maximum in the steady drag coef f icient in this region. 
This maximum is only just noticeable for the lowest values of V/nD, 
despite the fact that there is a very pronounced peak in STCDDEP 

and STCDIND for small values of V/nD, as the steady force is small 

compared to the oscillatory. For larger V/nD, say ? 3, the steady 

component is larger, however the steady component does not then vary 

so much with xo/D. For high values of V/nD, where the steady compo- 
nent is dominant, particularly for larger xo/D, the steady force 

varies much less with xo/D. 
Fig. 105 is not particularly useful, from the scientific point 

of view, as it is a complicated combination of various forces depen- 

dent on different factors. It does, however, provide a simple method 

of estimating maximum forces in combined waves and currents on a 

stationary cylinder. (Note, not for the test condition of a cylinder 

oscillating in a current because of the use of CA - 2.0 in equation 
(23) rather than CA - 1-0-) 

FORCE_RATIO 

The force ratio is defined as 

CRATIO = 
Calculated max. force from experimentally defined coef. 

- Calculated max. force with CA-2.0, CDDEP-1.0, STCDDEP-1.0 

-(46) 

This ratio is shown plotted in Fig. 106 against xO/D, for vari- 
ous V/nD. 

For values of V/nD ý 3.0 the ratio decreases from 1.0 at xo/D 
0 to a minimum of about 0.8 at xo/D -_ 1.3, and then increases 

again, first rapidly and then less rapidly, reaching a value of about 
1.35. When there is a current the r' atio is always within the above 
limits, however for xO/D < 1.6 -2 the ratio is higher than in still 
water, and for higher xo/D the ratio is lower than in still water. 

For V/nD between 3 and 6 the peaks which occurred in STCDDEP 

at various, small xo/D, corresponding to V/ko =1-2, are reproduced 
in CRATIO, as are the minima around xo/D : z: 1. 

Although for low V/nD STCDDEP can be negative around xo/D "' 1p 
CRATIO is only reduced to about . 8, indicating that the steady force 
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is considerably smaller than the oscillatory forces. As V/nD in- 

creases steady forces become more important, but there is also less 

variation in STCDDEP (and also less variation in CDDEP, and, to a 

lesser extent, CM). 

For xo/D z 2.3 there is only a noticeable maximum in STCDDEP 

f or V/nD < 4, and here the oscillatory f orce is evidently much 
larger and no effect is evident on CRATIO. For larger V/nD, where 

the steady component becomes more dominant, there is no peak in 

STCDDEP for xo/D ýý 2.3. In fact for large values of V/nD there is 

little variation in CRATIO at all, reflecting the evenness of STCDDEP 

at high V/nD. 

10.6. Repeatability of the results 

An idea of the repeatability of the results may be obtained 
from Fig. 89, CDDEP versus V/nD and Fig. 97, STCDDEP versus V/nDO 

Here all the experimental points for xo/D - .6 and . 3, respectively$ 

have been plotted. It is evident that there is very little scatter 
from the mean curves drawn, even though the points are from various 
diameter cylinders in various current flows, and using both the low 

and high frequency pendulums. 
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11. FLOW VISUALIZATION TESTS 

Before a complete discussion of the quantitative results for 

the force coefficients is undertaken it is necessary to present the 

results of the flow visualization tests conducted. The values of 

the coefficients are totally dependent upon the flow past the cyl- 
inder, and the visualization of the flow has led to a very much more 

complete understanding of the reasons for the variations in the 

values of the various coefficients. I 
The flow visualization program was fairly brief, being a quali- 

tative rather than a quantitative study of the flow patterns. Never- 

theless a large amount of information and understanding of the flow 

was obtained, and it is evident that a flow visualization study is 

one of the most powerful tools available for studying complex flows. 

11.1. Experimental method 

The experiments were conducted with a 3.50 cm diameter plastic 

cylinder which had two passageways drilled in it, each leading to 

two, 1 inm diameter holes. The holes were placed each side of the 

front and rear stagnation points, as shown in Fig. 107. 

A solution of potasium permanganate dye was introduced into 

the boundary layer through the holes. The rate at which the dye was 
introduced could be controlled and was adjusted, as necessary, to 

suit the test flow conditions. 
Some tests were conducted with a dye source upstream of a smooth 

cylinder and flow patterns with this configuration compared with 
those obtained wi th the configuration described above, in order to 

check that the introduction of dye into the boundary layer did not 
disturb it and alter the flow patterns. No differences between the 

patterns using these two methods were found, and this applies particu- 
larly to Figs. 119 and 124 where it had earlier been suspected that 
the holes in the cylinder were causing 'tripping' of the boundary 
layer. 
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11.1.1. Filming rate 
-------------------- 

A Nikon F2A camera was used f or the photography, and was mounted 

on the pendulum so that it moved with the cylinder. The cylinder 

position was offset with respect to the vertical axis of the pendulum 
in these tests in order that the bars carrying the heavy weights 

were not between the camera and the cylinder axis. The camera was 
driven by an oscillator at a fixed number of photos per second. The 

photographic series always started with the pendulum vertical, and 

thus photographs were always taken at the same instants in each test. 

The filming rate was intended to be 7 3/4 frames per oscillation 

cycle, so that after 4 cycles photographs would have been taken at 
32 evenly spaced values of phase of oscillation. For the majority 

of the tests the flow pattern exactly repeated itself either every 

cycle or every other cycle, and thus the photographs yield respect- 

ively 16 and 32 ph6tographs evenly spaced over a representative cycle 

of oscillation. 

11.1.2. Values of t/T for the photograph sequences 
----------------------- I --------- 

The photographs for each test are presented sequentially for 

just over 4 cycles of oscillation. One cycle is presented on each 
line of photographs. The leftmost photograph of the first line was 
taken immediately after the cylinder had reversed direction and was 

moving from left to right. The photographs on subsequent lines are 
for subsequent cycles. The values of t/T for each photograph are 

shown below, where t is the time elapsed in the cycle, and T the 

period. (The actual filming rate was slightly higher than that in- 

tended: 7.77 frames per oscillation, which was the nearest that it 

was possible to obtain. ) 

. 04, . 169, . 297, . 426, . 555ý, . 683, . 812, . 941 

. 070, . 198, . 327, . 456, . 584, . 713, . 842, . 970 

. 099, . 228, . 357, . 485, . 614, . 743, . 871,1.000 

. 129, . 257, . 386, . 515, . 644, . 772, . 901,1.030 

. 158, . 287, . 41ý, . 544,1673, . 801, . 930,1.059 
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It is immediately obvious from the photographs whether the flow 

pattern repeats itself every cycle or every other cycle, and the 

development of the pattern may be studied from the photographs ac- 

cordingly. 

1 
Summary of flow visualization test conditions 

------------------------------------------------------ 

For ease of comparison and discussion, all the photograph se- 

quences have been grouped together in Figs. 105 to 147. The condi- 
tions are arranged in increasing xo/D at each, increasing value of 
V/nD. The table below summarizes the test conditions presented. 

FIG. V/nD x /D v/x" FIG. V/nD x /D V/X' 
0 0 0 0 

108 0 . 19 0 126 3.0 . 07 6.82 

109 0 . 41 0 127 3.0 . 19 2.46 

110 0 . 66 0 128 3.0 . 27 1.77 

ill 0 . 74 0 129 3.0 . 29 1.65 

112 0 1.13 0 130 3.0 1.18 . 41 

113 0 1.79 0 131 3.0 1.71 . 28 

114 0 1.96 0 132 3.0 2.29 . 21 

115 0 2.11 0 133 3.0 3.34 . 14 

116 0 2.64 0 134 3.8 . 09 7.03 

117 0 3.70 0 135 3.8. . 31 1.95 

118 1.0 . 12 1.29 136 3.8 . 41 1.68 

119 1.0 . 33 . 48 137 3.8 1.24 . 49 

120 1.0 . 90 . 18 138 5.0 . 06 12.6 

121 1.0 1.50 . 11 139 5.0 . 24 3.32 

122 1.0 2.17 . 07 140 5.0 . 64 1.24 

123 2.0 . 12 2.65 141 5.0 1.69 . 47 

124 2.0 . 34 . 94 142 5.0 3.57 . 22 

125 2.0 . 97 . 33 143 12.0 . 30 6.37 

144 12.0 1.57 1.22 

145 12.0 3.63 . 53 

146 20.0 . 41 6.95 

147 20.0 3.51 . 54 
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In those cases where a current is present the flow direction 

is from the left hand side of the photographs. 

11.2. Discussion of flow visualization photographs in 

still water 

The photograph series to be discussed are presented in Figs. 

108 to 117, for increasing X0 /D. From these photograph series, 

sketches have been made of the patterns at various representative 

values of x0 /D, and these are presented in Fig. 148. 

At very small amplitudes of oscillation there is no separation, 

as seen in the photographs of Fig. 108, for x0 /D - . 19. 

As the amplitude of motion is increased separation occurs, in- 

itially at the rear stagnation point, and the separation point then 

moves forward, and a symmetric pair of vortices is formed. This is 

seen in the photographs of Fig. 109, for xo/D - . 41. The vortices 

are not shed, and after the flow has reversed direction they are 

swept back over the cylinder and interact with the new vortices being 

formed. The pattern over one cycle is also sketched in Fig. 148, a. 

In the photographs of Fig* 110, for xo/D - . 66, the vortices are 

seen to develop slightly more in each half cycle and very slight 

asymmetry is evident. This is sketched in Fig. 148, b. 

By -a value of xo/D - . 74, as photographed in Fig. 111 ,a def i- 

nite asymmetry is present$ one vortex developing more than the other 
in each half cycle. This larger vortex is on the same side of the 

cylinder (the upper side in Fig. 111) in both half cycles. Vortex 

pairing, as described by Zdravkovich and Namork (1978), also appears 
to be occurring and a typical cycle of motion is sketched in Fig. 

148, c. 
As xo/D is further increased the larger vortex grows even 

further and is apparently shed, as photographed in Fig. 112 for 

XO/D - 1.13. This larger shed vortex is developed from the same side 
of the cylinder in both half cycles (the lower in Fig. 112). (It 
is here briefly mentioned that the side appeared to be arbitrary. 
In repeated testing, shedding from the other side was also obtained. 
However, once shedding was' established from one side it remained 
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from that side. ) 

Development of the vortex takes a large proportion of the half 

cycle, i. e. the vortex rolls up fairly slowly. A typical cycle is 

sketched in Fig. 148, d. 

Vortex pairing, as described by Zdravkovich and Namork (1978), 

is not apparent. 
It is recalled that at this value of K(- 7.1) a very even, near- 

ly sinusoidal, lift force trace at twice the wave frequency was ob- 

served on a cylinder in waves (Part II, chapter 4). 

As x O/D 
is further increased the second vortex begins to de- 

velop more. The sketches in Fig. 148, e are from photographs for 

x0 /D = 1.47, however the photographs are of poor quality and are 

not reproduced here. The first vortex forms and sheds rapidly, near 

the maximum velocity point of the cycle, and the second vortex de- 

velops more gradually and towards the end of each half cycle. This 

value of K(= 9.2) was in Part II, chapter 4, associated with a saw- 

toothed lift trace at twice the wave frequency, the steep part of 

the trace, near the maximum velocity points, presumably being due 

to the rapid shedding of the first vortex. The second vortex formed 

develops very close to, and just behind the cylinder, and at flow 

reversal it often appears to be swept round the cylinder, Isaacson 

and Maull (1976) sketched this vortex as being swept back onto the 

cylinder, (see Fig. 11). It is in fact difficult to see what happens 

to the second vortex, however it appears that sometimes it is swept 

onto the cylinder, and sometimes around the cylinder. These comments 

also apply to larger values of xo/D. Sawaragi et al. (1976) noted 
that the second vortex was swept around the cylinder for K-8- 13. 

As xo/D is further increased the second vortex develops more 
and more, as in the photographs of Figs. 113 and 114 for xo/D - 1.79 

and 1.96, respectively. It also appears that for these values of 

XO/D the second vortex is very large and developed in one half cycle, 
whereas in the other half cycle the first vortex is particularly 
prominent and the second hardly visible (the reproductions of the 
figures are of poorer quality than the originals, and the second 
vortex in the right hand half cycle of Figs. 113 and 114 is not vis- 
ible at all). The sketches in Fig. 148, f have been produced from 
the photographs of Fig. 113 at xo/D - 1.79. 

By a value of xo/D - i-11, Fig. 115 and sketched in Fig. 148, g$ 
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the second vortex develops to a large size and a third vortex ap- 

pears to start to be formed. However the second vortex does not seem 
to be shed, and at flow reversal appears sometimes to be swept onto 
the cylinder, sometimes around the cylinder and is sometimes swept 
back over the side of the cylinder from which it was formed. The 

first vortex is formed from the same side of the cylinder in both 
half cycles, as is the second vortex, and no change-over was observed 
over quite long experiments at the same nominal value of xo/D. Which 

side of the cylinder the second vortex was swept over at flow rever- 
sal did not appear to alter the side from which the first vortex 
in the next half cycle was developed from. (This can be seen by com- 
paring the last 4 photographs of the top and bottom row of Fig. 115. ) 

The photographs for x0 /D = 2.36 were very similar to the above 

and are not reproduced here. A typical cycle is sketched in Fig. 

148, h. 

By a value of xo/D = 2.64, photographed in Fig. 116, the second 

vortex is shed, at least in one half cycle, and a third vortex is 

formed. A typical cycle is sketched in Fig. 148,1. 

The wake in each half cycle begins to resemble more a von Kgrmfin 

type alternating wake and the only major effect as x0 /D As further 

increased is to introduce further vortices in each half cycle. By 

a value of xo/D = 3.7, photographed in Fig. 1179 the third vortex 
is shed in each half cycle and a fourth is beginning to form at flow 

reversal. 
It is evident that, as xo/D is increased, there is a gradual de- 

velopment of the vortices and a gradual introduction of further vor- 
tices in each half cycle. This is the reason for the gradual change 
of power from the second to the third component as K is increased 
from 10 to 20 (see Part II, chapter 4). Nevertheless the flow may 
be characterized as being made up of a certain number of 'shed' vor- 
tices per half cycle over quite a large range of amplitudes, for 

example 2 vortices for K-6- 16, as according to Isaacson and Maull 
(1976). Furthermore the difficulties in determining whether a vortex 
is 'shed' and the difficulty in seeing (at least with the flow vis- 
ualization method used here) whether the last vortex formed is swept 
onto, around or back over the cylinder are the probable reasons for 
the differences in vortex patterns presented by various authors, 
as discussed in Part I, chapter 3.5. 



- 173 - 

11.3. Discussion of flow visualization photographs in currents 

11.3.1. Basic considerations which help to explain the phenomena 
- -------------------------------- 

observed 

There are three fundamental ideas which help to explain the 

phenomena observed in the flow visualization tests. 

i) Downstream of the cylinder the wake tries to form a 

stable von K6rmgn type alternating vortex wake. This will 

occur even if vortices are shed in other configurations, 
for example in symmetric pairs, in which case at some 

point downstream the vortices interact and reform and 

an alternating wake results. 

For values of V/ý <1 flow reversal will occur twice in 

each oscillation cycle. Each cycle may thus be divided 

into two 'part cycles' in one of which the cylinder is 

travelling with the flow and faster than the flow and in 

the other the cylinder is travelling slower than the flow 

or against the flow. These two part cycles are hereafter 

referred to. as the 'minor' and 'major' part cycles, re- 

spectively, and they are shown in the sketch below. 

Relative velocity 
(V-k) 

part cycle 
0v 

maj or in \M 0/ 0 

Expressions for the distance the cylinder travels rela- 
tive to the current in the two part cycles will be de- 

rived in a later section. It is, however, mentioned here 

that the lower V/ý 
0 

is, the more nearly equal the two 

part cycles are; the higher the value of V/nD for a given 
value of V/ýo 0 the greater the difference between the 



- 174 - 

relative distance travelled in the major and minor part 

cycles, and, for a given V/nD, as xo/D is decreased (V/ýo 

increased)$ the relative distance travelled in both part 

cycles decreases. 

After flow reversal has occurred,. the flow in a new part 

cycle begins from rest and a symmetric pair of 'starting' 

vortices begins to form. If a sufficient relative dist- 

ance (between the cylinder and current) is travelled 

before the next flow reversal occurs then these vortices 

may develop asymmetrically and be shed. i. e. one can 

consider each part cycle in a similar manner to the 

starting flows discussed in Part I, chapter 2. 

Some discussion is necessary concerning this concept 

of 'flow reversal'. By flow reversal is not meant the 

local flow reversal associated with separation which 

occurs in a steady current, but rather a general flow 

reversal associated with a more general change in direc- 

tion of the flow near the cylinder. This flow reversal 

does not necessarily occur at the same instant as the 

reversal in the instantaneous relative velocity (V-ý), 

due to the different extents to which the steady and 

oscillating flow components are affected by the boundary 

layer (cf. Part I, chapter 4). In fact it is apparent 

that the velocity of flow near the cylinder varies with 

position on the cylinder, and may in certain circum- 

stances be in opposite directions on different parts 

of the cylinder at the same instant of time. Nevertheless 

this flow reversal which leads to the initiation of these 

starting vortices is associated with, but does not necess- 

arily occur at the same instant as, the reversal in the 

instantaneous relative flow (V-; c). For example, for V/nD 

= 2.0 symmetric starting vortices associated with flow 

reversal were observed even when V/io = 3.0 but, for 

V/nD = 3.0, the highest value at which they were observed 

was V/io = 1.7. 

Evidently paragraph ii) above is subject to this same 

qualification such that the relative velocity in the 

above figure should in some way take account of the dif- 
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ferent extents to which the steady and oscillating com- 
ponents are affected by the boundary-layer. 

The above three general points explain the majority of the ob- 

served flow patterns. 
It is also pointed out that 

V/io = (V)(D) 1 
nD x 2Tr 

0 

i. e. an increase in xo/D for a fixed value of V/nD represents a de- 

crease in V/koe In the experiments, photograph sequences have been 

obtained for various values of xo/D for fixed values of V/nD. Certain 

of the phenomena to be described are dependent upon the ratio V/ý09 

and others are dependent upon xO/D, however for phenomena which are 
basically dependent upon V/: k 

0 
it is often easier to describe the 

effects of changing xo/D for a fixed V/nD, though it must be kept 
in mind that the fundamental parameter is actually V/ioe 

General description of the flow patterns and reaso. ns-for 

their occurrence 
---------------- 

Several general observations may be made with respect to the 
flow visualization results, these general observations will be dis- 

cussed in more detail in subsequent sections. 
The flow patterns observed may be divided into three distinct 

ranges of V/nD and the fundamental differences between the ranges 
concerns the flow patterns when V/ýo is in the region of 1, and are 
caused by the different extents of relative motion between the flow 

and the cylinder in the major part cycle in these different ranges 
of V/nD. The characteristics of the ranges of V/nD are described 
below. 

V/nD > 6.5 

For a given, value of V/nD the flow at large, xo/D (i. e. low V/ko) 
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resembles that in still water at an equivalent value of relative 
distance travelled (this will be discussed in chapter 11.3.4). There 

are several vortices shed alternately in each part cycle, the ac- 
tual number shed being dependent on V/nD and xo/D. As x. /D is de- 

creased, fewer vortices are shed in each part cycle. When xo/D is de- 

creased sufficiently that V/ko approaches 1, flow reversal only just 

occurs and there is virtually no relative movement in the minor part 
cycle and no vortices are shed in this part cycle. The pattern in 

the major part cycle still resembles that in still water at an equi- 

valent relative distance travelled, and this relative distance is 

sufficiently high that 3 or more vortices are shed alternately (more 

for higher V/nD), see for example Fig. 144. The flow may also be 

thought of as resembling that in a steady current which is stopping 

and starting, i. e. alternate shedding occurs in the major part cycle, 
being most rapid when the relative velocity is highest, and then 

slowing down and stopping as the flow slows down, reverses and goes 
through the minor part cycle, the alternate shedding then starting 
again in the next major part cycle. This resemblance to a steady 
flow pattern is more evident for higher values of V/nD, where there 

are more vortices shed in the major part cycle. 
As xo/D is further decreased, i. e. as V/ýo becomes larger, the 

vortex shedding is rapid in the major part cycle, near the maximum 
velocity point, and less rapid in the minor part cycle, i. e. it ap- 

pears to conform with the postulation of a quasi-steady flow with 
a constant Strouhal number so that the vortex shedding frequency 
is proportional to the instantaneous relative velocity. Nevertheless, 
as will be seen, the vortex 'shedding frequency and the flow patterns 
are affected by the oscillations. ' 

V/nD = 2.8 - 6.5 

In this range of V/nD the flow is considerably different to 
that described above for V/io in the range of about .5 to 4, particu- 
larly when V/io is between about 1 and 2. 

For large amplitude oscillations, i. e. for low values of V/ýop 
the flow pattern in each part cycle resembles that in an equivalent 
still water half cycle, as was the case for V/nD > 6.5. 
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For any particular value of V/nD in this range, as xo/D is re- 

duced, and therefore V/ýo increased, fewer vortices are developed 

in each part cycle. There becomes a point where in the major part 

cycle a pair of vortices develops, first symmetrically and then 

slightly asymmetrically, and at flow reversal these are swept back 

over the cylinder. Each vortex moving over the cylinder causes a 

further vortex to be developed, and the two vortices interact and 

cancel each other or move away as a pair, (this interaction will 

be discussed more fully in a later section). An example of this may 

be seen in Fig. 137, for V/nD = 3.8, xo/D = 1.24 and V/ýo = . 49, and 

this is also sketched as the first sketch below. 

llý 
%ý 'f- -, - 

V 

'k 
le 

k. / 
.1 --- 

x /D =1 . 24 
0 

v/ko = . 49 

--. 
* 

Decreasing xo/D 

.- 
--I. 

( 

I. 

( 

x /D = . 41 

v/ko = 1.68 

> showing movement of vortices in one cycle 

As xo/D is further reduced and V/io increases, the two symmetric 

vortices formed in the major part cycle are swept to a lesser extent 

over the cylinder in the minor part cycle and cause only small vor- 

tices to be formed ý in the minor part cycle, which tend to be absorbed 
into the first pair. The movements of the vortices formed in the 

major part cycle are sketched above for decreasing xo/D. In the last 

sketcho corresponding to Fig. 137, the vortices remain close to the 

cylinder throughout most of the cycle, building up to a consider- 

able size and finally being swept downstream as a pair in the next 

cycle. Associated with these phenomena will be high values of 
STCDDEP. 

In the above, and also in much of the following description 

of the flow patterns, the flow will be described as if the cylinder 
were stationary and the flow consisted of steady and oscillatory 
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parts. The flow patterns are expected to be identical. However, par- 
ticularly as the photographs are taken with respect to axes fixed to 
the cylinder, it is easiest to describe patterns with respect to 

a- stationary cylinder. I. e. vortices are not in the experiments 
'swept back over the cylinder', but rather the cylinder is driven 

forward through the vortices. 
The near wake is thus comprised of a number of symmetric pairs 

of vortices which are shed at the rate of one pair per cycle (see, 

for example, Fig. 136 or 129). At some point downstream the vortices 
begin to rearrange themselves, some cancelling each other outo and 
a von Mrmln type alternating street results (this cannot be seen 
on Figs. 136 or 129. However the wake is starting to re-form at the 

right hand side of Figs. 118 and 123, and, although these are for 

V/nD < 2.8,, the process is similar for V/nD - 2.8 - 6-5). 

If xo/D is allowed to (very slowly) decrease further, then at 

some point the asymmetry in the wake quite suddenly moves up towards 
the cylinder and radically affects the shedding process itself which 
becomes asymmetric -and is characterized by strong vortices, a wide 
wake and large movements of the separation points, all of which cause 
STCDDEP to be high. This change of the wake occurs at some point 
when the value of V/ko is between 1 and 2, and will be discussed more 
fully in chapter 11.3.3. Thus for example for V/nD - 3.8 the sym- 
metric shedding of Fig. 136, where xo/D - . 41 and V/ýo = 1.68, 
changes over to the asymmetric form of Fig. 135, where xo/D - . 31 

and V/ko = 1.95. For V/nD - 3.0 the symmetric and asymmetric forms 
are represented by Fig. 129 (xo/D - . 29, V/ko = 1.65) and Fig. 128 
(xo/D = . 27, V/ko = 1.77), respectively. 

The form of the symmetric vortex shedding immediately before, 
and the form of the asymmetric shedding immediately after, this funda- 

mental change in the wake will be more fully described in subsequent 
sections. 

As xo/D is further decreased the 
the separation points and the size of 
until the wake appears similar to that 
The wake is, however, as in the case 
controlled to a certain extent by the 
cussed later. 

oscillations in the wake and 
the vortices gradually reduce 
behind a stationary cylinder. 
for V/nD > 6.5, modified and 

oscillations, as will be dis- 
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V/nD < 2.8 

The effects on the flow of reducing xo/D are similar to those 
in the previous range of V/nD to the point at which symmetric vor- 

tices are shed, one pair per cycle. For further reduction in xo/D, 
however, no change over to asymmetric shedding occurs, but rather 
the symmetric vortices tend to roll up progressively less, there 

is progressively less movement in the separation points and the vor- 
tices continue to re-form to an alternating wake at some point down- 

stream. See, for example, Fig. 118 for V/nD - 1.0, xo/D - . 12 and 
V/ýo = 1.29. Eventually the vortices are little more than ripples 

on separation layers leading to the formation region of an alter- 

nating wake. Even for V/ýo z 15 there are definite vortices, one pair 

shed per cycle. These eventually group together to form an alter- 

nating wake, but no attempt has been made herein to determine when 

the wake becomes indistinguishable from that behind a stationary 

cylinder. 

11.3.3. 
-- 

Discussion 
- 

of 
- 

the 
- 

effects- associated_with_the change 

over from symmetric to asymmetric vortex shedding 

Form of symmetric shedding immediately before transition-to 

asymmetric shedding 

In Fig. 149 are sketched f low patterns through one cycle of 
oscillation for various V/nD. In all cases the first sketch is from 

photographs taken just after the cylinder has reversed direction 

and is travelling from left to right, and the third sketch is about 
at the extreme of the cylinder motion to the right hand side (the 

steady current flow is from left to right), i. e. the sketches are 
synchronized with respect to the motion of the cylinder. The sketches 
for V/nD = 3.0 and 3.8 are within the range where wake transition 
occurs. The sketches at V/nD - 1.0 and 2.0 and 12.0 are for values 
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of xO/D where one might expect transition to occur (i. e. V/ýo = 

1- 2), though transition does not in fact occur for these values 

of V/nD. 

It is seen from Fig- 149 that the wake width is greatest for 

V/nD - 3.8. Unfortunately there are no photograph sequences for 

6.5 ý V/nD ý 3.8, however brief tests conducted at V/nD - 5.0 indi- 

cated that the wake width was narrower again. Thus it seems that 

the wake width is greatest at V/nD : t: 3.8, which is also where 

STCDDEP is greatest. It can be seen, particularly by studying the 

photograph sequence corresponding to the sketches of Fig. 149, that 

for V/nD z 3.8 the vortices are strongest and close to the cylinder 

for the greater proportion of the cycle. 

For V/nD - 2.8 - 6.5 the vortices are 'fed' for a greater length 

of time than vortices in a steady current on a stationary cylinder 

and may be expected to be larger. This is expected to be more so 

for higher values of V/nD. In a steady current on a stationary cyl- 

inder the vortex shedding frequency is controlled by the Strouhal 

number and increases in proportion to V. At a velocity corresponding 

to V/nD -5 on an oscillating cylinder two vortices are shed, alterna- 

tely, in the time taken for a single oscillation of the cylinder, 

and each vortex is fed for about 1/2 this time. Now, for the symmetric 

vortex case on an oscillating cylinder, both the vortices appear to 

be fed for virtually the whole cycle. Thus at V/nD z 2.5 they would 

be fed for about the same time as in a steady current and at V/nD 

: t: 5.0 for about twice as long as in a steady current. Thus, where 

symmetric shedding occurs, one may expect larger vortices for in- 

creasing V/nD. This is -indeed the case up to V/nD ý- 3.8. It seems 

that for higher values of V/nD the symmetric form is not so stable, 

there is a tendency for more asymmetry and the vortices are not so 

close to the cylinder for such a large proportion of the cycle, but 

are rather swept downstream. Evidently these effects increase with 

V/nD (due to the larger relative distance travelled) and for V/nD > 

6.5 a third vortex is formed and the symmetric shedding no longer 

occurs. (V/nD - 12.0 is sketched in Fig. 149 and here 4 -or 5 vortices 

are formed in a cycle. ) 

It is also seen from Fig. 149 that the longtitudinal spacing 
of the symmetric vortex pairs increases approximately proportional 
to V/nD. This is to be expected as the shedding frequency is con- 
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stant, but the flow velocity increases with V/nD and the drift vel- 

ocity of the vortices' is expected to be fairly 'constant. Similar 

effects have been found by researchers looking at vortex spacing 
in the lock-on ranges of hydroelastic vibration effects, as discussed 

in Part I, chapter 5.2. (In, fact the drift velocity of the vortices 
in these figures, as a proportion of V, is calculated to be .8ý. 10 

which is in agreement with the results of Crif fin and Ramberg - (1976) 

who found values of .8 to . 96 for both stationary cylinders and lock- 

on to oscillating cylinders. ) 

It is briefly noted that some secondary vortex shedding occurs, 

as can be seen in the sketches of Fig. 149 for V/nD = 3.0 and 3.8. 

This secondary vortex shedding will be discussed fully in chapter 
11.3.6. 

The phenomenon is thus due to the relative distance travelled 

by the cylinder with respect to the flow in the major part cycle 
being such that only one pair of vortices can develop symmetrically 
before flow reversal. The vortices are close to the cylinder through- 

out the major part cycle and also in the minor part cycle until they 

are forced out by the cylinder travelling between them. In the next 

major part cycle the vortices are swept downstream and a new pair 
begins to formo I 

Form of asymmetric shedding immediately after transition from 
--------- -------------- 

symmetric shedding 
----------------- 

The form of the asymmetric wake just after the wake transition 

varies with V/nD- In all cases for V/nD = 2.8 - 6.5 vortices are 
shed at the rate of two per cycle and the f low pattern in one cycle 
is the mirror image of that in the previous cycle. Furthermore if 

one asigns the signs + and - to clockwise and anticlockwise rolled 
vortices, respectively, then the shedding of vortices into the wake 
is in the order ++--++--, etc. (As opposed to +-+-+-, etc. f rom a 
stationary cylinder. ) 

In Fig. 150 sketches of the f low patterns through one cycle 
at various values of V/nD are shown. Again the f irst sketch is at 
a point when the cylinder starts to move from lef t to right and the 
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third sketch is one half cycle later. The sketches at the extreme 
right hand side show the vortices in the wake from the previous three 

cycles - 
From the right hand sketches of Fig. 150P it is seen that the 

vortex spacing in the wake increases in proportion to V/nD, the rea- 

sons being the same as discussed for the symmetric shedding 
. 

case. 
From these figures the drift velocity of the vortices, as a propor- 
tion of V, is calculated as . 95 t 

. 05. 

From the sketches of Fig. 150, or from the original photograph 
sequences, it is seen that the shear layers feeding the vortices 

move through large angles over the cylinder, and there is more move- 
ment for higher values of V/nD. For V/nD = 3.0 the movement seems 
to be through an angle of about 1000 and f or V/nD - 5.0 through an' 
angle of about 2200. The second vortex of a particular sign of rota- 
tion appears to be of. similar size and strength for all three values 

of V/nD. However the first vortex of a particular sign increases 

in size and circulation with increasing V/nD. Furthermore the first 

vortex shed of a particular sign, although fed by fluid from one 

side of the cylinder, is$ when shed, on the opposite side of the cyl- 
inder centreline, because of the large swing of the separation points 

and the wake. This can be seen from the sketches of Fig. 150 where 
the first clockwise vortex (denoted 1) is fed by fluid from the top 

side of the cylinder, but when shed is seen to be below the centre- 
line of the cylinder. For V/nD = 3.0 this first vortex (1) is con- 
siderably smaller than the second (denoted 2). For V/nD = 3.8 the 
two are of similar size and for V/nD - 5.0 vortex 1 is consider- 
ably larger than vortex 2. Thus, in each cycle, two vortices are shed 
of the same sign and are placed in the wake, one to each side of the 
centreline. Each of these vortices tends to form a pair in, the Fake 
with a vortex of the opposite sign - the f irst vortex in a cycle 
pairs with the second vortex in the previous cycle, and the second 
vortex pairs with the first in the next cycle., As there are. only 
two vortices shed per cycle at both V/nD - 3.0 and 5.0 one expects 
the total circulation in the vortices to be greater for V/nD 5.0, 
as is the case. 

The form of the wake further downstream has not- been studied 
in any detail, however it appears that the various pairs of vortices 
of opposite sign gradually merge and cancel each other out. 
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The change from symmetric to asymmetric shedding 

It seems that this change from symmetric to asymmetric shedding 
is associated with the inherent instability of a symmetric vortex 

wake and the corresponding stability of an alternate vortex wake. 
An alternate vortex wake forms naturally a small distance downstream 

from a stationary cylinder. It has been seen that from the oscil- 
lating cylinder symmetric vortex pairs are shed, remain symmetric a 

number of diameters downstream (the actual distance being dependent 

on a number of factors), and then start to rearrange themselves into 

an alternating wake. This occurs rather further downstream than would 
occur from a stationary cylinder. 

For values of V/nD ý 2.8 the distance to where the wake reforms 
decreases as xo/D decreases. For example for V/nD = 2.0 and x0 /D - 

. 14 there are 3 pairs of symmetric vortices clearly visible before 

the wake starts to re-f orm, but f or xo/D -. 11 there are only 1 or 2 

pairs (the vortex spacing being unaltered). For V/nD - 2.8 - 6.5, 
however, there is little change in the distance, and in fact just 
before the change from symmetric to asymmetric shedding occurs the 

wake appears to be made up of particularly strong vortices (e6gD 

Fig. 129 or 136), and the wake reforms a particularly large distance 
downstream. 

If the amplitude of motion is allowed to decrease very slowly 
indeed, then, at some point when the value of V/ýo is between 1.0 

and 2.0, the point at which the wake reforms to an alternating vortex 
wake moves up towards the cylinder and in the course of some 5 to 
10 cycles it has moved sufficiently close to the cylinder that the 
shedding from the cylinder is radically altered. Quite why the wake 
is suddenly unable to sustain the symmetric vortex form for a dis- 

tance downstream is unclear. However the symmetric vortex form is 

unstable and there is probably less energy in the wake for lower 

values of xo/D (as the relative distance travelled is less). one 

might suggest that at some point the last symmetric vortices before 

the reformation point of the wake are sufficiently weak that they 
begin to be 'pulled' out of symmetry by the wake further downstream, 
and this occurs as a chain reaction up the wake. This explanation 
is rather speculative, however it is quite evident that the change 
from a symmetric to an asymmetric wake commences downstream and then 



- 184 - 

works its way upstream. The process has been filmed and in Fig. 151 

are shown prints taken from the film at the same point in 10 success- 
ive cycles, and the upstream movement of the asymmetry can clearly 
be seen. (The prints are of rather poor quality, and negative, as they 

are printed directly from 16 mm colour film. ) 

The value of V/ýo at which this change over occurs is dependent 

upon a number of factors, but it seems that for higher V/nD it occurs 
at slightly lower V/ýoe The change over can occur at slightly dif- 
ferent values for nominally identical tests and seems to be influ- 

enced by any stream fluctuations, etc. which can trigger the process. 
The transition from symmetric to asymmetric shedding with decreasing 

xo/D (increasing V/ý 
0) occurs at a lower value of xo/D than the 

transition from asymmetric to symmetric shedding with increasing 

xo/D. For example for V/nD = 3.0 these transitions were at xo/D - . 21 
Wio = 2.28) and xo/D - . 26 Wio = 1.86), respectively. 

The value of STCDDEP is expected to be particularly high for 

V/ýCo in the range 1-2f or both the symmetric and asymmetric vortex 
shedding forms due to the particularly strong vortices, wide wakes 
and large angles of movement of the separation points. The force 

measurement tests and the flow visualization tests were conducted 
separately so that it is impossible to tell where the peak in STCDDEP 
is with respect to the change over from symmetric to asymmetric 
shedding. It is, however, evident that the peak is very close to 
the change over. 

Reasons why the change over does-not_occur for VAD < 2.8 

For values of V/io smaller than, but fairly close to 1, two sym- 
metric vortices are formed in the major part cycle and are swept 
back over the cylinder in the minor part cycle* Two vortices of re- 
verse circulation are formed which counter the effects of the first 
vortices, and high values of STCDDEP do not occur. This can be seen 
in Fig. 119 for example. For V/ýo =1-2 only one pair of symmetric 
vortices are formed per full cycle, however these vortices are not 
fully developed (i. e. if the relative distance travelled had been 
greater they could have developed further symmetrically before asym- 
metry sets in) and so STCDDEP does not reach a high value. 
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Nor does the change over to an alternating wake occur f or the 

following reason: A von Y. Arman type alternating wake forms at a rea- 

sonably constant distance downstream of a cylinder irrespective of 

the velocity (at least for the subcritical Reynolds numbers encoun- 

tered here). As has been seen, the distance between symmetric vortex 

pairs formed at the oscillatory frequency is proportional to V/nD- 

For small values of V/nD there is room for one or two pairs of sym- 

metric vortices between the cylinder and the point at which an al- 

ternating wake might be expected to form. An alternating wake thus 

appears able to form at approximately the same point as behind a 

stationary cylinder without affecting the vortex shedding. (See, 

for example, Fig. 118 for V/nD - 1.0, xo/D - . 123 and V/io = 1.29. ) 

In fact for very small amplitudes of vibration at low V/nD there 

are slight wrinkles, one pair for each cycle, on what otherwise ap- 

pear to be normal separating shear layers which roll up into alter- 

nate vortices exactly as from a stationary cylinder. 

In the sketch in Fig. 149 for V/nD - 2.0 (from the photograph 

sequence of Fig. 123) it can be seen that when the symmetric vortices 

initially begin to develop there is a certian asymmetry, however 

with further development the symmetric form recovers. For rather 

larger values of V/nD the asymmetry increases and for rather smaller 

values it does not occur at all. 

Reasons why the change over does not occur for V/nD > 6.5 

For values of V/nD > 6.5 the symmetric f om of vortex shedding 
does not occur. This is because xo/D must be so large in order to 

satisfy the V/io =1-2 criterion that the wake develops beyond that 

stage, becoming asymmetric and, for large enough V/nD, further vor- 
tices form in each cycle. Wake swing becomes considerably less and 
STCDDEP is reduced correspondingly. 
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11.3.4. Flow patterns at low values of V/ýo 

------------------------------------------ 

At values of V/ýo <1f low reversal occurs twice in each cycle 

and the flow may be divided into two parts, each comprising of a 

start from rest, acceleration to a maximum velocity (of V+ýo in one 
part and V-ýo in the other), and a deceleration to rest again. It 

is interesting to compare the flow pattern in each of these part 

cycles with that for oscillations in still water with the same rela- 

tive distance travelled between the cylinder and the flow. 

Expressions for the distance travelled by the cylinder relative 

to the fluid in each part cycle, non-dimensionalized by 2D, are de- 

rived in Appendix 4, and are found to be dependent on V/nD and V/ý 
0 

(or can be expressed in terms of any two of the parameters V/nD, 

WiO and xo/D). These expressions are derived without any account 

being taken of the discussion in chapter 11.3.1, paragraph iii). On 

those of Figs. 108 to 147, where V/ýo < 1.0, the distances travelled 

by the cylinder relative to the flow in the two half cycles, non- 
dimensionalized by 2D, are noted. Thus direct comparison with values 

of xo/D in still witer may be made, and the f low patterns may be com- 

pared with those in still water. 

In Fig. 152 f low patterns are sketched from the photograph se- 

quences for various values of non-dimensional relative distance 

travelled. Also indicated are the value of V/nD, xo/D and either 'A' 

or 'BI 9, 'A' indicating the major part cycle, and 'BI the minor part 
cycle. 

It is seen that similar flow patterns are produced for widely 
varying V/nD and xo/D, but for the same non-dimensional relative dist- 

ance travelled between the cylinder and the f low in the particular part 

cycle sketched. 
The flow patterns are similar to those in still water at a 

rather lower value of xo/D. The reason for this is probably the 
larger reduction in the steady flow component than in the oscillating 
component near the cylinder, such that the effective relative dis- 

tance travelled is less than if a purely oscillatory flow was used. 
The vortices formed when there is a steady flow appear to be stronger 
than in the still water casbs. Also for oscillations in still water 
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it was often found that vortices formed in one cycle were formed 

behind the cylinder and at flow reversal could be swept either onto 

or around the cylinder. In currents the vortices appear to be formed 

further out from the cylinder centreline and at flow reversal are 

always swept back over the same side of the cylinder. 

There often appears to be a greater tendency for a vortex 

travelling back over the cylinder after flow reversal to cause an 

oppositely signed vortex to be formed and for the two to move off 

as a pair, as described by Zdravkovich and Namork (1978). In fact 

Fig. 121, where xo/D = 1.5 and the relative distance travelled in 

the two part cycles are 1.7 and 1.2 (and VAO = . 11), resembles 
fairly closely Zdravkovich and Namork's figure for x0 /D ý'- 1.5 with 

one vortex 'pairing' occurring in each part cycle from one side of 

the cylinder in one part cycle and f rom the other in the other part 

cycle. In still water, on the other hand, one large vortex was de- 

veloped from the same side of the ý cylinder in both half cycles. Thus 

the pattern, when there was a small steady flow component, resembled 
the pattern in waves more nearly than the pure oscillatory flow case 
did. I 

11.3.5. Flow patterns at high values of V xo 

--------------------------------------------- 

For high values of V/ýO the flow patternsp in general terms, 

resemble those on a stationary cylinder in a steady flow. Vortex 

shedding occurs from alternate sides of the cylinder and an alter- 
nating wake is formed. Nevertheless, even for very large values of 
V/io, there are noticeable effects due to the oscillations. 

For Fig. 134, for V/nD = 3.8, xo/D - . 09, and VAO = 7.03, two 

vortices form symmetrically in each cycle and then develop unsym- 
metrically and are shed. It is evident that the process repeats every 
cycle even though there are small variations from cycle to cycle. 

Similarly for Fig. 138, for V/nD - 5.0, xo/D - . 06, and V/ko 
12.6, two vortices are formed and shed in each cycle. The flow is 
different from a steady flow around a stationary cylinder in that 
the two vortices start to build up symmetrically. Thus even vibra- 
tions of only 6% of a diameter, giving a velocity amplitude only 12% 
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of the steady flow velocity, have led to radical changes in the flow 

pattern. 
It appears that for V/nD less than at least 5.0 and for V/nD ý1 

there are always two vortices shed per cycle,, and this is true even 

for very large values of V/ýO* (There are too few tests to enable 

a more exact determination of an upper boundary, however for V/nD - 

1.0 and V/io z 15 and in the above case of V/nD - 5.0, v/; co w 12.6 

two vortices were shed per cycle. ) 

In Fig. 143, for V/nD - 12.0, xo/D - . 30, and V/io U 6.37, and 
Fig. 146, for V/nD - 20.0, xO/D - . 41, V/io = 6.95, the flow re- 

sembles more nearly that for a stationary cylinder. A careful study 

of the figures, however, indicates that there are, respectively, exact- 
ly 4 1/2 and 7 vortices shed per cycle giving values of the Strouhal 

number of . 18 and . 175, respectively. (For a stationary cylinder 

the value measured was . 21. ) 

Separation and_secondary vortex shedding 

For large values of V/: ko there is little movement of the separa- 
tion points. At low values of V/ýo the flow patterns resemble those 

in still water. Grass and Kemp (1978) have shown that in each half 

cycle in oscillatory flow, separation first starts at the rear stagna- 

tion point and then moves rapidly forward. The flow visualization 

method used in the results presented here does not lend itself to 

a determination of the separation point in these very early stages 

of the flow, mainly due to the forced introduction of dye from the 

cylinder. However, if one neglects the early stages after flow re- 

versal, when the separation possibly moves rapidly back from the rear 

stagnation points and developing vortices are very small, then for 
low Vlko the separation points do not move very much in each part 
cycleg and after each flow reversal new separation points develop 

from the other half of the cylinder. 
For V/ko around 1 and V/nD < 6, however, there is considerable 

movement in the separation points, and indeed the separation is in 

many ways rather different to separation in a steady flow. This is 

particularly evident for the symmetric shedding case. As an example 
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one may take Fig. 123, V/nD = 2.0, xo/D = . 12, V/io = 2.65 where the 

following sketches represent the development of the pattern through 

part of a cycle, drawn for the upper side of the cylinder only (the 

pattern is symmetric). 

I I 

ABCD 

It is seen that separation and the development of a vortex ap- 

pear to start at some point on the cylinder not at the rear, and 

at least for sketches C and D the flow is towards the developing 

vortex from both sides of vortex 2, i. e. the flow on either side 

of this vortex is in opposite directions. Vortex 2 may thus be charac- 

terized as being formed form the shear layers emanating from two 

separation points, one for the flow in each direction. Indeed it 

appears that fluid which has earlier left the cylinder and is in 

the shear layer leading to vortex 1 ist at some stage, partly dragged 

back onto the cylinder. At the same time the positions of the shear 
layers from the cylinder are moving over the surface of the cylinder. 

Secondary vortices are also formed within the area described 
by the two shear layers leading to the developing vortex, as has 
been sketched in Fig. 149. It is found that one of these vortices 
develops more for larger amplitudes of oscillationt sketched below 
for V/nD = 2.0. 

1 

I 

0 
/D = . 15 

.x0 
/D - . 43 x0 /D = . 45 



- 190 - 

The development of this vortex, marked 2 in the above diagrams, 

is dependent on the extent to which the main vortex, 1, is swept 

back over the cylinder in the minor part cycle. (The sketches above 

show the instant when the main vortex, 1, is at its furthest point 

to the left, with respect to the cylinder. ) This backward movement 

of vortex 1 can be expected to cause a vortbx of reverse rotation 

to form. (Indeed it is for this reason that, in oscillatory flows, 

the first vortex shed in a half cycle is generally shed from the 

same side as the last vortex in the previous half cycle. ) Indeed, 

one expects that the greater the extent to which vortex 1 is swept 
back, the greater the development of vortex 2, and this appears to 

be the case. Photograph sequences for increasing amounts to which 

vortex 1 is swept back over the cylinder can be seen in Figs. 123, 

136,124 and 119, where the first three correspond approximately 

to the above sketches. 
If the oppositely signed vortex, 2, is small compared to the 

main vortex, 1, then it is absorbed into the main vortex (for ex- 

ample Fig. 123). If , however, it is of similar size then the two 

move off as a pair and tend to cancel each other out (for example 
Fig. 124). 

Secondary vortices are also developed in the asymmetric shedding 
form, although in this case the secondary vortices are of similar 

size and smaller than the main vortex and do not tend to interfere 

with it, but are rather dragged into the wake behind it. (e. g. see 
Figs. 127 and 128. ) 

Evidently the separation and indeed the boundary layer flow 

are extremely complex on a cylinder in a relative velocity flow and$ 

as suggested by Lighthill (1954), large movements of the separation 

points occur. 



- 191 - 

11.3.7. Phase relationship between vortex shedding and cylinder 
--------------------------------------------------------------- 

movement 

The photograph sequences indicate that there is little differ- 

ence in the form of the vortex shedding over quite wide ranges of 
V/nD, although hydroelastic vibrations occur over only a small range. 
Similar symmetric vortex shedding occurs for V/nD = 1.0 - 5.0, as 

can be seen for example in the sketches of Fig. 149, although the 
hydroelastic vibrations (i. e. negative values of oscillatory drag) 

associated with symmetric shedding occur only for V/nD z 2.0. it 

is, however, evident from the sketches, all of which span one cycle 

and begin with the cylinder at its full deflection to the left, that 

the phase relationship between the vortex shedding and the cylinder 

motion varies with V/nD. For V/nD = 2.0 the vortices are in the 

earlier stages of growth as the cylinder moves from left to right. 
Sarpkaya and Schoaff (1979a, b) show, for alternate vortex shedding, 
that the highest values of lift coefficient are associated with the 

early stages of vortex development. Thus this may also be expected 

to give the lowest local pressures on the rear half of the cylinder 

and hence tend to reinforce the motion of the cylinder. 
For V/nD = 3.0 and small xo/D, where alternate shedding occursq 

the phase relationship between the vortex development and the cyl- 
inder motion is similar to the above case for V/nD - 2.0. 

A more detailed study of the phase relationships has not been 

conducted in this thesis, however some further observations could 
be made from the enclosed figures. 
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11.3.8. Minimum and maximum in STCDDEP at xo/D z 1.0 

------------------------------------------------------ 
and 2.3, respectively 

In Fig. 96 it can be seen that for V/nD < 4.0 there is a mini- 
mum value of STCDDEP at xo/D : z: 1.0, and a maximum at xo/D ý 2.3. 

The minimum value is lower for lower V/nD, and for V/nD < 1.6 it 

is negative. It has not been possible to give an adequate explana- 

tion as to why these minima and maxima occur, however it is believed 

that the minimum may be due to vortices f ormed in the major part 

cycle being swept back over the cylinder in the minor part cycle 

causing negative drag effects, similar to those described by Maull 

and Milliner (1978). 

It should perhaps be mentioned that a negative value of STCDDEP, 

the steady component of drag, does not necessarily mean that the 

drag coefficient, (CD3(t) in equation (21) or CD1(t) in equation 
(22)) is at any instant negative. For example a negative value will 

occur if the average drag coefficient in the major part cycle is 

sufficiently smaller than that in the minor part cycle (how much 

smaller is dependent on V/ýO). 

11.3.9. Variations in the oscillatory coefficients CDDEP and CM 
---------------------------------------------------------------- 

The inspection of the flow visualization results with respect 
to the oscillating components of force is very much more difficult 

than for the steady component, due to their dependence on phase. 
It would be necessary to know rather accurately the forces, or press- 
ure distribution on the cylinder, associated with the various forms 

of vortex and in the various stages of development, and the inspec- 

tion of the photographs would have to take into account the phase 
relationship between the cylinder movement and the forces associated 

with the vortices. Such an analysis is beyond the scope of the pre- 
sent data and would, in any case, be extremely time consuming. 
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12. GENERAL DISCUSSIONS OF THE RESULTS FOR OSCILLATIONS IN CURRENTS 

A considerable amount of discussion, particularly with respect 

to the effects of the wake on the steady drag coefficient, has been 

undertaken in the previous chapter. This chapter will be mainly con- 

cerned with the quantitative results. 

12.1 Relationship between the variations in STCDDEP, CDDEP and CM 

It is perhaps surprising that for any particular value of xo/D 
the value of CDDEP varies smoothly, other than for small x0 /D when 
V/nD x 2.0 and 3.0, from approximately its value in still water at 

very low V/nD, to 1.0 at high V/nD. (See Figs. 88 and 89. ) This is 

especially surprising when it is seen that CM (Fig. 95) and STCDDEP 
(Figs. 96 and 97) vary considerably with the various parameters, 
and CDDEP is just as dependent on vortex shedding and the wake as 
CM and STCDDEP are. 

The variations in CM are remarkably correlated to the varia- 
tions in STCDDEP (see Figs. 95 and 96). STCDDEP exhibits a maximum 
at x0 /D ý-- 2.3, whereas CM exhibits a minimum. At x0 /D u 1.0 for 

V/nD <4 there is a minimum in STCDDEP, whereas there is a maximum 
in CM at xo/D ý-- 0.8. There also appear to be maxima in CM f or 
V/nD =3 10, corresponding to the peaks which occur in STCDDEP 

at V/; co =12 for the same values of V/nD. 

When there is no current, i. e. V/nD - 0, there is an inverse 
relationship between the oscillatory coefficients CDDEP and CM. For 

example Sarpkaya (1976b) has shown that increasing roughness in- 

creases CDDEP and decreases CM. Also there is a maximum in CDDEP 

and a minimum in CM around x0 /D :, - 2.2, associated with the large vor- 
tex which is formed behind the cylinder at this value. Ingeneral, 
for V/nD - 0, vortex formation which causes' an increase in CDDEP 

causes a decrease in CM. 

There is, in these results, an evident correlation between CDDEP 
and CM at least for values of xO/D _> 

1.0. For increasing V/nD the 
values of CDDEP f or x0 /D > 1.5 decrease whereas the values of CM in- 
crease. These variations are inversely related in a similar way to 
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the inverse relationship between CDDEP and CM in still water f or 
increasing ý. For xo/D < 1.0 the curves of CM are rather more com- 

plicated than those of CDDEP exhibiting maxima corresponding to the 

minima in STCDDEP at xo/D z 1.0 and the maxima at V/ý, -1-2. Evi- 

dently the curves for STCDDEP, CDDEP and CM are interrelated as may 
be expected. 

It is possible that the forces associated with the -various 
phenomena which lead to the minima in STCDDEP and the maxima in CM 

at x0 /D z 1.0 vary in phase with, or 1800 out of phase with, the mo- 
tion of the cylinder. This would lead to the observed inversely re- 
lated variations in STCDDEP and CM with no significant variation 
in CDDEP. 

It is difficult to see what mechanism could lead to the maxima 

which occur in both STCDDEP and CM at V/ýo =I-2, but which does 

not affect CDDEP- It is unlikely that this mechanism, or indeed the 

various mechanisms leading to the various variations, can be fully 

understood before investigations are conducted into the variations 
in a cycle of the instantaneous values of C D3(t) and Ca (t) in equa- 

tion (21). 

12.2. Conditions for quasi-steady flow 

The values of CDDEP and STCDDEP, i. e. the time-averaged oscilla- 
tory and steady drag coefficients based on equation (21), are equal 
for all amplitudes of motion for V/nD ý 17. For V/nD ý 30 their com- 
mon value is 1.0, the value obtained for STCDDEP on a stationary 
cylinder. Thus, for V/nD >_ 17 the variation in the instantaneous 
drag coefficient through a cycle of oscillation is small, and for 

V/nD > 30 the motion is quasi-steady. A value of V/nD = 17 represents 
about 7 vortices shed per cycle of oscillation. 

For values of V/nD < 17, CDDEP and STCDDEP diverge, indicating 
that the instantaneous drag coefficient, C D3(t) in equation (21), 

varies through a cycle of oscillation. No attempt has been madeý to 
measure instantaneous values of coefficients, however it is evident 
from the flow visualization tests that considerable variation occurs 
(as the flow patterns var y considerably and the force coefficients 
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are strongly related to the flow patterns). 
The divergence in CDDEP and STCDDEP at lower values of V/nD 

does not imply that equation (21) is incorrect, merely that CD3 

varies with time through each cycle. It has already been seen that 

equation (22), where separate parts are written for the steady and 

oscillatory drag forces, gives unacceptable variations in the coef- 
ficients, indicating that that equation is not of the right form. 

12.3. Hydroelastic vibrations 

It has already been mentioned that the negative values of the 

oscillatory drag coefficients found for V/nD around 2.0 and 3.0 are 
due to the phenomenon of hydroelastic vibrations, which has been 

described in Part I, chapter 5.1. 

Results from all the tests recorded for MIND versus V/nD for 
1.0 < V/nD < 3.8 and for xo/D - . 05, . 075, .1 and .2 are plotted* in 
Fig. 153. There are fewer points for the lower values of x0 /D because 

not all the tests were continued to so small amplitudes of motion. 
Each point plotted is the curve fitted, point obtained from the data 

for a particular flow rate and cylinder diameter. 

As mentioned in chapter 9.1.1 there is more scatter for the 
lowest values of xo/D. For xo/D - . 05 the scatter in MIND is about 
t 

. 5. 

Despite the few points, curves have been drawn in in Fig. 153. 
The first peak (i. e. maximum negative value of CDIND) occurs at V/nD 

= 2.1 - 2.3, and -is associated with symmetric vortex shedding, one 
pair being shed per cylinder oscillation. This peak is at the same 
value of V/nD as that where maximum response was found by King (1974) 
for lightweight inverted elastic cantilever cylinders caused to vi- 
brate by a current f low. There is a minimum in -CDIND f or V/nD - 
2.4 - 2.5, King typically finding a minimum of response at V/nD be- 

tween 2.5 and 2.7. There is a second maximum negative value of MIND 
at V/nD ýý 2.9, associated with alternate vortex shedding from the 
cylinder, one vortex being shed per cylinder oscillation. King found 
a peak in the response for inverted elastic cantilever cylinders 
for V/nD somewhere between 3.0 and 3.6, the value depending on vari- 
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ous parameters. Every (1978), using cylinders mounted as inverted 

pendulumst found that the peak associated with symmetric vortex 

shedding occurred at V/nD between 1.9 and 2.3, depending on the value 

of the stability parameter, ks, and found that for the asymmetric 

vortex shedding, values of response near maximum were obtained over 

a range of V/nD, for example for V/nD - 2.8 4.3 when k. - . 03, for 

V/nD = 2.5 - 3.8 when ks = . 07, for V/nD 2.8 - 3.6 when ks = .7 
and for V/nD = 2.7 - 3.1 when ks = 1.0. The reason for this is prob- 

ably in part due to the varying amplitude of vibration over the 
length of the cylinder. 

In the experiments of this thesis it was not found that MIND 
decreased continually as xo/D was decreased. The minimum value of 
CDIND appeared to occur f or x0 /D somewhere between . 02 and . 05, how- 

ever there are so few data points that the value, and its possible 
dependence on V/nD, cannot be determined. 

In the plotted results of Fig. 1539 a varies from 200 to 3500 

and, as for all the results for the oscillatory drag coefficient, 
the viscous contributionso as determined by equation (43), have been 

subtracted. If the results are plotted without the viscous contribu- 
tion subtracted then there is more scatter in the curves. 

From the results and using equation (7), results of maximum xo/D 
in the two regimes versus ks may be obtained, and these curves are 

shown in Fig. 154. It is seen that for ks M 0, xo/D ; ý: . 16 for both 

the regimes and xO/D falls off gradually as ks is increased, reaching 
xo/D - . 05 at ks ý'- 32 and 107 for the first and second regimes, re- 
spectively. The results of King (1975), plotted in Fig. 21, show that 

xo/D z . 18 for ks = 0, but that xo/D is reduced to about . 05 at the 
very much lower value of ks z . 7. Every (1978) found that for kS 

1.0, xo/D varied between . 03 and . 14 (in his tests the same value 
of kS could be obtained by using various values of damping, cylinder 
mass and water depth). 

The very great difference between these results and those of 
King is perhaps surprising, however there are a number of factors 

which may contribute to this. In the experiments considered in this 
thesis the cylinder mode shape was a pure translation, the cylinder 
lengths were quite short (L/D = 7-16) and end plates were fitted, thus 
it is expected that the sit 

' 
uation was suitable for near perfect vor- 

tex correlation and maximum negative values of MIND. In addition 
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the cylinder motion was always a decay f rom a larger amplitude to 

smaller amplitudes, thus a flow regime could be established at a 
larger amplitude of motion and still exist at smaller amplitudes, 

whereas this may not have happened for motion of increasing ampli- 
tude or for a free elastic cylinder. The tests of King and Every 

used bottom mounted cantilevers and inverted pendulums, respectively, 
thus the amplitude of vibration varied over the length of the cyl- 
inders, a situation where the vortex correlation may not be so great. 
The results of Every indicate that, at least under some circumstances, 

very much larger amplitudes of vibrations may occur than those pre- 
dicted by King's curve. 

For cross-flow vibrations Sarpkaya (1978) showed that free cyl- 
inder response, with a linear mode shape, could be predicted by the 

results obtained by the forced oscillation of a cylinder in a cur- 

rents 
It would be interesting to investigate the regimes where hydro- 

elastic vibrations occur in greater detail, using forced cylinder 
tests similar to Sarpkayals. As this thesis was not directly con- 

cerned with the hydroelastic vibration problem no further testing 
has been conducted, and the results are left as they stand; - inter- 

esting, but not fully explained. 

12.4. Comparison of the results with those of other researchers 

The only quantitative data with which the results can be com- 
pared are those of Mercier (1973) whose data was also reanalysed 
by Matten (1976). A qualitative comparison may be made with the flow 

visualization results of Tatsuno (1972), and Griffin and Ramberg 
(1976). 
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12.4.1. Comparison of quantitative results 
----------- 

Values of CDDEP, STCDDEP and CM, calculated using Matten's method 

f rom Mercier Is results, have already been presented in Part I, and 

are shown in Figs. 27,26 and 25, respectively. These can be com- 

pared with the present results in Figs. 88,96 and 95, respective- 
ly. It is pointed out that Mercier's results exhibit considerable 

scatter, there are few points and Mercier noted that extraneous vibra- 

tion was a problem. 

cm 

Curves of CM versus xO/D for various V/nD from Mercier's re- 

sults are shown in Fig. 25, and may be compared with Fig. 95 f rom 

the present results. It is seen that the curves exhibit similar 

trends, particularly at low values of xo/D. 
The value of N. at low x0 /D in Fig. 25 decreases as V/nD is in- 

creased to about 6 and then increases again in a similar manner to 

the present results. Furthermore for V/nD = 3.4 there is a peak in 

Mercier's value of CM at xo/D 1` . 5, (this value cannot be stated very 

precisely due to lack of data points). The present results also ex- 
hibit such a peak. Mercier obtained a nearly constant value of CM - 
1.2 - 1.3 independent of xO/D for V/nD -- 7. In the present results 

a nearly constant value of 1.5 is obtained at V/nD ý 7. 

At larger values of xo/D there are greater differences between 

Mercier's results and the present results, and the two sets of re- 

sults exhibit opposite trends with increasing V/nD, Mercier's value 

of CM decreasing and apparently approaching the still water values 

of CM as V/nD is increased. 

It is probable that Mercier's results are rather inaccurate 
for higher V/nD and larger xo/D, when the inertia force is small com- 

pared to the other forces and extraneous vibrations are greatest. 

CDDEP 

Curves of CDDEP versus V/nD for various xo/D from Mercier's re- 
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sults are shown in Fig. 27, and may be compared with Fig. 88 f rom 
the present results. 

Mercier's results appear to approach the quasi-steady value 
(1.2 in this case) for large V/nD in a similar manner to the present 

results. The results are similar to the present results for low xO/Dt 
however at large xO/D, and particularly for low V/nD, the results 

are lower than the presentt and there is indeed relatively little, 

effect of x. /D. Mercier's resultst particularly for large xO/D, do 

not approach the still water values as V/nD is reduced. For large 

xo/D as V/nD is dec 
, 
reased, Mercier's-values of CDDEP decrease,. whereas 

the present results increaset approaching the still water values. 
It appears that Mercier's results for both CM and CDDEP are 

similar to the present for low xo/Dt but for larger x0 /D Mercier's 

results of CM and CDDEP are lower than the present-results. 

STCDDEP 

Curves of STCDDEP versus V/nD for various xo/D from Mercier's 

results are shown in Fig. 26, and may be compared with Fig. 96 from 

the present results. 

The two sets of results are fairly similar, for high V/nD the 

quasi-steady values are approached, and for low xo/D there is a peak 

value at a value of V/nD dependent on xo/D. (The curves shown for 

Mercier's xo/D - 1.5, and particularly 1.0 are oversmoothed with re- 

spect to the data points and should exhibit more of a peak. ) These 

peaks occur at the same values of V/nD as in the present resultso 

and the peak values are close. In fact, bearing in mind the lack 

of data points and the scatter in Mercier's results, the results are 
in good agreement with the present. 

12.4.2. Comparison of flow visualization results 
----------------------------------------------- 

Griffin and Ramberg (1976), at a Reynolds number of 190, found 

two basic types of vortex shedding throughout the range V/nD - 
2.1 - 4.4, which they described as asymmetric and symmetric, respect- 
ively, and considered that the symmetric form was the same as that 
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observed in irr-line hydroelastic vibrations for V/nD z 2. In fact 

their 'symmetric' shedding looks very unsymmetric and indeed bears 

a close resemblance to the form of shedding just after the change 
from symmetric to asymmetric shedding described in section 11.3.3. 

For example Fig. 5a from Griffin and Ramberg, for V/nD - 3.0, xo/D - 

. 12, may be compared with Fig. 127, V/nD = 3.0, xo/D - . 19, or the 

sketches of Fig. 150. It is considered that Griffin and Ramberg did 

not, in fact, observe symmetric shedding of the type described here- 

in, due to insufficiently large values of xo/D at the values of 
V/nD chosen. 

Griffin and Ramberg's asymmetric shedding form consisted of 

one vortex per cycle shed from alternate sides of the cylinder. At 

V/nD = 2.8 they found that the transverse vortex spacing decreased 

with increasing x0 /D and that at some stage a third vortex was shed 

per two cycles. This author has not observed this form of shedding. 
For instance for V/nD - 3.0 there are two vortices shed per cycle. 
One of these vortices is much smaller however and perhaps may not 

exist at all at lower Reynolds numbers or the slightly lower V/nD 

of Griffin and Ramberg's tests. However, as can be seen from Figso 

126,127 and 128 the transverse spacing increases with xo/D. 
There is considerably better agreement in the results presented 

here with those of Tatsuno (1972), obtained at R- 100. Due to the 

difficulty in obtaining Tatsuno's paper some of his figures are re- 

produced in Fig. 155. Tatsuno found that for V/nD -3-7 there oc- 

curred what he termed "1/2-fold lock-on", *characterized, at least 

for some values of xo/D, by two vortices shed per cycle, in one cycle 
the wake being deflected to one side and two vortices of, say, posi- 
tive circulation being shed and in the next cycle the deflection 

being to the other side and two vortices of negative circulation 
being shed. This is very similar to the author's results, and the 
bounds of V/nD are similar. Tatsuno's results for V/nD - 3.82, 

xo/D - . 267, shown in Fig. 155, a, can be compared with the sketch 
for V/nD = 3.8, xo/D = . 31 in Fig. 150 where the similarity is evident. 

For V/nD > 4.2 Tatsuno obtained, for certain amplitudes of mo- 
tion, the vortex shedding form shown in Fig. 155, b for V/nD - 4.9, 
XO/D = . 267. In each cycle a symmetric pair of vortices develop, how- 

ever they appear to amalgamate whilst, or immediately after, forming, 

and downstream only one vortex is evident for each cycle. This figure 
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is very similar to the author's Fig. 139, V/nD - 5.0, x /D - . 24. 
0 

(For larger xo/D two vortices are clearly shed in each cycle, as in 

Fig. 140, with a pattern similar to Fig. 155, a. This author believes 

that Tatsuno also considered this to be the case, however the author 
has not succeeded in deciphering his paper sufficiently to be more 

categoric. ) 

For V/nD ý3 Tatsuno found that vortices were shed symmetrically 
from the cylinder, one pair per cycle, and that a certain distance 

downstream the vortices combined and re-formed to form a von Kfirm5n 

type alternating wake. Two examples are shownpin Fig. 155, c, d. These 

are evidently very similar to the author's results. Tatsuno found 

that the distance to where the wake reformed increased with x /D, 
0 

as was also observed by this author. However the distances observed 
by Tatsuno do not agree with the distances observed by this author. 

Tatsuno's 1/2-fold lock-on occurred at higher values of V/nD 

for larger xo/D, which is in agreement with the author's observations 
that the phenomenon is fundamentally dependent on the parameter Vlkd 

Tatsuno observed a second lock-on range, termed "l-fold lock-on", 

characterized by alternate shedding of one vortex per cycle, and 

observed for V/nD =7-9. The author has not conducted any flow 

visualization tests in this range, and so no comments can be made. 
Both Griffin and Ramberg and Tatsuno have determined the bound- 

aries of V/nD and xo/D where the cylinder oscillation frequency con- 
trols the wake frequency, and the results are summarized in Fig* 20. 

It should be mentioned that in both cases the wake frequency was 

measured downstream after possible reorganization of the wake had 

occurred. Indeed Tatsuno mentions that for low V/nD there are two 

vortices shed from the cylinder per cycle, but that further down- 

stream the wake Strouhal frequency is independent of the oscilla- 
tion frequency and dependent only on xo/D. 

From the present tests it is evident that the vortex shedding 
is controlled by the cylinder oscillation frequency up to large 

values of V/nD. In the present tests, however, the wake has not been 

studied further downstream after possible wake reorganization. 
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12.5. Comment on 'pressure induced' damping and the 

oscillatory drag_forces 

In the results presented for damping and the oscillatory drag 

coefficients, the contributions calculated using Stokes' viscous equa- 

tions have been subtracted, 'and the 'remaining parts are referred 

to as the pressure induced drag or damping. It must be pointed out 

that the Stokes' damping has both viscous and pressure contributions, 

which are, in fact, equal for a cylinder. The pressure contribution 

is due to the effects of the boundary layer modifying the surface 

pressure (compared to pure inviscid flow). (See Batchelor (1970) 

P. 353. ) Nevertheless this is a rather different, and usually very 

much sm aller, effect than the forces caused by the separation of 

the flow and the 'consequent large pressure differences between the 

fore and the aft of the body. It might therefore be better to refer 

to the damping and oscillatory drag coefficients calculated after 

the subtraction of Stokes' damping as being those due to separation 

effects. 

12.6. Effects of the arc of motion of the test cylinder 

Due to the method employed the test cylinders oscillated back 

and forth on an arc of 70 cm radius, rather than performing pure 

rectilinear motion as might be desired and has been obtained by other 

experimenters, either by oscillating cylinders in still water or 
by using U-tube water tunnels. 

It is not considered that the curved motion had any noticeable 

effect for the following reasons, 
i) The results for cylinders oscillated in still water were 

in nearly perfect agreement with those of Sarpkaya and 
Tuter (1974), indicating that there could be little dif- 

ference in the flows. Sarpkaya and Tuter used a U-tube 

water tunnel to oscillate water past stationary cyl- 
inders. 

ii) Under some circumstances, particularly for cylinder os- 
cillations in still water, flow patterns were set up 
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where vortex shedding occurred f rom only one side of 

the cylinder, or where a vortex shed f rom one side was 
different to one shed from the other side. From which 

side of the cylinder these conditions occurred appeared 

to vary arbitrarily. For example for xo/D 2ý 2 in still 

water a very definite pattern occurs in each half cycle 

where one vortex is formed from one side of the cylinder, 

is shed and moves away from the cylinder. A second vortex 

is formed from the opposite side and develops immediately 

behind the cylinder. Each characteristic vortex is shed 

f rom the same side of the cylinder in the two half 

cycles. In Fig. 8, for xo/D - 1.96, the first vortex 
is shed f rom the upper side and in Fig. 9, f or xo/D - 

2.11, from the lower side. When test conditions were 

repeated the first vortex could be found to be shed from 

either the top or the bottom of the cylinder, and when 

the pattern was established it continued indefinitely. 

Had there been any significant effect of the curved mo- 

tion one would have expected that the flow pattern would 

show a preference for the one or the other side of the 

cylinder. No such preference was noted. 

In currents it was-often found that a particular vortex 

pattern occurred in one oscillation cycle and the mirror 
image occurred in the next. For example in Fig. 127, for 

V/nD = 3.0, xo/D - . 19, it is seen that in one cycle the 

wake is swung over to one side of the cylinder and in 

the next cycle to the other side. The patterns, however, 

appear identical in the two cyclesp (apart from the re- 
flection), again implying that the flow has not 'noticed' 

the non-rectilinear motion of the cylinder. 

12.7. Reynolds numbers 

The Reynolds numbers throughout these tests, other than for 

very small amplitude oscillations in still water (when the parameter 
XO/D is most important), were subcritical. Based oý the steady vel- 
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ocities used (V) the values of R vary between 600 and 2.5 x 104. The 

maximum value of R, based on the relative velocity, was about 
5x 104. 

12.8. Corrections to the drag coefficients 

The value of the steady drag coefficient measured on stationary 

cylinders in the experiments was 1.0 ý 
. 05. Over the Reynolds number 

range of the experiments, 600 - 104, the value generally accepted 

varies in the range 1.0 - 1.2. 

Blockage 

No corrections have been applied to the values of drag coef- 
ficients in these experiments to account for blockage. Corrections 

for blockage would not be more than 3%. 

12.8.2. Velocity profile 

The drag coefficients are based on the free stream velocity 

at the centre of the channel where the cylinder was placed. Account- 
ing for the effects of the velocity profile the drag coefficients, 
(or at least the steady component) should be up to 5% higher. 

12.8.3. End effects 
-------------------- 

No account has been taken of possible end effects, though it 
is emphasized that end plates were a. ttached to the cylinder to mini- 
mize these effects. 
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12.9. Comments on the results of Part II 

In Part II it was found that, within the ranges of parameters 

considered, wave forces on the flexible cylinder were the same as 

those on the rigid cylinder and the damping and added mass of the 

flexible cylinder were the same as if it was oscillating in still 

water. The largest value of Um/nD (at the top of the cylinder) in 

the experiments was about 7 and the amplitudes of vibration were, 

at most, O. D. The vibration frequency was always several times the 

wave frequency. 

The wave flow of the experiments of Part II cannot be considered 

to be quasi-steady, which would only occur for very large values 

of Keulegan-Carpenter number (Part I, chapter 3.10). 

From Fig. 97, for CDIND versus V/nD, it is seen that for any 

particular x0 /D the value of CDIND, and theref ore of the damping, 

approaches the still water value for low V/nD, particularly f or 

larger amplitudes of oscillation. For xo/D > .2 the total damping 

(inclusive of Stokes' damping) will be close to the still water 

value for V/nD < 3.5 (the Stokes' damping contribution being a pro- 

gressively larger proportion for smaller xo/D). The large variations 
in the curves for xo/D < . 1, at V/nD - 1.5 - 3.5 are due to the ef- 
fects of hydroelastic vibrations. It is unlikely that these effects 

could occur in the wave experiments of Part II due to the low values 

of Keulegan-Carpenter number (non-steadiness), and the rapid varia- 
tion in the parameters with depth. From the results of Part III one 

might thus expect the damping to be virtually the same as in still 

water for V/nD less than at least 3, if hydroelastic vibrations do 

not occur. In the experiments of Part II the maximum value of Um/nD 

was 7. This value was, however, at the top of the cylinder and thus 

values lower down were correspondingly lower, and also 7 represents 
the maximum value at maximum velocity, the average value being lower. 

Thus the cylinder in waves may well be acting as if it had a low 

value of 'V/nD', supporting the experimental evidence that the damp- 

ing was always about the same as in still water. 
The application of the Part III steady components of drag re- 

sults to the wave force of the Part II experiments seems to be un- 
reasonable due to the marked non-steadiness of the flow. 

Perhaps the most important result of the tests of Part III, 
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from the point of view of the Part II work, is that the drag coef- 

ficient applying to two different flow components may be very dif- 

ferent, and the extension of Morison's formula to the modified ver- 

sion (equation (12)), with the use of a time averaged drag coef- 

ficient applicable for the stationary cylinder case, is not expected 

to give the correct damping values. 

12.10. Comments on the analysis method used 

It is first instructive to look at the methods used for the 

analysis of data for a cylinder in pure oscillatory motion. 

12.10.1. Analysis for a pure oscillatory motion 
------------------------------------------------ 

Keulegan and Carpenter (1958) used a Fourier coefficients method 

which can be explained as follows. The Morison's formula can be 

written as 

f- . 5pD U2 
[CD 

coselcosel - 
IT 

2 
ý, sine] -(47) mK 

The force time history in an experiment will in general, when 

Fourier analysed, have sine and cosine components at the fundamental 

and higher harmonics of the fundamental. Equation (47), when Fourier 

analysed, has a sine component at the fundamental and cosine compo- 

nents at all odd harmonics of the fundamental, the fundamental being 

dominant, its amplitude being 5 times the 3rd harmonic and 35 times 

the 5th. The experimental force cannot, generally, be perfectly de- 

scribed by Morison's formula. 

The sine and cosine components of the force time history at 

the fundamental frequency are equated to the same components of equa- 
tion (47) yielding averaged values' of CH I and Cb, respectively, i. e. 
the value of CD is obtained purely by comparing the fundamental com- 
ponent of the measured force in phase with velocity with that of 
equation (47). 
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When trying to reproduce the experimental time history or to 

predict a force time history for similar circumstances (similar 

values of R and K), then the values of CD and CM are used in equa- 

tion (47). This produces a force with a sine component at the funda- 

mental and cosine components at the fundamental and odd harmonics, 

and in effect the one value of CD is considered to apply to all the 

cosine harmonics and there is not considered to be any higher order 

sine components. Evidently, in the analysis of an experimental force, 

one could define a series of drag coefficients each applying to a 

particular harmonic and not necessarily equal. 
The other main method used to analyse force data in a pure os- 

cillatory flow is the method of least squares. In this case the error 

between the measured force and that predicted by equation (47) is 

minimized to give values of CD and CM. The CM values obtained with 

this method are identical to those obtained using a Fourier analysis. 

The value of CD1 on the other hand, is different as account is taken 

of the higher order components. 

12.10.2. Analysis for a combined steady and oscillatory motion 
--------------------------------------------------------------- 

only the analysis based on equation (21), a relative velocity 
form of Morison's formula, will be considered here. 

The analysis method used in this thesis is a Fourier coef - 
ficients type of analysis. In this case the zero (steady), and funda- 

mental sine and cosine components of the measured force are equated 
to the same components of equation (21), yielding the averaged coef- 
ficients STCDDEP, CM and CDDEP, respectively. For values of V/nD < 17 

it was found that the coefficients for the steady and fundamental 

oscillatory drag components of the measured force were not the same. 
It is difficult to see how the results can be used directly 

in equation (21), which requires a single value of drag coefficient 
to apply to all components. One could perhaps suggest the use of 
STCDDEP for the drag coefficient for high values of V/i 

0 when the 

steady force is dominant. In this case the steady force would be 

given accurately and fundamental and higher harmonic drag forces 

would be estimated, though not necessarily accurately. Similarly 
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f or low V/: k 
0 the value of CDDEP could be used in (21) yielding an 

accurate estimate of the dominant fundamental oscillatory drag force. 

Alternatively equation (23) could be used with appropriate values 

of STCDDEP, CDDEP and CA. In this case the steady component and the 

fundamental oscillatory components would be given accurately, but 

no higher harmonics would be estimated at all. 

A least squares method could have been used to give average 

drag and inertia coefficients for use in equation (21), In this case 

the drag coefficient would be some sort of average fit to all the 

harmonics of the drag force. The use of (21) with these least squares 

method derived coefficients would thus give an estimate of all the 

harmonics of the drag force (most accurately for the most dominant). 

The experiments described in this Part of the thesis were orig- 

inally undertaken with a view to investigating damping of vibrations. 

In this case the Fourier method used is best as it gives the funda- 

mental drag component accurately, and this is the only component 

which affects the damping. In particular this method gives the damp- 

ing accurately even at very large values of V/ýo when the steady com- 

ponent of drag is dominant and a drag coefficient obtained by the 

least squares method would be weighted in favour of the steady com- 

ponent and could give a very inaccurate estimate of the fundamental 

component of drag (i. e. of the damping). (The damping of a structure 

may be of fundamental importance even if this force is very small 

compared to other forces, as discussed in Part I, chapter 6.2. ) 

Thus. in cases where the oscillatory drag force is of interest 

from the point of view of its quantification of damping, the Fourier 

coefficient method is most advantageous and equation (23) should 
be used. 

In cases where one is interested in overall forces, for example 
for a stationary cylinder in a combined steady and oscillatory cur- 

rent, then the least squares coefficients for use in equation (21) would 

probably be better. Equation (21) contains only two coefficients 

whereas equation (23) contains three and equation (21) also gives 

estimates of forces at higher harmonics of the fundamental frequency. 

(At the time of writing the author is reanalysing the data collected 
in these experiments using the least squares method. ) 
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12.11. Possible extensions to the work 

There are a number of continuations to the work which appeal 

to the author as being of interest. 

In the previous section it was mentioned that reanalysis of 

the data using equation (21) in a least squares analysis has already 

commenced. The author feels that it is important to compare instan- 

taneous forces throughout the cycle with those predicted using the 

time-averaged values, and, if possible, to study the instantaneous 

values of the coefficients CD3(t) and Ca(t) in equation (21) through 

the cycle and to relate variations in these coefficients to the flow 

patterns observed. It is already evident from the large differences 

between STCDDEP and CDDEP, even when V/ko ýý 1, that the coefficients 

C D3(t) and Ca(t) in equation (21) vary considerably in an oscilla- 

tion cycle. 
Lift forces have not been studied at all in these experiments 

even though very large lift forces may be expected to be associated 

with the asymmetric vortex shedding form. Any future investigation 

ought to take these forces into consideration. 
The flow visualization tests conducted were fairly brief and 

it would be desirable to study the wake in more detail, particularly 

with respect to vortex spacing measurements, the manner in which 

a symmetric row of vortices reforms to an asymmetric wake, and the 

downstream interactions between vortices formed from the asymmetric 

vortex shedding form. 

In Part I it was mentioned that oscillations in still water 
(or oscillatory flow past a stationary cylinder) are in some ways 

similar to impulsively started and constant acceleration flows except 

that flow reversal leads to the wake in one half cycle becoming the 

upstream part of the flow in the next half cycle, resulting in complex 

vortex interactions. The present rig could be used to study the flow 

patterns and forces on the cylinder in progressive half cycles after 

the pendulum was released from rest at an extreme deflection. The 

first half cycle would represent the forces for a sinusoidal motion 
through perfectly still water and in subsequent half cycles the ef- 
fects on the forces of the wake becoming the upstream flow could 
be studied. 



- 210 - 

The problem approached in the experiments of Part III, that 

of oscillations in a steady current, is simpler than the conditions 

which are often of interest to the offshore industry. As a next step 
it would be useful to study flows consisting of two superimposed 

oscillating components (or oscillations of a cylinder in an oscil- 
lating flow) where the frequencies are different. This could repre- 

sent, for example, vibrations of structures in waves or the low fre- 

quency oscillations of a tethered platform in waves where the oscilla- 

tion period of the structure is often 1-2 minutes. This line of 

approach might lead to a method to tackle the even more complex situ- 

ation of many sinusoidal components superimposed (representing a 

wave spectrum for example)e 
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CONCLUSIONS 

The main conclusions of the thesis may be divided up into three 

sections corresponding to the three Parts of the thesis. 

Conclusions for Part I 

There is in general good agreement between results obtained C. % "TW 

waves and in oscillatory flows for the flow patterns observed 

around a stationary cylinder, the force coefficients obtained 

and the spectral content of the lift force. 

ii) An oscillatory or wave flow is expected to become more quasi- 

steady as the Keulegan-Carpenter number is increased. Never- 

theless oscillatory flow coefficients do not become equal to 

the steady flow values until a value of K of about 1000. 

Conclusions for Part Il 

i) Morison's formula, used with oscillatory flow values of CD and 

CMj gave a good estimate of the overall forces on the rigid 

cylinders in waves, but not of the vortex shedding forces. 

ii) A quasi-steady model of vortex shedding gave a good qualitative 
description of the frequency content of lift forces on cylinders 

in waves and currents. 

iii) Vibrations of the flexible cylinders were caused by excitation 
from vortex shedding forces and occurred for UM /nD ý 1.0 in 

both the in-line and cross-flow directions, the vibration ampli- 

tude being mainly dependent on Um/nD, 6 
SW and af requency para- 

meter 1(1-rnw/n)l. 

iv) For the experiments considered, the wave induced forces on the 

flexible cylinder, including those due to vortex shedding, were 

the same as on the rigid cylinder, and no hydroelastic effects 
We4. t_ J., ýJL. 
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v) The vibrations of flexible cylinders, within the range of para- 

meters considered here, can be predicted from a full knowledge 

of the forces on a stationary cylinder, including those due 

to vortex shedding. The use of the modified Morison's formula 

leads to an underprediction of vibration, partly due to the 

non-inclusion of vortex shedding forces and partly due to the 

overestimation of damping. 

Conclusions of Part III 

The experimental method, using a massive pendulum to produce 

oscillatory motion, gave accurate and repeatable results and can 

be recommended, particularly for the investigation of the oscilla- 

tory drag forces. 

Results in still water 
--------------------- 

For small amplitudes of motion, the damping and oscillatory 
drag coefficient were given, within measureable accuracy (better 

than 1%), by the values obtained through application oi Stokes' 

equations for unseparated viscous flow. 

ii) For larger amplitudes of oscillation, separation occurs and 
additional damping and oscillatory drag occurs. The oscilla- 
tory drag coefficient, over and above that given by Stokes' 

equations, a nd the inertia coefficient have been quantified 
for x0 /D <6 and found to be dependent on x0 /D and a. 

Results in currents 
------------------- 

The results have been found to be best quantified using a rela- 
tive velocity Morison type equation from which three time aver- 
aged coefficients have been determined, for the oscillatory com- 
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ponent of drag (CDDEP), , the direct component of drag (STCDDEP) 

and the inertia (CM). These coefficients have been found to 

be functions of three parameters, ý, x0 /D and V/nD (or V/k 
0). 

ii) For any particular value of xo/D the oscillatory drag coef- 
f icient , CDDEP, varies smoothly , from its still water value at 
low values of V/ýo to the quasi-steady value at high values of 
V/nD, other than for values of V/nDar"I, 0*P3.0 when xo/D < 

. 2, in which case negative values of CDDEP occur due to the 

phenomenon of hydroelastic vibrations. 
iii) The steady component of drag coefficient, STCDDEP, exhibits a 

number of complex and remarkable variations, but for increas- 

irjg values of V/nD it approaches the quasi-steady value and 
for V/nD ý 30 is equal to the quasi-steady value, for all x0 /D. 

A minimum value of STCDDEP, which is negative for V/nD < 1.5, 

occurs for V/nD <4 at xo/D Z 1.0. For values of 2.8 ý V/nD 

ý 6.5 a maximum in STCDDEP occurs, with a value up to twice 

the quasi-steady value, when the value of V/ýo is somewhere be- 

tween 1.0 and 2.0. 

iv) The inertia coefficient CM is found to be close to its still 

water value, for any particular value of x O/D, at low values of 
V/nD. For values of V/nD ý 3.5 and xo/D ý 1.5, the inertia coef- 
ficient has a near constant value of 1.5 - 1.6. For x0 /D < 1.5 

the variations in CM are complex, the value first decreasing 

with increasing V/nD to a minimum at V/nD Rt 5 and then increas- 

ing again. The variations in CM are closely related to the varia- 
tions in the steady drag coefficient STCDDEP. Maxima occur in 

CM for 2.8 
_ý 

V/nD ý 6.5 at values of V/: ko =1-2. 

V) Despite the large variations in the individual coefficients) the 

value of the maximum force in a cycle varies only between 80% 

and 135% of the value calculated using drag and added mass coef- 
ficients equal to 1.0. 

vi) The quantitative results are in fairly good agreement with those 

of other researchers, but cover larger ranges of parameters 
and exhibit considerably less scatter. 
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Flow visualization experiments 
------------------- 

i) The variations in the flow patterns with xO/D for-oscillations 

in still water have been detailed and, in general, agree with 

previous researcherst observations. 

ii) For cylinders oscillating in a current, the effects of' varying 

xo/D are similar within broad ranges of V/nD. Three ranges may 
be defined as V/nD < 2.8,2.8 < V/nD < 6.5, and V/nD > 6.5. 

The flow patterns in each range of V/nD may be divided into 

three ranges, namely high values of V/; cO, values of V/io around 
1 and low values of V/ý 

0. It is particularly for the middle 

range of V/nD, with V/kO around 1, where remarkable effects have 

been noted, including the sudden change over from symmetric 

to asymmetric vortex shedding. These effects lead to the peaks 

in STCDDEP. 

iii) For values of V/ýo ý 1, the flow pattern, for all values of 
V/nD, resembles in each part cycle the pattern observed for 

oscillations in still water at a similar value of non-dimen7 

sional relative distance travelled. 

iv) When VhZo z1 and 2.8 ý V/nD ý 6.5 the flow is found to radical- 
ly changet as the amplitude of motion is slightly reduced, from 

a symmetric to an asymmetric shedding form. This effect has 

been explained by considering the combined effects of relative 
distance travelled by the vortices with respect to the flow, 

the development of symmetric vortices after flow reversal, and 

the stability of a von KfirmSn type wake. 
For V/nD > 6.5, the symmetric shedding form is not found, 

and for V/nD < 2.8 the shedding form remains symmetric and no 

change over to asymmetric shedding occurs. 

V) For large values of V/i 
0 the patterns resemble those in cur- 

rents, the shedding frequency varying approximately with the re- 
lative velocity. 
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APPENDIX I 

SCHEME OFTHE VARIOUS COMPUTER PROGRAMS 

Program I- Digitization 

Standard VHL program for digitization of signals. The tape 

recorded signals from the experiments are calibrated, digi- 

tized and stored on disk in a standard format file for later 

access by other programs. 

Program 2- Calculates the damping and the steady component 

of force for the rig, with or without a cylinder 

attached, as a function of x0 /D 

Start at beginning of data file (largest amplitude, x0). 
Calculate amplitudes of all maxima and minima of motion. 

Go back to beginning. 

Start at largest amplitude. 
Go down progressively - 7%, noting exact amplitude and 
how many cycles between these. 

From these calculate damping between one amplitude maxi- 
mum and the next but two (i. e. 20% down in amp. ). 
Calculate amplitude of motion way between these. 

iv) From forces integrate to find average force between one 
amplitude maximum and the next but two (i. e. same range 
as in iii). 

V) Find a curve fit equation of order n(from 8-18) for 

Damping versus x0 /D 

Force versus x /D 
.0 

(For no cylinder D is given the value . 0252. ) 
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vi) Store and write out to terminal 

D Experimental data (Temperature., D, n. etc. ) 

ii) Curve fit equation coefficients 

iii) Values of Damping and Forces at 24 particular 
values of xo/Dý calculated from the curve fit coef- 
ficients 

iv) Actual Damping and Forces versus x0 /D. 

Program 3 

Calculates the various time-averaged oscillatory and steady 
drag coefficients. Uses as input 2 files made by Program 2- 

one for a test with a cylinder and the other for a test with 

no cylinder in the same velocity of flow. 

From_data_file_for_no_cylinder 

Read curve fit equations of damping and forces versus 

x /D. 
0 

Correct to give equations for damping and force as a 
function of amplitude, xO. 

ii) From_cylinder_data_file 

For all amplitudes, both curve fitted and actual, cal- 

culate the. various steady and oscillatory drag coef- 
ficients, and the various parameters to be plotted against. 

iii) Write out data to the line printer and store for 

plotting. 

Program 

Calculates CDINý'and CM from time histories of force. 

Open data file. 

Ask if test is with cylinder or without. 
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If with I 

Read from previous analysed no cylinder data file the 

coefficients of the curve fit equations for MIND and 
CM as functions of xo/D - correct to give thernas func- 

tions of x0. 

If_without, 
_jh2n 

Set no cylinder CDINO and CM curve fit coefficients 
to 0. 

iii) Start at beginning of data file. 

From position time history find zero crossing points. 
Integrate over each cycle the forces to give CDINDIand 

CM. 

I iv) Subtract CDIND and CM for no cylinder at each amplitude. 

V) Take averages of CDIND'and CM over 2% ranges of ampli- 
tude. 

vi) Curve fit CDINe and CM versus x0 /D and calculate for 

24 given values of xo/D. 

vii) Write out to file and print to line printer: 
Test data (Temperatureý D, n., etc. ) 

Curve fit equation coefficients. 
Curve fitted points of CDINY and CM versus x0 /D. 

Actual values of CDIND'and CM versus x0 /D. 

Program 5- Plotting progra 

i) Choose x-axis wanted (x 
0 

/D. V/nD, V/: k 
0). 

Choose y-axis wanted (The various steady and oscilla- 
tory coefficients). 

iii) Choose data file to be plotted. 
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iv) Plot Any combination of the following 

a) Actual points 

b) Predicted points 

C) Line through predicted points 

d) Write test data below 

Go back to iii) or stop. 
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APPENDIX 2 

DRAG COEFFICIENTS FROM THE VARIOUS FORMULAE 

A2.1. Derivation of the time-averaged oscillatory drag coef- 
ficients 

The relevant equations for the drag force are: 

f-= . 5p DC D3 
(t) (V-A)I(V-k)l (11) 

f= . 5p DC DI 
(t) v2_. Sp DC D2 

(t) k1ki (21) 

The time averaged oscillatory drag coefficient obtained 
from (11) will be called CDDEP. 

The time averaged oscillatory drag coefficient obtained 
from (21) will be called CDIND. 

The method used to obtain the time averaged coefficients is 

to equate the work done represented by the damping due to 

separation effects on the cylinder, c press2 
to the work done 

represented by (11) or (21), i. e. 

T 
ýf A dt 

press T2 
ýA dt 

(31 ) 

where f is given by equation (11) and (21) to yield respect- 
ively CDDEP and CDIND. 

The integrations of (31) are conducted below. 
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Fromequation (2' ) 

Now 

ff ý dt 95p D CDIND f ý2 1ý1 dt 
press -2 ý2 fx dt dt 

'2 " '3 x lxi x 

f ;2 dt =2 n2 �x 
2 

defining ý 
.=ýs 

in 
0T 

T3 T/2 3 
then -5p D(CDIN'D)f ý3 cjt = -5p NCDIND)ý f sin (, 27rt)dt 

000T 

=p D(CbIVD)ý 3f T/2 [3/14 sin ( 27rt 21 
sin(6Tt)ldt 00T4T 

Evaluating the integral 

2pD(CDIND )ý3 
0 

3n7r 

-3 pD(CDIND)x 0 
press 3n 2 

7T 
3x2 

0 

rearranging yields 

-3 c 
CDI14D press_ 

8npDx 
0 

From eauation 

Rewriting (1') as 

kD (V-ý)J(V-ý)j 

( 4' ) 

where kD= -5pD(CDDEP), and CDDEP i, --, tile, time average 

value of CD (t) in W). 
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Let ý= ýOcos2vnt 

Separate integrations must be conducted depending on whether 
lvl>ýo or JVJ<ý 

0. 
Let us for convenience choose acoordinate 

system so that V is positive. Then 

if V>ý 
'. /2 

ff; 
dt 2k 

JDT 

(V 2_ 2 V; +; 
2 ) ; dt 

0 

VIT/2 

T/ 2 

V; 2 
-2k Dx cos(2unt)dt-2 0- 

ml 
ý1 

33 
+x 0 cos (2unt)d 

1 

Z. ý 0 

cos2 (27Tnt)dt 

Since the former and the latter integrands are 

symmetric functions they integrate -to zero and 

all that remains is the middle integral which 

yields 

+k 2Vý 
2+1 

sin(27rnt) 
T/2 

D0 
[t 

4Trn 
10 

o2 
-k x0 

-k D Vý 
01 -2k V 

c press n 27r 2nx2 

Rearranging_yields CDDEP = 
-C Dress 

ýVD 

which can be written as: 

-C x 
CDDEP press o 

.2 . 5pDx 
0B (for V>k 

., 0 
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where B= 2a 

and a= V/A 

if V<ý 

When V>ý J(V-ý)j is V-ý 

V<ý J(V-ý)j is -(V-ý) 

The integration 
Jfkdt 

in (31) must be carried out in two 

parts, according to the above. 
For 

0 co 
I 
s2nnt 

T/2 

fýdt -2k 

ID 
l(V2 

-2 Vý+ý2 )kdt+2k D (V 2_ 2 Vý+ý2 )ýdt 'JD 
c 0t1 

is given by V=ý0 cos21Tntl, or 

Arc cos( 
V) 

2ýn Ao 

can be rewritten 

f f; kdt = wl + w2 +w3 

where 

wl = -2k Dfiv2 Adt + 2k Dv2 Adt 
0r1 

w2 = 4k D 
tl 

0 

w3 = -2k D 

Evaluating 

Vk 2 dt - 4k v; z 2 dt Dt1 

k 3dt + 2k Df 
T/2 

k3 dt 
ti 

wl, w2 and w3.. 

(71 ) 
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wl 

21 T/2 
27rnt)d wl = 2k D vio -fo cos (2wnt)dt + 

fti 
Cos( t] 

2k Dv2 xo 
[-Esin(2wnt)jo 

ti 

+ 
Esin(2nnt) T/2j It 

1 

-4k Dv2 X0 sin(27nt 1) 

w2 

w2 = 4k D Vk 2t 
.1 Cos 

2 (2vnt)dt - 
T/2 

Cos 
2 (27rnt)d tj 

0 

110 ft 

,41t 
k VA 2f 1+1 cos(47rntl) _JT/2 

11-1 
+Icos(4wntl)tl Do. 

0t1 

=4k VA02[ [t/2+ 1 
sin(47nt)] 

tl 
- 

[t/2+ 1 
sin(4wnt )j 

T/2 

D8 71 n0 87Tn t1 

w2 = 4k Vk 2 
[t 

1+-1 
sinf Mnt D01n4 Tr n -7q- 

w3 

w3 = -2k DA031 cos3(27nt)dt Cos 
3 (2nnt)d t 

-2k DA031 
os(6nnt)+3cos(2nnt, 

])d 
t- 

t/2 
os(6nnt) 3cos(2nnt di 

40 

LC rt 
1 
EC 

-k DA01 
sin(6wnt) +3 s4n(2wnt sin(6nnt) 2 

[16--Tir-n 

T/2 

21Tn 
)10 

Tr n 

+3 sin(2nnt 21r nt 
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W3 = 
-kD J-Z 03[1 sin(61rntl) + 1- 

sin(27rnt, 
.2 

"Y-Trn im 
)l 

see- =. 
(wl+w2+w3) 

c 
fý2 dt 2 ff2 nx 

2 
0 

p(CDDEP)nDA 
press 41T 2x 

0 

4 IT 
2 

or CDDEP 
xocpress 

pnDA 

where 

A"2 sin Ownt + 16Vx Tr 
2t 4Vxo7T 2 

-47r. Vxosin(4irntj) 
n20nn 

x04 7T 22 
ý- sin(67rntl) 12 xo 7 sin(2wnt 1 

Iv 
and t Arc Cos 1 27m 

0 

writing a= V/ý 
0, 

A can be rewritten as 

2 
0 (4a 2 

+3)sin(Arc cos a) -27fa+4aArc cosa 2 
n 

+2asin(2Arc cos a) --isin(3Arc cos a 3 
2 

0 
-[ý3(1-a 

2)j (2+a 2 )+2a(7-2 Arc cos a) 
n21 

(Note that: 

sin(Arc cos x) = Vl-x' 

sin(2Arc cos x) = sin(«Arc cos 21 (2x-1»= 2x(1-x )'2) 
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c CDDEP o press 

-SpDk 02B 
[4 

2 2' 2 
Where B- (1-a )2(2+a )+2a(7t-2Arc coo a) 77ýr Tr 

I 

Thus (51) and (81) may be written as 

c 
CDDEP o press 

. 5pDk 
02B 

with B= 2a for Ok 
0 

-(8') 

(for V<A 0 

-(9') 

and B (1-a 2 )1(2+a 2)+Ia(w-2Arc 
cos a) for V<A 

P3 
-Tr Tr 

10 

This is the same as the result that Matten (1976) obtains 
by a Fourier coefficients analysis with (A 

0c press 
) replac- 

ing the amplitude of the fundamental oscillatory component 
of drag force. I 
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A2.2 Derivation of time-averaged steady component of drag 

coefficients. 

The time averaged steady component of drag coefficient 
from (11) will be termed STCDDEP, and from (21) STCDIND. 

From the force measurements the average force on the 

cylinder, P 
crl 

over several oscillations (the same number 

as used in tic calculation of c press 
) was calculated, 

F 
cyl 

where is the force measured in experiments with a 

cylinder, and F0 in experiments without a cylinder. 

This --an be related to the steady force given by (11) or 
(2') to yield the steady drag coefficients. 

Týie average force on the cylinder over a cycie is 

T 
F, 

cyl 
f fdt (101) 

0 
f is given by (I') and (21) to yield SrL"CDDEP and STCDIND, 

respectively. The integrations are conducted below. 

From equation (21) 

- 
SDD T2 F 

cyl TCD3V dt 

0 

. 0. STCDIND =-F cy*l 
SpDV 2 (111) 

From equation (I' ) 

Again separate equations will be derived for the cases 
V>, ý and V<ý 
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v >ýc 
0 

2K /2 2dt-2 T/2 
ýdt 

T/2 
ý2 d F 

cyl 
Dv vfo +f0 

1 

T0 

TT 1f0 

T/2 
2K D 

T 

T/2 
(4*rrnt]o 

j 

- 2Vx 
01 

in(27Tnt-j) 
0 

2K -2 
R [T 

+ý 
2K X2 

T2.04 D(l+ 2 

T/2 

+ý2 12+ 1 
sin 018 7T ri 

Rearranging yields STCDDEP 
Fcyl 

SPDV 2 (j+ 12 

2a 

v<; 0 
t /2 111 (V2 V; +; 

2 
iT 

2 
jd 

K -2 )dt + (V _2V; +; 
2 

cyl DT0 

ý: 
2K D 

cyl - '. r, 

[X 
1+X2+XJ3 

f 

ot 

222 X1 =V dt + 
ftTi, 

V dt 

/2 
X2 =2 vfo ý, -dt-2V 

ti 
Adt 

X3 =2 
T/2 2 dt +R dt 

0 

ft 

1 

Evaluating Xl, X2, X3: 

2 ti T/2 
X1 =V+ t] =. V2 

I 
[t 10[t1 [-2t, 

+T/2] 

-(121 ) 
(for Ok 
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X2 

X2 = 2V; Z 
0[ 01 

cos(2nnt)dt 
T/2 

cos(27Tnt)d tj 

T/2 
2Vxo 

[Esin(21Tiit)ltl 

- 
[sin(2Trnt 

) 
0 

it 

. *. X2 = 4Vx 
0 sin( 21Tnt ) 

X3 

X3 
02 rOS2 (27nt)dt + 

/2 
Cos 

2 (2nnt)d tj 
0 

ft 

1 

1/2 
1+1 cos(47Tnt)dt ++ cos (4-, rn". ) d 00 

fti 
tj 

)Z 
2 

[-[t/2 
+ sin(14Trnt)jt + 

ft/2 
+1 sin(47Tnt 

T/2] 
08 7Tn 8 7Tn 

J) 

0t 

0. X3=A 
02 

[_*tl 
+ 41n 4, 

lTrn 
-in(41'ntl)] 

Therefore 

f= 
2K D+ X2 + 

Cyl T 

CX 
1X 3] 

2 222 4a X 0KD Tr 
Arc cos a+ Tr sin(Arc cos a) 

+, 
Arc, cos a1 

2 sin(2Arc cos a) 7T -IT 

I 

Where a V/ý 
0 
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This can be written as 

Ik02KD 2), +1 
2) 

F ': - 
[3a(l-a 

(1+2a (IT-2Arc cos a)] 
cyl IT 

rearranging yields 

F 
cyl STCDDEP =- ýe 

. 50D; ko E 
(131 ) 

where 

E=1 a(l-a 
2 )2' + 1(1+2a 2 )OT-2Arc cos a) IT 21 

(131) is identical to the equation obtained by Matten by a 
Fourier coefficients analysis. 
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APPENDIX 3 

TOTAL OSCILLATORY DRAG COEFFICIENT 

Assume UUm sin(wt) 

6wum cos(wt) 

and force given by 

. 25pTr D2 CM Ü+ 
. 5p DCD ulul 

2 
cos(wt) + . 5PD CU2 sin(wt)Isin(wt)1 .. 

f = . 25pTr D Cm wU MDm 

expressing the total (oscillatory) force in terms of the vel- 
ocity. 

COSC f2- . 25Tr D2Cmw 
Cos (WO + CD sin(wt)lsin(wt)l 

. 5pD Um .5DUm 

cosc 7c wD cos(wt) +C sin(wt)lsin(wt)l -(a) 7m U- D 
m 

Find maximum value 

Write (wt) = 

d COSC 
= -,, C ýID sin(y) +2C sin(y)-cos(y) dy 2mumD 

Tr 
cM 

wD Cos (Y) T -ý-D u 
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if ý>I then the maximum force is purely inertial and given 
by substituting ý=0 into (a). 

f 
max = CMAXOSC = 

Tr m 

. 5pD U2K 
m 

otherwise substitute for a in (a). 

CMAXOSC -E C ýýD. cos(y) +C sin 
2 (Y) 

2MUD 
m 

C )D 
2 7TC mcM wD 2 

2M 
(F 'ý -CD +CD4 U- 

IJ) 

mDm 

IT 2Cm 
wD 

2 
C+ D 16 CDu 

7r 
4m2 

C-2 
4CDK - 

This is in agreement with the result obtained by Sarpkaya 
(1976a). Thus the maximum oscillatory force coefficient is 

given by: - 

max m CMAXOSC if >1 
. 5pD Um2K 

and 

CMAXOSC -f 
max =C+ 

7T Cm2 
if E 

. SPD Um2D 4C DK2 
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where Tr 
cM 

wD 
4CDum 

For the tests of this thesis the above equations apply with 
CDIND for CD and CM for C M, 
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APPENDIX 4 

NON-DIMENSIONAL DISTANCE TRAVELLED BY A CYLINDER IN OSCILLA- 
TORY MOTION RELATIVE TO A STEADY CURRENT 

Consider a situation where V<k0 such that flow reversal 

occurs twice every cycle and the cycle can be divided up in- 

to two parts with respectively positive and negative relative 
velocity. This is shown by the diagram below. 

J, - .k 

>1 
-r4 

ci 
0 

, -4 

C 

The. relative distance travelled in the major part cycle is 
the distance travelled in the time interval TI =t 2-tl , and 
the relative distance in the minor part cycle is that dis- 
tance travelled in the time t 3-t2* 

Def ining 

-: k =k sin( 
2 7rnt 

0T 

. *. (V-k )= (V+: k sin( 
27rnt 

00T 

I I- i 
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. '. relative distance travelled in the major part cycle is 

given by 

T/4 
2 (V+: k sin (2Tt) )dt 

t0T 

similarly the relative distance travelled in the minor part 

cycle is given by 

32 
Trt (V+k 

0 
sin(-T ))dt 

3T/4 

-T now t=- sin-l(V/A 12 7r 0 

t3= T+t I 

t2= T/2-t I 

Therefore the relative distance travelled in the major part 

cycle is 

T/4 

2 
[V 

tT 
ýo 2 Trt 

2 7T T 

]t 

ýLT 
+ 

VT 
sin-l(V/A )+ 2x cos in- 1 (V/A 

2 IT 00 

IS 

0 

non-dimensionalizing by 2D gives the non-dimensional relative 
distance travelled in the major part cycle as 

v+ 
.1 sin_'(Vý: k )+( 

XO) I 
Cos sin-' 2nD 2 TT 0 (V/Aoll 
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This may be written 

x 
0a+ 2a sin- 

Ia+ 2vfl-a 2] 
IT 

where a= V/A 
0 

Similarly for the minor part cycle the non-dimensional 

relative distance travelled is given by 

x0-1 
-U-[7Ta - 2a sin a- 2/1-a 

As an alternative method to the direct integration one can 
calculate the total relative distance travelled in the major 
part cycle as the distance travelled by the stream in the 
time TI =t 2- t,, plus the distance travelled by the cylinder, 
i. e. 

VT' + 2x 
0 cos sin- 

I (Vlk 
0) 

which gives the same result as the above integration. 
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