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Abstract

Impact forces due to wave slamming on structural elements of offshore platforms have been
known to reach very high magnitudes and contribute to accelerated fatigue of members and joints
due to the resulting dynamic response. Results of previously reported theoretical analyses vary
by as much as 100% with regards to the peak value of the slamming coefficient, and
experimental verification of these results has been difficult due to the significant amount of
scatter in the data reported by several investigators. The present thesis investigates the slamming
force due to non-breaking and breaking wave impact on a fixed horizontal circular cylinder

located near the still water level.

A numerical model which is based on a combination of slamming, buoyancy, drag, and inertia
force components has been developed in order to predict the time history of the vertical force on
a fixed horizontal cylinder in waves. The model has also been modified to include the effects of
dynamic response and cylinder inclination. In addition, an approach based on an impulse
coefficient is proposed for estimating the maximum dynamic response of an elastically supported

cylinder.

Experiments have been carried out in the wave flume of the Hydraulics Laboratory of the
Department of Civil Engineering at the University of British Columbia in order to measure the
vertical force on a horizontal test cylinder for a range of regular (non-breaking) wave conditions
and cylinder elevations. The data has been analyzed to obtain the corresponding slamming and
impulse coefficients, as well as the impulse rise-time and duration. Corrections to the measured
coefficients to account for buoyancy, dynamic response and free surface slope are indicated. The
coefficients exhibit a considerable degree of scatter, even when the various corrections are taken

into account. However, the degree of scatter of the impulse coefficient is notably less than that
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of the slamming coefficient. The results for the maximum slamming coefficient Cs, agree with
those of recent studies which observe that Cs, may be closer to 2% than the generally accepted
value of . A limited number of tests have also been performed for the case of an inclined

cylinder, and the effect of tilt on the maximum slamming force and rise-time is examined.

The numerical model for the rigid horizontal cylinder has been used to determine the variation
of the maximum non-dimensional vertical force in regular waves as a function of the governing
non-dimensional parameters. Statistics of the maximum force obtained from simulations in
random waves are compared to corresponding results derived from available analytical
expressions, and indicate reasonable agreement in the case of a narrow-band spectrum. The
temporal variation of the vertical force predicted by the numerical model is also compared to that
of the measured force in regular non-breaking waves. In general, the agreement is quite good for
both a horizontal and inclined cylinder. The application of the numerical model to an estimation
of a member’s response in a prototype situation is illustrated. It is seen that the approach based
on the impulse coefficient is relatively simple, and appears to be effective in estimating

maximum responses for conditions under which the method is applicable.

Experiments have also been carried out in order to measure the impact forces due to plunging
wave action on a horizontal circular cylinder located near the still water level. The vertical and
horizontal components of the impact force on the cylinder due to a single plunging breaker have
been measured for three elevations of the cylinder, and six locations of wave breaking relative to
the horizontal location of the cylinder. A video record of the impact process has been used to
estimate the kinematics of the wave and plunging jet prior to impact. The force measurements
have been corrected for the dynamic response of the cylinder, and analyzed to obtain slamming
coefficients and rise times. It is observed that the cylinder elevation and the wave breaking
location relative to the cylinder have a significant effect on the peak impact force. The
magnitude of the impact force due to a breaking wave is 4 to 20 times greater than that due to a
regular non-breaking wave of similar height and period. In addition to the fluid velocity, the

curvature of the water surface has a noticeable effect on the peak impact force.
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Chapter 1
INTRODUCTION

1.1 General

The phenomenon of hydrodynamic impact or ‘slamming’ manifests itself in many forms.
These usually involve either a rapidly moving body entering a water surface, or a moving water
surface striking a body. One of the earliest reported studies of this phenomenon was prompted
by the occurrence of impact on the floats of seaplanes during landing (von Karman, 1929). A
similar type of impact can cause snatch loading of crane hoisting cables during the installation of
subsea modules. Ships are subjected to impact when the bottom of the vessel hits the water with
a high velocity, or when oncoming waves slam the bow above the waterline. Wave slamming
can occur on the underside of the deck between the two hulls of a catamaran or semisubmersible
platform, and on horizontal piers and docks. Members of jacket platforms which would
normally not be situated in the splash zone during the operating life of the structure may still be
subjected to slamming forces during towing and launch operations. In addition to impact due to
regular waves on horizontal or near-horizontal structures near the water surface, vertical
structures such as the columns of offshore platforms and sea-walls are also subjected to impact
loads due to breaking waves. Sloshing of fluid inside a storage tank can lead to very high

slamming pressures on the walls of the tank.

Wave impact forces are highly dynamic and are characterized by their large magnitudes and
short durations. In cases where the entire length of a horizontal bracing is simultaneously struck

by a rising wave, the impact forces can be much higher than the hydrodynamic force experienced



by the member when it is fully submerged and subjected to a flow of similar velocity. Such
forces can cause local damage to structural elements. Even in cases where impact forces may
not be larger than the static loads on the structural element, dynamic stresses due to impact and
the possibility of increased fatigue stressing of joints due to such loads may contribute to

structural failure and consequently determine design criteria for the member.

A common case of hydrodynamic impact corresponds to a horizontal cylinder located near the
water surface which undergoes intermittent submergence due to incident waves, and attention is
focussed on this particular case. An example of wave slamming on a horizontal cylinder is
illustrated in Figure 1.1. Some of the readily observable features of this phenomenon are the
significant distortion of the free surface adjacent to the cylinder and air entrainment due to the
effects of the accompanying splash. The wave slamming force on a horizontal member is
generally taken as proportional to the square of the water impact velocity and involves the use of
a slamming coefficient C; which varies with cylinder submergence. The usual approach to

estimating wave slamming force on horizontal members is given by:

Cs p D w2 (L.1)

where p is the fluid density, F; is the wave slamming force per unit length of the member, Cyis a
slamming coefficient, w is the water particle velocity normal to the surface of the member and D
is the diameter of the member. In fact Cs may vary with time after the onset of slamming, and its
maximum value, which occurs after a very short rise-time subsequent to water-cylinder contact,
is of primary interest in design. This value is designated here as Cg,. A number of theoretical
and experimental studies have been carried out in order to establish appropriate values of the
slamming coefficient for the common case of a horizontal circular cylinder. Experimental
observations have yielded values of Cs, which exhibit a considerable degree of scatter, ranging
from about 1.0 to 6.4, although a value of & is generally recommended in design codes (Miller,
1977, Sarpkaya, 1978, Campbell and Weynberg, 1980, Miao, 1988). There are a number of

difficulties in carrying out experimental studies on slamming. The very short durations involved



make it a highly dynamic process, and the response of the member due to the load can change
the magnitude of the impact. Furthermore, the rise-time associated with the slam force depends
on various factors such as air entrainment, compressibility, cylinder roughness, cylinder
inclination and motion of the cylinder. The variability of the rise-time can cause a significant
variation in the dynamic amplification of the impact force resulting in appreciable scatter in the

observed force.

A theoretical basis for the slamming force formulation has also been investigated by several
authors. During the early stages of impact, the slamming force is associated with the rate of
change of momentum of the fluid, and can thereby be expressed in terms of the added mass of
the partially submerged member. However, there are a number of complications in extending
such a development beyond the initial stages of impact, due in part to water level variations

around the partially submerged member.

In addition to the slamming force, other force components also contribute significantly to the
vertical force after the onset of impact. These are the buoyancy force, an inertia force associated
with the fluid’s acceleration, and a drag force component associated with flow separation effects
and dependent on the fluid’s velocity. The coefficients used to determine the magnitude of the
inertia and drag forces may vary with the extent of submergence, the cylinder size and the water

particle kinematics.

Figure 1.2 illustrates a typical plunging wave impact on a horizontal test cylinder. The
mechanism of plunging wave impact is quite different from a regular wave impact, with larger
horizontal water particle velocities, increased air entrainment and turbulence. It is well known
that breaking wave impact on a structure in the splash zone gives rise to higher local pressures
and forces in comparison to the impact due to non-breaking waves of comparable height and
period. A theoretical or numerical treatment of the dynamics of breaking waves and their
interaction with structures presents significant difficulties due to the strongly nonlinear nature of

the problem which is essentially a transient two-phase turbulent process. Carefully conducted



experiments are a source of useful data that can aid in understanding the breaking wave impact

process, and help to estimate forces that could occur under similar conditions in the field.

The objectives of the present study are to examine existing models of wave slamming on a
slender horizontal cylinder, conduct experimental investigations to observe the impact force on
an instrumented cylinder subjected to non-breaking regular waves and compare the observed
data with previously reported values. It is intended that the influence of variables such as
cylinder elevation and orientation with respect to the water surface will also be studied in the
experiments. This thesis also presents the results from an experimental study of the forces due to
the impact of a plunging or deep-water breaking wave on a slender horizontal cylinder. The
intent of these objectives is to help verify or suggest modifications to analytical models in order
to enable designers to predict more accurately operating and design conditions to which an

offshore structure and its structural components may be exposed.

1.2 Literature Review
1.2.1 Wave Force on a Horizontal Cylinder in the Splash Zone
Theoretical Studies

The impact force on a horizontal cylinder due to a rising water surface is given by the rate of
change of momentum of this flow, which in turn depends on the properties of the cylinder’s
vertical added mass. The added mass varies with the level of submergence up to the stage when
the cylinder is submerged 3 to 4 diameters below the free surface. This quantity also depends on
the frequency associated with the flow, and in the case of impulsive flows, it is the infinite
frequency limit that is of interest in determining the magnitude of the impact force. An
expression for the added mass may be developed on the basis of potential flow theory. Taylor
(1930) solved the above problem using a conformal mapping technique and thereby derived a
closed-form expression for the vertical added mass of a partially submerged cylinder. Numerical

techniques such as a source distribution method (Garrison, 1978) and the Frank close-fit method



(Faltinsen et al., 1977) may also be used to provide estimates of the added mass. These methods

yield a Cg, value of about 3.1.

Several theoretical techniques have been used to modify the above approaches in order to
account for the local deformation of the free-surface near the cylinder during the early stages of
penetration. Wagner (1931) and Fabula (1957) proposed modifications, which include a
‘wetting correction’, in order to account for the piled up water when calculating the wetted width
of the body, and a ‘drag correction’ which include quadratic terms in the expression for pressure.
Both approaches yield a Cgo value of 2x, although Fabula’s (1957) technique predicts a more
rapid decay of the slamming force with submergence. Detailed numerical and experimental
results concerning the water impact of a circular cylinder were given in an EPRI report (1978)
based on research connected with boiling water reactors. The four numerical models described
in this report correspond to; an explicit Lagrangian method (Gross, EPRI 1978), a boundary
integral method (Geers, EPRI 1978), a finite element method (Marcal, EPRI 1978), and an
incompressible Eulerian fluid method (Nichols and Hirt, EPRI 1978). The results of three of the
numerical simulations were in good agreement with the experimental results and indicated a Cg

value of 2.

Cointe and Armand (1987) used the method of matched asymptotic expansions to solve the
boundary value problem for water-cylinder impact. They too conclude that Cg, is 27 rather than
7 as given by some of the earlier theories. Greenhow and Li (1987) reviewed a number of
different formulations for evaluating the added mass of a horizontal circular cylinder moving
near the free surface and conclude that the effects of free surface deformation on the slamming
coefficient is significant and must be included in any theoretical treatment. They recommend
two different methods to calculate the added mass for small and large cylinder submergence
respectively which both indicate a Cg value of 4n/3. Figure 1.3 shows a comparison of Cg
predicted by a number of theoretical and experimental results presented in their paper wherein

the abcissa corresponds to the relative submergence of the cylinder and is denoted by s/a where s



and a are the submergence and cylinder radius respectively. It is seen that there are considerable

differences between the various models, especially with respect to the value of Cg,.

In additon to the impact force on the cylinder, other components contributing to the vertical
force include the buoyancy, drag and inertia forces. The buoyancy force at any instant is
associated with the submerged volume of the cylinder and can be readily determined. In
contrast, the drag force due to separation effects cannot be easily quantified, especially during
the initial stages of submergence. In addition, both the drag and impact force components are
functions of the square of the relative velocity between the water and the cylinder, and hence
cannot be differentiated in any experimental data. The inertia force component is a function of

the relative water acceleration and is a function of the added mass of the cylinder.

The vertical hydrodynamic force on a horizontal cylinder subjected to wave slamming may be
simulated numerically by the use of a suitable model which incorporates the four force
components identified above without introducing abrupt changes in either the magnitude or rate
of change of the total hydrodynamic force. Although the rise-time of the slamming force is not
important if the cylinder is assumed rigid, a realistic situation will involve an elastically
supported structure which will respond to the applied force. The magnitude of response depends
on the dynamic characteristics of the structure and determines the force transmitted by the
structure to its supports. Since the rise-time of the slamming force is not accounted for in the
current added mass models it is usually introduced by increasing the slamming force linearly

from zero at the instant of impact, to a peak value after a specified delay.

The Morison equation (Morison et al., 1950) is a numerical model for estimating fluid forces
on a fixed body in an unsteady flow. It is based on the assumption that the force can be given by
the linear superposition of a drag force which is dependent on the square of the velocity and acts
on the projected frontal area, and an inertia force which is dependent on the acceleration and the
volumetric displacement. The formula estimates the magnitude of these force components by

using two parameters known respectively as the drag coefficient C4 and the inertia coefficient



Cm, whose values must be chosen mainly on the basis of empirical data. In the case of surface
piercing vertical cylinders, the flow regime over which this formulation is applicable generally

corresponds to the case where the diameter of the cylinder is less than 20% of the wavelength.

A modified form of the Morison equation which includes the buoyancy force component on a
partially submerged horizontal cylinder was proposed by Dixon et al. (1979a) and expressions to
describe the force spectra in narrow-band and wide-band Gaussian seas were also formulated
(Dixon et al., 1979b, Easson et al., 1981). These studies neglect the effect of slamming forces on
the cylinder. Kaplan and Silbert (1976) described a mathematical model for slamming on a rigid
cylinder and presented impact force statistics from a simulation in random waves. Miller (1977)
developed a computer model for the vertical wave force on an instrumented cylinder which
behaves as a two degree-of-freedom dynamic system. The slamming force was assumed to
increase linearly to a peak value over a specified rise-time, and to decrease linearly to zero over a
specified decay-time. The drag and inertia components were assumed to act only when the
cylinder was fully submerged and were computed from constant drag and inertia coefficients.
The resulting combined force exhibits discontinuities in magnitude and the buoyancy component
had to be reduced when the water surface was receding in order to avoid an unrealistic dynamic

response during that stage.

Arhan et al. (1978) modelled the response of a horizontal elastic cylinder with clamped ends
subjected to wave slamming. They assumed that the slamming force rises instantaneously upon
impact to a peak value and then decreases linearly to zero when the cylinder was partially
submerged by half its radius. The maximum deflection and stress on the cylinder were
computed by numerically integrating the equation of motion. Miao (1990) computed the
bending stress on a flexible cylinder subjected to water impact. The hydrodynamic force was
computed as the sum of the momentum, drag and buoyancy forces and the equation of motion
was solved for various end fixity conditions using the mode superposition approach. Computed
bending stresses compared well with his experimental observations of slamming on a cylinder

driven into still water. Isaacson and Subbiah (1990) considered the application of a suitable



force formulation to the case of a cylinder subjected to wave impact in random waves. By
restricting the analysis to force maxima in waves with narrow-band spectra, they were able to

provide analytical results for the probabilistic properties of the force maxima.

Experimental Studies

Experimental investigations on slamming have been conducted in a variety of ways. Different
methods have been used to induce slamming -- a model cylinder driven at a constant velocity
through a still water surface; a fixed horizontal cylinder subjected to slamming forces in a U-
Tube; or a fixed horizontal cylinder subjected to slamming forces due to waves. In addition,
field observations of impact forces have included measurements from a horizontal brace of the
Ocean Test Structure (Kaplan, 1979), and full-scale slamming on British Petroleum’s West Sole

platform (Miller, 1980).

Dalton and Nash (1976) conducted tests to observe impact forces on a horizontal cylinder in a
wave tank and reported values of Cg, ranging from 1.0 to 4.5. However, they report that these
values are derived from force peaks that occur after the cylinder has been submerged by 8 to 12
diameters and observed that significant wave forces associated with regular wave trains are not
of an impulsive nature, which indicates that their measurements may not have included the early

stages of the slamming force.

Miller (1977) identified loading regimes associated with wave slamming and described
slamming tests on a cylinder in waves. Tests conducted for 3 cylinder elevations indicated an
average value of Cg, of 3.6, although there was appreciable scatter in the results. Miller
concluded that this was consistent with the theoretical value of T and attributed the observed
higher value to dynamic amplification effects. The effects of the slamming force rise-time on
the dynamic response were illustrated by simulating numerically the vertical wave force using a

dynamic analogue and comparing the computed force traces with the experimental records.



Faltinsen et al. (1977) conducted experiments with elastic horizontal circular cylinders that
were driven with constant velocity through an initially calm free surface and reported Cg, values
ranging from 4.1 to 6.4. The experimental data was compared with results from a dynamic
model which computed the slam load from potential theory, and it was observed that theoretical
predictions were lower than the experimental values. Sarpkaya (1978) measured the
hydrodynamic force on a cylinder subjected to slamming in a U-Tube. He observed that the
dynamic characteristics of the measuring system play a significant role in the observed impact
force. He reported experimental observations for Cg, as 3.17 £ 0.05, and so concluded that Cgo

was essentially equal to the theoretical value of 7.

Campbell and Weynberg (1980) measured spanwise and circumferential pressures in addition
to the vertical force on horizontal and inclined cylinders driven through a still water surface.
They observed that the slamming force was predominant for tests involving a Froude number
(Fr=w/N gD, where w is the fluid velocity, g is the gravitational acceleration, and D is the
cylinder diameter) higher than 0.6. They also indicated that the slamming force was masked by
the dynamic response of the force transducer and that scatter in the observed data was the result
of variable rise-times that were sensitive to small variations in the slope of the cylinder. It was
also noted that drips from the cylinder had a significant effect on the response. They
summarized their results by proposing an empirical equation that relates the slamming
coefficient and cylinder submergence, and which uses Cg, = 5.15. This equation is independent

of the Froude number and was not corrected for buoyancy effects.

Kaplan (1979) presented results from an analysis of impact force data collected from a
horizontal brace of the Ocean Test Structure in the Gulf of Mexico. The force measurements
were recorded at a time interval of 0.1 sec. after being low-pass filtered using a 3 Hz cutoff
frequency. The low sampling rate and high degree of filtering make it difficult to perform a
quantitative analysis of the slamming force characteristics. The data was analyzed by comparing
it to a synthetically generated slamming force record that had also been low-pass filtered at 3 Hz.

Cso values between 1.88 and 5.11 with a mean value of 2.98 were reported.
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Miller (1980) reviewed the results of slamming tests done by various investigators who used a
variety of experimental techniques. The reported values of Cg, varied from 0.4 to 6.9. Miao
(1990) reported results from experiments on a 1.52 m long flexible horizontal cylinder which
was driven at a constant velocity through a stationary water surface. He proposed an expression
for the variation of C¢ with submergence which indicates a Cgo value of 6.1, and also concluded
that for typical truss members in heavy seas, the dynamic amplification of the response and the
induced stresses ranged from 0.3 to 0.6 due to the short impulse times observed in the
experiments. Table 1.1 provides a summary of results from earlier experimental studies on

slamming forces on a horizontal cylinder.
1.2.2 Forces on Horizontal Cylinders due to Breaking Waves

Studies of breaking wave impact on structures are especially pertinent to the design of offshore
platforms since these may give rise to the largest environmental loads during the operating life of
the structure. The complex nature of the problem and the difficulty of obtaining precise control
over wave breaking in laboratory experiments has been the main reason for the scarcity of
literature available on this topic. Impact forces due to a breaking wave have been observed to be
two to four times larger than those due to non-breaking wave of comparable amplitude, and the

force rise-time is significantly smaller.

Studies of wave impact forces due to breaking waves have largely related to vertical piles and
walls, and vertical plates (e.g. Kjeldsen and Myrhaug, 1979, Kjeldsen, 1981, Sawaragi and
Nochino, 1984, Kjeldsen et al., 1986, Basco and Niedzwecki, 1989, Chan and Melville, 1989,
and Zhou et al., 1991). These have shown that the most severe impulsive forces are due to
plunging waves and that these act at elevations above the mean water level. Measurements of
impact pressures on vertical plates due to plunging waves have shown that impulsive pressures
may occur over a range of horizontal locations relative to the plunging wave location (Chan and

Melville, 1988, Chan et al. 1991a, Chan et al. 1991b, and Zhou et al., 1991). These pressures
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may be spread over a vertical distance of about half the wave height, and peak impulsive

pressures range from 3pc2 to 30pc2, where c is the wave celerity.

Vinje and Brevig (1981) used a numerical time-stepping procedure to simulate breaking wave
impact on a horizontal cylinder and a vertical wall. Since their study did not include the effects
of air entrainment, it is not possible to apply their model to most situations where the dynamics
of trapped air plays an important role in determining the impact pressures. Based on
experiments with vertical and inclined plates, Kjeldsen (1981) observed that the magnitude of
shock pressures is a function of the steepness of the wave-front, and that a plate tilted forward at
45° to the horizontal which is struck from below experienced larger impact pressures than a
vertical plate. He also noted that scaling laboratory results to prototype conditions may be
difficult due to the differing magnitudes of air entrainment in the wave crest for the two cases.
Easson and Greated (1984) performed experiments with plunging wave impact on a horizontal
cylinder located at different elevations above the still water level. They observed that the peak
impact force and rise-time changes with the vertical location of the cylinder. The influence of
the measuring system’s dynamic response on the impact force was not examined in their study.
In a recent work related to plunging wave impact on a large horizontal cylinder, Chan (1993)
measured pressures on the upwave face of the cylinder for different cylinder elevations and wave
breaking locations relative to the cylinder axis. Peak pressures were found to vary from 4pc2 to
33pc2 and were affected by factors such as the local wave profile and the amount of entrained

air.

1.3 Scope of Present Investigation

This study addresses three areas relating to wave impact on a slender horizontal cylinder
located near the still water level which undergoes intermittent submergence in the presence of
waves. These are, (i) Development of a numerical model to estimate the vertical force on a
horizontal cylinder using available expressions for the different force components, and proposing

modifications to include the effect of dynamic response and cylinder inclination; (ii) Conducting
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slamming experiments in regular non-breaking waves in order to determine Cg, as well as related
parameters, and to compare the experimental observations with the estimates of the numerical
model; and (iii) Conducting experiments on slamming due to a plunging wave in order to

determine the maximum impact force and corresponding slamming coefficients.
1.3.1 Numerical Modelling

The vertical component of the wave force on a horizontal cylinder located in the zone of
intermittent submergence is made up of four components: the impact force, the inertia force, the
drag force and the buoyancy force. Although previous studies have dealt with the nature of these
components, a numerical model which involves a combination of these components in a
consistent manner and in varying ways is presented in this investigation. The simulation of the
total wave force variation without slope discontinuities during the different stages of cylinder

submergence is one of the main features of this model.

In addition to estimating the applied force on a rigid cylinder in regular and random waves, the
model is suitably modified so as to predict the applied and transmitted force in the case of a
cylinder that responds dynamically to the applied force. This dynamic force model includes the
effect of the finite rise-time associated with the slamming force. The effect of cylinder

inclination on the hydrodynamic force is also examined.

Results from regular wave simulations are used to obtain typical traces of force variation in a
wave cycle for various cylinder locations, and to also provide the non-dimensional peak force in
a wave cycle as a function of the other governing non-dimensional variables of the problem. In
the case of random waves, statistics of peak force due to waves synthesised from narrow-band
and Pierson-Moskowitz spectra are computed and compared with corresponding results derived

from closed-form expressions.
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1.3.2 Experiments on Slamming in Regular Waves

As already indicated, alternative theoretical predictions of the slamming coefficient show
significant differences, especially with respect to Cso. In the offshore industry, the
recommended value of Cg, is 3.5 although several theories indicate that Cg, is as high as
6.3 (2m). Since both safety and economy are primary concerns in design, it is important that

either value of Cg, be backed up by reliable experimental observations.

The value of the peak slamming coefficient Cg, and related parameters have been determined
by conducting experiments on a slender horizontal cylinder subjected to slamming in regular
non-breaking waves. Tests are conducted for a range of wave heights and periods, and different
cylinder elevations. The vertical force on the cylinder and the water surface elevation at the
cylinder location have been measured and subsequently analyzed to provide the value of the
peak slamming coefficient immediately after impact, the impact force rise-time, as well as other
relevant parameters. A new approach to the prediction of wave slamming effects is developed.
This is based on an impulse coefficient C;, and values of C; are obtained from the experimental
records. Experimental tests which are intended to examine the effect of cylinder inclination on

the slamming force are also presented.

The experimental force records are compared with the predictions of the alternative numerical
models for the cases of a rigid horizontal cylinder, a dynamically responding horizontal cylinder,
and a rigid inclined cylinder. Suitable modifications to theory are suggested so that results from

the numerical model more closely match the experimental data.
1.3.3 Experiments on Slamming in Breaking Waves

The test cylinder has also been used to study the impact force due to a breaking wave, which is
also referred to as a ‘plunging’ wave in this study. Impact pressures due to a plunging wave are
known to be the highest among the various types of breaking waves. A single breaking wave is

generated using a frequency and amplitude modulated wave packet consisting of 30 prescribed
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sinusoidal components. Tests are carried out for 3 cylinder elevations, and 6 different locations
of wave breaking. Both the horizontal and vertical components of the impact force are
measured, and are analyzed to determine the resultant peak force and the corresponding rise-
time. A video record of the wave impact is used to estimate the kinematics of the wave-front
prior to impact. The video records are also used to examine the influence of the geometry of the
plunging wave on the characteristics of the impact force. The impact forces are compared with
those obtained due to a regular non-breaking wave impact. The issues governing the

applicability of these results to large scale situations are also discussed.

The importance of wave slamming in offshore design is aptly illustrated by Attfield (1975)

who refers to the case of British Petroleum’s WB West Sole platform in the southern North Sea:

“Wave slam on horizontal members in the splash zone was underestimated on the
West Sole platforms to be more than three times the normal wave loads allowed .....
These factors caused overstress of members in the splash zone and in fact one

horizontal brace just below water level fell off in September 1972.”

He also notes that inspection of tubular members in West Sole’s other structures revealed fatigue

cracks, and that design faults were more apparent in the splash zone than underwater.

In this context, the present thesis is intended to provide relevant numerical and experimental
results of wave slamming on horizontal cylinders and consequently contribute to a better

understanding of the problems associated with wave slamming.
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Chapter 2
THEORETICAL FORMULATION

Various considerations influence the force on a horizontal cylinder subjected to impact in
waves. This chapter identifies these and describes a suitable formulation in order to simulate

numerically the variation of hydrodynamic force for a given regular or random wave train.

2.1 Dimensional Analysis

A definition sketch of the problem which is initially under investigation is shown in Fig. 2.1.
Uni-directional waves propagate past a fixed slender horizontal circular cylinder of radius a,
whose lower surface is at a distance h above the still water level (SWL). The water surface
elevation at any instant is given by n which subtends an angle ¢. at the cylinder axis, and the
corresponding cylinder submergence and immersed cross-section area are given by s and Aj

respectively.

It is appropriate initially to examine the vertical force on the basis of dimensional
considerations. The maximum force per unit length 3 acting on the cylinder in regular waves
depends on the cylinder radius a, the cylinder elevation h, the wave angular frequency @, the
wave height H, the gravitational constant g, the still water depth d, the fluid density p, the
kinematic viscosity v, and the bulk modulus E. A dimensional analysis indicates that the non-
dimensional vertical force can then be expressed as a function of dimensionless parameters in the
following manner:

F_gh o2 oH
pgaz— H9 g, g9

Cr = kd, Re, Ca) (2.1)
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h/H is a dimensionless cylinder elevation, w2a/g is a frequency parameter, @2H/g is similar to the
wave steepness, kd is a depth parameter, where k is the wave number related to ® by the
dispersion relationship, Re is a Reynolds number, and Ca is a Cauchy number based on the
impact velocity and E. Alternatives to Eq. 2.1 are of course possible. In particular, it may also
be useful to consider the wave height to cylinder radius ratio H/a, which is similar to the
Keulegan-Carpenter number, and if required this may be adopted in place of the steepness
parameter. Equation 2.1 may be simplified by assuming deep water waves and ignoring the
influence of viscosity and compressibility so that:

F h o%a o?H

— = (i ,
pga? (H g g

) (2.2)

The vertical force per unit length acting on the cylinder is generally modelled as the
combination of components corresponding to an impulsive slamming force; a time-varying
buoyancy force; and drag and inertia forces based on the vertical fluid velocity and acceleration
respectively. The hydrodynamic force per unit length on the cylinder is thus expressed as the

sum of four contributions:
F=F+F + F3+F 2.3)

where Fy, is the buoyancy force, Fj is the slamming force, Fq is the drag force, and F;j is the
inertia force. It is instructive to consider the ratios of the magnitudes of these four force
components in the context of the dimensionless parameters given in Eq. 2.2, by examining the
usual representation of each component in terms of empirical coefficients and the different
variables describing the wave train and the cylinder. The ratios of the magnitudes of the

slamming, drag and inertia forces to the buoyancy force are thereby given respectively as:

. N
11:_; = O [w2H/g]
Fq _ ~[@H®Z] T HY
Fo=0 s | O| (@?alg) ( a)z_ 3 2.4)
Fs _ ~[@Hg?] 1 g)z
= O_—_mza/g |- O| (wPalg) (a Iy
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The buoyancy force on a fully submerged member is proportional to the volume of fluid
displaced by the member and is independent of the wave conditions. The inertia to buoyancy
force ratio depends primarily on the wave steepness; while the drag and slamming force

components both depend in a similar way on the wave steepness and frequency parameters.

It is also useful to consider the values of the dimensionless parameters which may occur in
typical situations. For waves with periods varying from 5 to 20 sec, wave heights extending to

20 m and the cylinder diameter varying from 0.1 to 2 m, the parameter ranges are approximately:

@2 0001 - 02
g

o?H

o L 0-09
g

H

2 =0-200

Furthermore, h/H within the range between $0.5 is of interest in the present context, so that
slamming on the cylinder does occur. More specifically, on the basis of a sinusoidal wave
profile, the conditions under which no submergence, only partial submergence, partial and
complete submergence, and only complete submergence occur, can be expressed in terms of h/H

and H/a as follows:

No submergence: % > 05
i h
Only partially submerged: T

Completely submerged: % + 2 % <-05

For convenience, this is indicated in Fig. 2.2, which shows the ranges of h/H and H/a for which
no submergence, partial submergence and complete submergence occur. The figure indicates

how partial submergence is less likely to occur for larger values of H/a.
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2.2 Hydrodynamic Force on a Rigid Horizontal Cylinder

The various components comprising the vertical force on a horizontal cylinder have been

identified in the preceding section, and each of these is now examined in detail.
2.2.1 Buoyancy Force

The buoyancy force per unit length of the cylinder is given by:

pgA;i(s) for 0<s/a<?2

2.5
P8AC for  sfa>2 ()

Fp(t) = {

where A;(s) is the sectional area of the immersed portion of the cylinder, s =1 - h, as indicated in
Fig. 2.1, and A. = ma2 is the sectional area of the cylinder. s/a > 2 corresponds to complete

submergence. Aj(s) may be expressed as:
Aj(s) = 0.5a2(a - sino) (2.6)

where o is as shown in Fig. 2.1. The buoyancy force for partial submergence can thus be

expressed as:

Fpt) = %p ga? (o - sino) 2.7

The angle o and s are related by:

o = 2cosi(1 - %) for 0 < sfa < 2 2.8)

The variation of the dimensionless buoyancy force F/pga? with the relative submergence s/a
is shown in Fig. 2.3. It is noted that the above expressions are valid under the assumption that

the free surface is horizontal and there is no run-up on the sides of the cylinder.
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2.2.2 Slamming Force

The earliest treatment of the water impact problem was by von Karman (1929) who examined
the impact force on the floats of seaplanes during landing. The basic simplifying assumptions
used for a theoretical treatment of this problem are that the fluid is incompressible and inviscid,
the flow is irrotational, the body is rigid, and that surface tension is negligible. The force on a
stationary object subjected to impact from a rising water surface is given by the rate of change of

momentum of the fluid in the vicinity of the object. The impact force is thereby expressed as:

Fm(t) = 5-)—(m W) (2.9)
ot

where Fpy, (t) is the force due to the change of momentum, m is the added mass of the body and w
is the vertical fluid particle velocity. The added mass m is a hydrodynamic property of the body
and the flow geometry such that an acceleration x of the body gives rise to a hydrodynamic force

mX resisting this acceleration.

In the case of a horizontal cylinder, von Karman (1929) suggested that the effects of spray and
water rise up the sides of the cylinder during the initial stages of impact were negligible, and that
the flow-field about the cylinder is similar to that for a flat plate of the same width as the
instantaneous waterplane section (shown as a dashed line in Fig. 2.1). For a two-dimensional
flow around a flat plate, the flow field is symmetric both fore and aft of the plate. For a plate of
width 2b and length L, the added mass is given by p1tb2L. However, since there is no fluid
above the equivalent flat plate in the case of the cylinder, the added mass per unit length of the

cylinder is half that of the plate and is given by:

m = %p Tt b2 (2.10)

where b is the immersed half-width of the cylinder. Eq. 2.10 can be expressed in terms of the

submergence s as:

m = %pns(Za-s) (2.11)
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Instead of treating the above problem as equivalent to flow around a flat plate, Taylor (1930)
used the method of conformal mapping to solve for the unbounded flow around a circular lens.
This solution can be used to derive an expression for the vertical added mass m per unit length of

a partially submerged cylinder (0 < s/a < 2), and is given as:

1 2[211:3 (1-coso) = a:l 2.12)

m = = + (1 —cosq) + sing —
2P2°| 3 op_ g2 V3¢ )

After full submergence (s/a > 2), the added mass of the cylinder can still be evaluated using
potential flow theory but using different methods. The velocity potential for irrotational flow in
an inviscid unbounded fluid due to a body (a horizontal cylinder near the free surface in the

present case) undergoing small amplitude harmonic oscillations may be expressed as:

6
d(xyzb) = 2 Ei(xy.2) elot (2.13)
=1
where §; is a complex amplitude with respect to the j-th mode of motion ( j=1, ..., 6,

corresponding to surge, sway, heave, roll, pitch and yaw, respectively), ¢ is the potential
function associated with each mode of motion, and ® is the oscillation frequency. The linearized

boundary condition at the free surface is given by:
W o
— @ = tz=0 2.14
g %=, atz 2.14)
For the case of slamming considered here, the hydrodynamic loading is a high frequency

phenomenon so that the free surface boundary condition can be expressed as the high frequency

limit of Eq. 2.14:
¢% =0 atz=0, @ > oo (2.15)

The corresponding potential flow problem can be solved by a source distribution method, or a
Frank close-fit method as described by Faltinsen et al. (1977). The solution can in turn provide

the added mass of the cylinder. Greenhow and Li (1987) have given results for the vertical



21

added mass of a cylinder when it enters or exits a free surface. Their expression, which is also

valid when the cylinder is partially submerged is given by:

-ad2 1 +m; K2 E ) K(
m = pra{ L2g22] 1, (LmDI3my) _ Hmy Kimy

_1_2(+m)KAmy) 2Eamy) K(mz)] _ 1}

£ 327 z (2.16)

where E(m;) and K(m,) are the complete elliptic integrals of the first and second kinds
respectively (see Abramowitz and Stegun, 1970), m, is the elliptic integral parameter, and m;,

m, and m) are related to m, through:

m'l = 1 - ml h
y=1-m

2 2 > @.17)

K@m, 1 K(m,)

K(@mj ~ 2 K@m; J

Also:

q = exp -RM = exp| - 6o] (2.18)

K(m,) ° )
O, is a parameter describing the cylinder position and is given as:

- -a2)2

sinh? 0, = 3628 _ (199 2.19)

a2 ~  4q2
Reverting to the definition of the impact force as the rate of change of fluid momentum as

given in Eq. 2.9, it is possible to expand the expression as:

Fm() = ma—w + wa—m (2.20)
ot ot

Equation 2.20 can be rewritten as:

Fm(®) = mw + %—mw2 @.21)
S
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since s = wt. Eq. 2.21 has two terms which are a function of the fluid acceleration and velocity
respectively. The acceleration term is a component of the inertia force which is discussed in the
next section. For a situation where the flow is non-accelerating, the only force component is due
to the velocity-squared term. This term is designated as the slamming force and is also

expressed in terms of a slamming coefficient Cs as

Fy(t) = %—cs p Dw2 2.22)

where D (= 2a) is the diameter of the cylinder. Cg may hence be expressed as a function of the

rate of change of added mass:

C = -~ Z‘: (2.23)

Expressions for the added mass m, given by Eqs. 2.11 or 2.12 for partial submergence and by
Eq. 2.16 for both partial and complete submergence, may be used to develop corresponding
expressions for the slamming coefficient. In the case of von Karman’s added mass model, C; is

given by:

cs=;—Dpn(a-s)=n(1-§) (2.24)

Wagner (1931) used a technique similar to the above, but he proposed that the equivalent flat
plate be extended between the spray roots at the sides of the cylinder. He determined the
location of the spray roots by using the vertical velocity of the upwash predicted by potential
flow theory for a flat plate. Wellicome (Campbell et al., 1977) used Wagner’s model to integrate

the pressure distribution over a flat plate, and derived an expression for the variation of Cg:

2r
G=T+15% 225)
The expression for Cg on the basis of Taylor’s model is given by:
3 , 2
o=—[Z2 (-c0s® ), T sinat + cosat - 1] 226)

. (211: a)2 Qr - o)3
s1n§
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which is applicable for o between 0 and 2% (s/a =0 to 2). Figure 2.4 shows a comparison of the
behaviour of Cg predicted by the above expressions. According to von Karman’s model, the
slamming coefficient at impact has a value of ® which decreases linearly with increasing
submergence till it drops to 0 when the cylinder is half submerged and remains zero as s/a
increases beyond 1 since the flow is past a constant projected width (= D). Wagner’s wetting
correction doubles the value of Cg, to 2%, but predicts a very gradual rate of decay for Cs. The
features of Taylor’s solution are that Cg =7 at the instant of impact, s/a =0; Cg reaches a
minimum value of 0.298 at s/a = 1.555; and C; increases to a value of 1.351 (= 1t3/9 - 2r/3) at the
instant of complete submergence, s/a=2. Previous experimental data (e.g. Sarpkaya, 1978,
Campbell and Weynberg, 1980) indicate that a maximum in Cg near the instant of complete

submergence as predicted by Eq. 2.26 is unrealistic.

In comparison, expressions for the variation of Cs with cylinder submergence estimated from
tests involving a horizontal cylinder impacting calm water at a constant velocity have been

given by Campbell and Weynberg (1980), and Miao (1988) respectively:

5.15
G = 1395+t 0.275 (s/a) 2.27)
G = 6.1exp(-6.2s/a)+ 0.4 (2.28)

The variation of the above expressions is also shown in Fig. 2.4. The expressions in Egs. 2.27
and 2.28 have not been corrected for buoyancy effects which were estimated to be less than 5%
of the total force during the initial high load phase of the slam. It is seen that the above
experimental curves for C; predict a value of Cg, which is larger than the generally accepted
value of 1t and which also exhibits a faster rate of decay with increasing submergence than do the

analytical expressions.

In an extensive review of several analytical methods to determine the added mass of a cylinder
moving near the free surface, Greenhow and Li (1987) present results for the variation of Cg with

cylinder submergence which are shown in Fig. 1.3. They emphasize that the assumptions
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entailed in the derivation of Eq. 2.16 become unreliable after the initial stages of impact (s/a > 1)
due to the possibility of local particle accelerations no longer being large compared with g and
significant displacement of the free surface from z = 0 for high entry speeds. The methods
which use corrections to account for the deformation of the free surface during impact, and the
exact shape of the wetted cylinder, yield different estimates of the peak value Cg, ranging from 7t

to 2m.

In the most recent analytical treatment of the impact problem, Cointe and Armand (1987) use
the method of matched asymptotic expansions to derive a second-order solution for the
slamming force on a cylinder. They justify the wetting correction proposed by Wagner (1931)

which modifies the first-order estimate of C from &t to 2.

As mentioned in Chapter 1, experiments have indicated a finite rise-time during which the
slamming force increases from zero to a peak value, though the theoretical models for Cg imply
that the peak force occurs instantaneously. The compressibility of the air between the cylinder
and the water surface, aeration, and compressibility of water are some of the factors which can
influence the rise time of the slamming force. The presence of air bubbles also decreases the
effective density of the water, and the corresponding velocity of sound in water, which in turn
may lead to reduced hydrodynamic pressure in vicinity of the cylinder and a smaller slamming
force. In the absence of a suitable model to account for these effects, the peak impact force on
an infinitely rigid cylinder entering an incompressible fluid is assumed to have a zero rise-time

since this does not affect the magnitude of the transmitted force.

It is not possible to use Eq. 2.22 in the case of cylinder exit, i.e. when the water surface is
receding from the cylinder. Greenhow (1988) analyzed the cylinder entry and exit problems, and
presented results from a numerical model based on potential flow theory with exact nonlinear
free surface boundary conditions. He observed that while forces predicted by conventional
slamming theory showed fair agreement with his results in some cases, there was a ‘wide and

fascinating’ diversity of free-surface flows for various values of Froude number and starting
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positions of the cylinder. These results thus preclude the general use of added mass theory. In
the case of cylinder exit, the simulations predicted the lifting of water above the cylinder and the
subsequent formation of thin layers; the draw-down and rush-up of the free surface beneath the
cylinder, and the rush-up terminating in localized breaking (also seen in his experiments); and
the formation of large regions of strong negative pressure on the cylinder surface. A large
increase in upward force on the cylinder due to the rush-up was predicted by one of the
calculations, and was also observed in pressure measurements in a corresponding experiment,

though the author states that further experimental work is needed to confirm this effect.

In the absence of an accepted theoretical model or sufficient experimental data, the force due to
added mass effects when the wave recedes from the cylinder has not been considered in this

study.
2.2.3 Inertia Force

The inertia force F; acting on the cylinder is associated with the vertical fluid acceleration w

and is expressed as:
Fi(t) = pAjwW + mw (2.29)

where m is the added mass of the partially submerged cylinder (Eq. 2.12 or 2.16). The first term
in Eq. 2.29 is referred to as the Froude-Krylov force which corresponds to the inertia of the fluid
volume displaced by the cylinder, and the second term is the momentum component as derived

in Eq. 2.21. The inertia force can be written in terms of an inertia coefficient Cy, as:
Fit) = Cmp Acw (2.30)

where Gy, = Aj/Ac + m/pA. is the corresponding inertia coefficient based on the area A rather

than A;j.

On the basis of Eq. 2.16, the corresponding variation of Cy, with immersion s/a based on m

given by Taylor (i.e. Eq. 2.12) is shown in Fig. 2.5. At complete immersion, s/a = 2, the inertia
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coefficient reaches a value of 1.645 (= n2/6), and for a deeply submerged cylinder, s/a —> o, the

inertia coefficient approaches a value of 2.0 corresponding to the case of an unbounded fluid.

Cn is within 2% of this value for s/a 2 4.1. The value of Cp, at s/a = oo is designated as Cpy.

2.24 DragForce

The fourth component in Eq. 2.3 is the drag force. For a completely submerged cylinder, the

drag force component of the Morison equation is given by:

Fy(t) = %cd pDwlwl 2.31)

where Cq is the drag coefficient and w is the vertical fluid velocity.

The drag force acting during partial submergence is less well known, and corresponding values
of the drag coefficient are not available. During the early stages of impact, flow separation
should not occur and the drag force rises from a value of zero at the instant of impact to the
magnitude given by Eq. 2.31 after full submergence. It may be possible to extend this to the case
of partial submergence by utilising the instantaneous immersed width of the cylinder in place of
D, but the variation of the corresponding drag coefficient would still be unknown. It is noted
that Eq. 2.31 has the same form as the slamming force in Eq. 2.22, both being proportional to the
square of the water particle velocity, and it is expected that these two components will undergo a
smooth transition from one to the other during partial submergence, and from the partially

submerged stage to the fully submerged stage.

The semi-von Karman method of determining the slamming coefficient (Greenhow and Li,
1987) indicates that beyond s/a = 0.6, Cs is approximately constant at a value of 0.7, which is the
recommended value for s/a > 0.15. They justify this conclusion based on the agreement of the
semi-von Karman method with the experimental data of Campbell and Weynberg (1980).
However, experimental data obtained by measuring the vertical force on a horizontal cylinder
subjected to slamming cannot directly distinguish between the contributions of the slamming and

drag components during the stage of partial submergence (0 < s/a < 2). For this stage, it may
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thus be useful to consider the drag and slamming coefficients in combination, Cq + Cg, rather

than separately.
2.2.5 Combination of Force Components

There are a number of difficulties in attempting to superpose the four force components
described above in order to describe the variation of the total force with time. Firstly, a suitable
model for the slamming coefficient has to be selected. If present industry practice of adopting
Cso =T is considered, Taylor’s model (Eq. 2.26) may be a possible choice. However, the
variation of C indicated in Fig. 2.4 is clearly unreasonable beyond the initial stages of impact.
Likewise, the theoretical variation of the inertia coefficient with submergence indicates a value
of Cp = 2.0 for a fully submerged cylinder far from the free surface, which may not be
consistent with values of Cp, observed in experimental studies. Furthermore, the variation of the
drag force due to partial submergence is also unclear, although it is expected that in combination

with the slamming force, the variation is continuous.

Certain options are possible for describing the force variation with time and two such models
are adopted here. Model I is based on the approach used by Isaacson and Subbiah (1990), who
were concerned only with the force maxima during any particular wave. They assume that the
variation of the vertical force from the instant of impact to the instant of complete submergence
is linear with time. This leads to considerable simplicity in the force formulation since the
slamming force contribution is evaluated only at the instant of impact using Eq. 2.22 with a
specified value of Cg; and the Morison equation with constant drag and inertia coefficients,
together with the buoyancy force, is used during the fully submerged stage. The time variation
of the vertical force over one wave is indicated as a solid line in Fig. 2.6(a) for the cases of
partial and complete submergence. As an aid to interpreting the behaviour of the force, the
figures include horizontal and vertical lines which indicate the cylinder location and
corresponding instants of impact and complete submergence. This shows how the total vertical

force varies linearly with time from the maximum slamming force at the instant of wave-cylinder
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contact to the value at the instant of complete submergence. In a similar fashion, as the free
surface recedes from the cylinder, the total vertical force drops with a linear variation from the
value at the instant of complete submergence to zero. Isaacson and Subbiah avoided the case
when the cylinder is only partially submerged during the passage of the wave (h < H/2 <h + 2a),
and it is appropriate here to extend their model to include this range also. In order to do so in a
reasonably simple manner, a corresponding approximation is made for this range, which leads to
the force variation shown in Fig. 2.6(b). The vertical force at the instant of maximum
submergence (N = H/2), corresponds to inertia and buoyancy only. However, although the
magnitude of the inertia force at maximum submergence is unclear, it is assumed that the inertia
force at this instant can be determined from the specified value of Cp, used in conjunction with
the submerged cross-sectional area of the cylinder. The vertical force is then assumed to vary
linearly from the instant of impact, where the force is due to slamming and is given by Eq. 2.22,
to the instant of maximum submergence, where the force is made up of buoyancy and inertia
components only, and then to vary linearly again from this instant to zero at the instant when the

cylinder is no longer in contact with the wave.

An alternative approach, denoted here as Model II, attempts to model the variation of the
vertical force during the stage of partial submergence using modified expressions for the inertia,
drag and slamming force as indicated below. As mentioned in Section 2.2.4, it may be useful to
consider the combined slamming and drag forces in order to account for the velocity-squared
based force during partial submergence. This is achieved by assuming that the sum, Cg + Cq,
varies as Eq. 2.23 from the instant of impact to the point at which this combined coefficient
reaches a specified value of Cq. After this point, the combined coefficient remains constant at
the value of Cq4 until the wave recedes from the cylinder. A possible variation of Cg + Cgq,
henceforth designated as Cs14, is shown by the solid line in Fig. 2.7 for the case when Cg is
determined using Taylor’s model (dashed line), and Cq = 0.8. The division of this combined
force into slamming and drag components need not be of concern, but for convenience one may
consider this to account for Cs decreasing from its initial peak value of Cso to Cq, whereupon it

continues decreasing to zero and the drag coefficient then begins increasing from zero to the
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specified value in such a way that the sum of the two coefficients remains constant. For typical
values of Cq (0.6 to 1.0), this transition occurs near s/a = 1, when the cylinder is approximately
half submerged, which might be expected, as the use of Cs based on potential theory is then
prone to inaccuracy, while the drag force builds up as flow separation commences. The velocity-
squared force is then evaluated using Eq. 2.22 with Cgq used in place of Cs. When the free
surface recedes from the cylinder, it is assumed that slamming force is absent and as the cylinder
becomes partially submerged, the drag force is computed by using the maximum immersed

width of the cylinder in place of D in Eq. 2.31 together with the specified value of Cg4.

The inertia force is evaluated using Eq. 2.30. Instead of using a constant value of Cy, after
complete submergence as in Model I, the inertia coefficient is now assumed to vary with
submergence as a function of the added mass, as indicated earlier. Eq. 2.12 is used to obtain
values of added mass during partial submergence. However, in order to facilitate the
computation of the dimensionless added mass m/pa2 after complete submergence, and also in
order to incorporate a variation which approaches an empirical inertia coefficient other than the
theoretical value of 2.0, a three parameter exponential curve has been adopted to describe the
variation of inertia coefficient with s/a. The dimensionless added mass variation after full

submergence is expressed as:

p—’; = M - Aaexp(-A33) 2

IA

]
IA
8

(2.32)

where A, A2 and A3 are parameters which are chosen such that the inertia coefficient C, (= 1 +
m/pA.) reaches a specified value Cpo at s/a = oo, and the variation of added mass and its
gradient with respect to s/a are continuous at s/a = 2, on the basis of Eq. 2.12. The parameters

may thereby be derived as:

M= tCmo - 1) )
Tt Cmo - T2/6)
Ay =
exp(-2A3) ; (2.33)
A = (m2/9 - 2/3)
> T Cuo - n26)
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In the particular case of potential theory when Cpo = 2, the parameters A1, A2 and A3 are

approximately &, 12.57 and 1.21 respectively. Fig. 2.5 shows the predicted variation of Cy, with

s/a as dashed lines for cases corresponding to Cio = 1.7 and 2.0.

The above expressions for the variation of Cp, after full submergence are valid for
Cmo 2 1.645. If a simulation requires that the value of Cp be less than 1.645, the model uses an
approach similar to that in the case of the variation of Cg;4 with increasing submergence. Once
the value of Cy, predicted on the basis of Eq. 2.12 reaches the value of Cp o during partial
submergence, it is held constant at that value with increasing submergence. A similar method is

used when the free surface recedes from the cylinder.

2.3 Hydrodynamic Force on an Elastically Supported
Horizontal Cylinder

The hydrodynamic vertical force on a rigid cylinder subjected to wave slamming has been
formulated in Section 2.2. The expressions for the various force components have been derived
on the assumption that the cylinder and its support structure do not respond to the applied wave
force. In the case of an elastically supported cylinder subjected to wave slamming, the dynamic
response alters the magnitude of the applied force since the fluid particle kinematics relative to
the cylinder are modified due to the cylinder vibration. The force transmitted by the cylinder to
its supports is also affected due to its dynamic response and this force may be higher or lower
than the applied force, depending on the length of the slamming impulse and the natural
frequency of the cylinder. The governing variables and the modified numerical model for wave

slamming on an elastically supported cylinder are examined in the following sections.

2.3.1 Response of an SDOF System to Impact Loading

The cylinder and its support structure can be modelled as a single-degree-of-freedom (SDOF)

system with a mass M, a stiffness K and a damping coefficient C. The schematic representation
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of such a system is shown in Fig. 2.8. The equation of motion of this system when subjected to a

time varying force F(t) is given by:
Mr + Cr + Kr = F(t) (2.34)

where r, r and 1 are the time varying cylinder displacement, velocity and acceleration
respectively. The natural frequency of this system, denoted by @y, and the damping coefficient C

can be expressed in terms of a non-dimensional damping ratio denoted { as:

, K
Wy = M
S (2.35)
Maxy
The applied force F(t) in Eq. 2.34 has the same general form as given in Eq. 2.3. In the present
study, it is assumed that the force transducer in the support structure determines the dynamic
characteristics of the cylinder. If the applied force were to be measured by such a configuration,

the measured force which is also termed as the transmitted force is given by:
Fyt) = Kr(t) (2.36)

In cases where the damping force component is also assumed to be a part of the transmitted
force, the right-hand side of Eq. 2.36 is given by Kr(t) + Cr(t). The measured force is hence a
function of the natural frequency and damping of the system. For the case of an applied load

F(t), the response of an SDOF system starting from rest is given by:
t
1 .
) = ;);J F(7) exp[-Coon(t - T)] sin[@a(t - T)] dT (2.37)

where ®q is the damped natural frequency of the system and is given by wz\ 1- {2 and Tis a

dummy variable of integration.
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Let us consider the idealized case of an impact load F(t) which increases linearly from O to a
peak value F,, in a rise-time T, and then drops linearly to O in a decay-time T4 as shown in

Fig. 2.9. During the stage when the force is increasing, F(t) can be expressed as:

F(t) = T ot 0<t<T; [Stage A] (2.38)

T

The response of the system to this load can be determined using Eq. 2.37. If the system is
initially at rest, the response during the stage when the force is increasing (0 < t < Ty), is given

by:

rt) = IgT t — % + exp (- Cmnt)(afncos(mdt)+(2§2—m;12sin(mdt)]]
®n

It = IgTr 1 — exp (-Cwyt) (cos((odt) + Cﬂ(;)dn sm((odt)]] (2.39)

When the force is decreasing (Stage B), the system response can be evaluated in terms of

t'=t - Ty, since that simplifies the expression for the applied force to:

F(t) = F, [1 Ty ] T <t<T:;+ Ty [Stage B] (2.40)

The response in Stage B can now be given as the sum of the the free vibration due to r and r (at
t = Ty) from Egs. 2.39, designated as r, and r,, respectively and the forced response due to the

applied force in Eq. 2.40. The displacement r(t') in Stage B is hence:

(to + Coonro)

sin( Wgt") ) +
g

r(t) = exp (-Cant) [ro cos(@gt) +

KFfd[(icn““Td)(l-exp( -Lont') cos(@gt) ) — t +

(1 — 262 — Lo Ty)
O]

exp (-Cwnt") sin(wgt) ] (2.41)



33

The motion of the system after the force has dropped to zero, shown as Stage C in Fig. 2.9, can
be evaluated in a manner similar to that for Stage B, wherein the system displacement and
velocity at the end of Stage B (at t' = Tq) are used to determine the free vibration response in

Stage C.

It can be seen from Eqs. 2.39 and 2.41, that the transmitted force F¢(t) given by Eq. 2.36 is a
function of the dynamic characteristics of the system and that its magnitude at any instant may
not be the same as that of the applied force. Since the initial stages of the wave slamming force
are similar to the impact force analyzed above, it is useful to compare the transmitted force
(which would be measured by a typical force transducer) with the actual applied force. The two
main parameters of interest are the measured peak force Fy, immediately after impact and the
corresponding rise-time T;. The ideal measuring system should report the same force as the
applied force at every instant and an examination of Eqgs. 2.39 and 2.41 indicates that such a
measuring system would have a natural frequency ®y such that w,T; is very large. The effect of
the damping ratio { on the measured force using systems with high natural frequency is not

significant, especially for typical damping values between 5% and 10%.

As mentioned earlier, measurements indicate that there is a finite rise-time during which the
slamming force increases from zero to a maximum value. Sarpkaya (1978) showed that the rise-
time and the natural frequency of an elastic cylinder can cause the apparent maximum value of
Gs to vary between 0.5t and 1.7n. In order to examine the influence of the dynamic
characteristics of the system and the rise-time of the slamming force on the transmitted (or
measured) force Fy, two idealized types of impact force are considered. In the case of the first
impact, the rise-time T; is the same as the decay time Tg, and in the second case, Tg =2 T;.
Fig. 2.10(a) illustrates both load cases and the corresponding force measured by a system with
Ty/Ty = 0.2 (where the natural period Ty, = 21/®y) and { = 0.05. Fig. 2.10(b) shows the results
for the case when Ty/Tp =2.0. It is observed that there is a significant difference between the
applied and recorded force for the case where T¢/T =0.2. The measured force maximum is

higher than the applied force peak due to dynamic amplification and the apparent rise-time to
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reach the force maximum is larger than T;. Obviously this is not a desirable configuration for an
experimental study of impact force. For the case where T/T = 2.0, Fig. 2.10(b) shows that the
measured force is a better estimate of the applied force, though there are differences due to the

oscillatory nature of the response.

The effect of the variation of T/Ty, for various values of { (0, 0.02, 0.05) on the dynamic
magnification factor Fi,/F, and the relative rise-time T /T are summarized in Fig. 2.11 for both
aforementioned loading cases. The desirable properties of a measurement system for recording
impact forces can be interpreted from these figures. It is observed in Fig. 2.11(a) that for T/T,
smaller than 0.1, F,/F, is less than 0.6 and decreases to O as T/T, approaches 0. This is because
a system that has a large natural period in comparison to the rise and decay time of the impact
force does not have adequate time to ‘see’ the force. Consequently the response is smaller than
that for a static load and the measured force is lower than the applied force. It is seen that F,/F,
approaches a value of 1 in an oscillatory manner as T;/T, increases beyond 1. Hence if a system
is chosen such that T /T, is at least 2 and preferably greater than 3, the measured force maximum
will be a fairly good estimate of the applied force maximum. A similar requirement is evident in
Fig. 2.11(b) which shows that the relative rise-time T{/T also approaches a value of 1 as T,/T
becomes large. It is also observed that the effect of damping on the measured peak force and

rise-time diminishes with increasing values of T/Th,.

Figures 2.11 (c) and (d) illustrate the variation of F;o/F, and T{/T; for the case where Tgq = 2Ty.
The trends are seen to be similar to those in Figs. 2.11 (a) and (b) respectively. Although the
duration of the impact is longer in this case, the amplification factor F;o/F, is seen to increase
marginally by about 7% at T/T, = 0.5. Consequently, a method which corrects the measured
force for the effects of dynamic amplification, based on the assumption that the slamming force
component can be represented as an impact where T4 = T will be reasonably accurate even if the

actual decay time Tgq is 100% larger than its assumed value.
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2.3.2 Cylinder Response to Wave Impact Loading

The slamming, inertia and drag forces on the cylinder are functions of the water particle
velocity and acceleration. In the case of a cylinder which responds dynamically to the applied
load, the nature of the loading changes since the motion of the cylinder modifies the relative
velocity and acceleration between the water and the cylinder. The problem has to be solved
iteratively, since the response at any instant is a function of the applied force which in turn is a
nonlinear function of the relative water particle velocity (and thus a nonlinear function of the
response). A numerical model which accounts for the dynamic behaviour of the cylinder and
expresses the applied hydrodynamic load as a function of the relative water particle kinematics is

described.

A definition sketch for the case of an elastically supported horizontal cylinder subjected to
wave slamming is shown in Fig. 2.12. The equilibrium height of the cylinder axis from the still
water level (SWL) is given by h. The cylinder displacement from its equilibrium position due to
an applied force is denoted by r. Both h and r are measured positive upwards. If the cylinder is
subjected to hydrodynamic forces due to an incident wave train, the equation of motion of the

cylinder is given by:
Mr+Cr+Kr=L(F, + Fs + Fj + Fy (2.42)

where the terms on the left side of Eq. 2.42 are as in Section 2.3.1, the 4 force terms on the right
side have been described for the case of a rigid cylinder in Sections 2.2.1 - 2.2.4, and L is the
length of the cylinder. For the case of a dynamically responding cylinder, the buoyancy force Fy,

is given by Eq. 2.5 where the cylinder submergence:
s=m - (h+1) (2.43)

Since the cylinder is located near the still water level, the following relations for the applied
force are based on the assumption that the vertical components of water particle velocity and

acceleration are given by 1 and 1 respectively (see Section 2.5.1). Equation 2.9 can be rewritten
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to account for the relative water particle velocity and hence the force per unit length of the

cylinder due to the rate of change of fluid momentum is given by:

Fn() = % [m (M- 1) (2.44)

Equation 2.44 can be expanded in a form similar to Eq. 2.21:

Fn(t) = m@® - 1)+ (1'1-'r)(.)—ma—S (2.45)
ds ot
which can be further simplified to:
v . ..,0m
Fn() =m@ -1+ (N-1) % (2.46)

The first term in Eq. 2.46 is the momentum component of the inertia force and the second term is

the slamming force which can be written in terms of the slamming coefficient Cg as:

F® = 5CpD (- i 247)

Equation 2.29 for the inertia force per unit length is rewritten to account for the relative

acceleration:
Fi) = pAIfi + m@ -1) (248)
The drag force is similarly given by:
Fa® = 5Cap D(-D 1A~ (2.49)
Equation 2.42 can now be expressed as:
M7T +Ci+Kr=L [Fb+ 2CpD@-D2 + pAifi + m( - P

+ %CdpD(ﬁ-'r)lf]-'rl] (2.50)
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As described in Section 2.2.5, Model II combines the hydrodynamic force due to the slamming
and drag components into a single force that is proportional to the square of the relative velocity

and a combined coefficient Cgg. Equation 2.50 can be rewritten for Model II as:

" . nD2 ..
M+mDr +Cr+ Kr=1L [Fb+ Cman
+%Cs+dpD(f]-i')I1'1-i'I:| (2.51)

The variations of the coefficients Cp, and Cg4q have been discussed in Section 2.2.5.

Equation 2.51 is nonlinear and can be solved in the time domain using any suitable numerical
technique. The Newmark iteration method with a linear acceleration formulation has been used
in this study. The solution begins at a time step when the water surface is below the initially
stationary cylinder, since the applied force and the response are known to be zero. The
acceleration r at the next time step is assumed to be the same as that at the previous time step

(i.e. TesAt = Ty) and this value is used in the first step of the iteration to obtain the velocity r and

displacement r at t+At:
TeAt = Tt + T At + YAt (Tar - )
. i o
IeAt = It + It At + (AY) [2 + B(Teeac - ft)] (2.52)

where At is the time step size and y and P are coefficients which have the values 0.5 and é

respectively for the linear acceleration method. Since the values of1), 1) and 1 are known at
time t+At, the right hand side of Eq. 2.51 can now be evaluated and is designated as Fyar. A
revised estimate for r4A; is calculated using Eq. 2.51:

. 1 .
Tt+At = m[me - Crear - Krgeaed (2.53)

This value of r4A¢ is used in Eq. 2.52 to obtain more accurate values of Iy and res; and the

iteration continues until the value of T4+ calculated by Eq. 2.53 converges.
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The choice of At is very important in order to run a simulation and interpret results correctly.
The time interval chosen should be small enough such that all quantities which are functions of
time are accurately modelled (i.e. frequency components in the input wave force and in the
output response oscillation are represented without aliasing) and the Newmark iteration process
converges, and large enough to avoid lengthy computation times and redundant data. The

criteria used to select a suitable value of At are discussed in Section 2.5.3.

In the case of a cylinder which does not respond to an applied force, the rise-time of the impact
force has not been considered in the analysis since it does not influence the magnitude of the
transmitted force. It has been shown in Section 2.3.1 that in the case of a compliant cylinder, the
transmitted force is a function of the cylinder’s natural frequency and the rise-time of the applied
force. Consequently, the assumption that the slamming coefficient reaches a peak value of Cg,
(= 7 or higher value depending on the choice of model for Cy) at the instant of impact may lead
to unrealistic predictions of the transmitted force. A numerical model which can simulate
varying impact force rise-times allows for a more realistic simulation of the wave slamming
force and consequent dynamic response of compliant cylinders. There is no explicit formulation
for the force rise-time in Eq. 2.50 and unlike the case of a rigid cylinder wherein it is possible to
simulate a linear variation of force using interpolation between known force magnitudes at any
two points in time, the hydrodynamic force on a vibrating cylinder is not known beyond one

time step due to the interdependent nature of the force and cylinder response.

However, it is known that the dominant contribution to the total force on the cylinder during
the initial stages of impact is due to slamming. Consequently a pseudo-linear (since the
buoyancy and inertia force components add a little nonlinearity in the early stages of immersion
and the relative velocity changes slightly during the rise-time) increase of the applied impact
force can be introduced by modifying the coefficient Cgq, such that it increases linearly from 0

at the instant of impact to the peak value of Cg, over a specified rise-time T,:

Copg = Cg 1) G <t<4+Ts (2.54)
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where t; is the instant of impact. Aftert=t; + Ty, Cs4q varies in the same manner as it would for
a rigid cylinder, wherein the submergence s/a is assumed to increase from O after t = T;. The
value of T chosen for a simulation should be such that Cg,4 reaches its peak value of Cg, before

significant immersion of the cylinder (s/a < 0.4) and is typically between 5 and 30 msec.
2.3.3 Modelling Slamming as an Impulse

Sections 2.3.1 and 2.3.2 have shown possible techniques of numerically modelling wave
slamming on a horizontal cylinder which responds to the rapidly varying load, and of
determining effects such as the dynamic amplification of the applied force. This treatment
requires detailed information on the characteristics of the slamming force variation with time
during the early stages of impact. However, past experimental evidence has proven that it is
quite difficult to obtain reliable estimates of the slamming coefficient due to several factors such
as air entrainment, cylinder inclination, and dynamic response. These cause appreciable scatter

in the peak value of the slamming coefficient reported by several investigators.

The time scale of the slamming force on horizontal members of offshore platforms is in the
range of 0.01 - 0.2 sec. If the natural period of such a member is in the range 0.5 - 1 sec, the
maximum response of the member is usually governed by the magnitude of the slamming
impulse, rather than the precise form of the applied load itself. Hence, as an alternative to the
conventional approach involving the slamming coefficient, it may be more convenient to define
the slamming event using an impulse coefficient which combines the impact force and rise-time

into a single dimensionless quantity.

A typical time history of the measured slamming force is sketched in Fig. 2.13. As indicated
in the figure, the force F may be considered to be made up of two components: an impulsive
force Fj, which rises rapidly to a maximum and then falls to zero over a duration Tj; and a
residual force F; which may be taken to increase steadily over this duration, starting from zero,
and which is associated approximately with drag, inertia and buoyancy components. For

convenience, Tj may be taken to correspond to the instant at which the overall force F reaches a
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minimum as indicated in the figure. The measured force record using a test cylinder, usually
includes oscillations at the natural frequency of the cylinder. In such a case, the minimum force
which is used to define the end of the impulse should be identified after the record is first filtered
so as to remove these oscillations, since this would correspond more closely to the applied force.
On the basis of the above representation, the impulse I on the cylinder, which is associated with

the impulsive force F;, may be written as:

T
I= [Fjdt
0
Ti 1
= (I)F dt - iTi F(T5) (2.55)

The second term on the right-hand side of Eq. 2.55 corresponds to the area of the shaded triangle
shown in Fig. 2.13. An impulse coefficient may now be defined as:

|
pawL

G = (2.56)
where w is the vertical water particle velocity at the instant of impact, and L is the length of the

cylinder.

Since it is assumed that the impulsive force F; is due to the slamming force discussed in
Section 2.2.2, it is possible to estimate a theoretical impulse coefficient from the closed-form
expression for Cg. It is seen in Figs. 1.3 and 2.4 that the more plausible models derived for the
variation of Cg reach a minimum value by the stage when the cylinder has been submerged by
half, i.e. s/a=1. As discussed in Section 2.2.5, this is consistent with the notion that
conventional added mass theory can provide a fair estimate of the slamming coefficient only
during the early stages of impact. As the submergence increases, flow separation effects begin to
influence the hydrodynamic force, and it is difficult to separate the drag force component from

the impulsive force. Hence it is assumed that the theoretical impulse coefficient can be
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estimated between the limits of 0 < s/a < 1. The theoretical impulse is expressed in a manner
similar to Eq. 2.55:

T 1
I= [05CpDwW2Ldt = pa2wL [ Cy(s/a) d(s/a) 2.57)
0 0

The theoretical impulse coefficient corresponds to the area under the Cg curve between s/a =0

and 1. The expressions for Cg given in Section 2.2.2 have been integrated to yield the following

values of C;:
C =1571 von Karman (based on Eq. 2.24)
C = 3.833 Wagner (based on Eq. 2.25)
G = 1571 Taylor (based on Eq. 2.26)

These can be compared to C; obtained from experimentally derived expressions for Cg:

C = 1412 Campbell and Weynberg (based on Eq. 2.27)
C = 1.382 Miao (based on Eq. 2.28)

It is important to note that the above definition of C; is based on the slamming force which is a
function of the square of the velocity. This must be kept in mind when interpreting the above
values of C; derived from experimental observations which include buoyancy effects. The
contribution of buoyancy to the impulse, denoted Ip, is a function of the square of the Froude

number, and is given by:

pawL

gD (2.58)

1
Ib=§

This indicates a decrease of 0.1 to 0.2 in the C; values derived from the expressions given by

Campbell and Wenberg (1980) and Miao (1988), leading to an average estimate of about
C=12
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The response r of an SDOF system with mass M and natural period T, to an impulse I of

duration Tj (<< Tp ) is given as (e.g. Clough and Penzien, 1975):

r= ——sin (et (2.59)
My

where ®p = 27/Ty, and t' is time measured after the end of the impulse. Thus the maximum
response due fo the impulse I is given as /M ®y and this occurs at time t' = Ty/4. In order to
obtain the overall maximum response, the response at this instant due to the residual force Fy is
also required. However, such a calculation may itself require a time-stepping procedure in order
to account for the dynamic response of the cylinder. Once the two component responses have
been obtained, they may then be summed to obtain the overall maximum response. This can in

turn be used to determine quantities such as the maximum transmitted force or stress.

It is expected that the impulse coefficient derived from experimental observations will exhibit
less scatter since it is not dependent on a single observation of the peak force. However, the
applicability of the impulse coefficient in the context of engineering design is confined to
situations where the impulse duration T; is reasonably small in relation to the natural period T
of the cylinder (e.g. a brace), such that the dynamic response and stresses may be determined by

the impulse magnitude rather than the precise time history of the loading.

24 Slamming Force on an Inclined Cylinder

The previous sections have described the specific case of a horizontal cylinder subjected to
wave impact. In general, the member’s axis or the water surface may not be exactly horizontal
which leads to an oblique impact. The flow in this situation is no longer two-dimensional and is
more complex. Miller (1977) modelled this case using a strip approach wherein the slamming
force is determined by adding the contributions of several incremental slamming loads on thin
elements of the cylinder. The definition sketch for inclined impact is shown in Fig. 2.14. A

cylinder of length L is inclined at an angle 0 to the still water level and its axis is oriented normal
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to the direction of wave propagation. The height of the lower edge of the cylinder from the still

water level is denoted by h.

When the cylinder is subjected to an incident wave train, the initial contact is made at the lower
edge and as the water level rises, its submerged length increases from 0 to L. This leads to a
more gradual increase in the hydrodynamic force in comparison to the case of a horizontal

cylinder. The submerged length of the cylinder is given by:

n-h for 0< 1 < (h +L sin6)
L = § sin@ (0° <8 <90°) (2.60)
L for 1> (h+Lsin6)

The submergence normal to the cylinder axis varies along the submerged length and is expressed

as.

N-h-ysin6

s(y) = (Ls-y)tan 8 = O=sy=sLy) (2.61)

cos 6
where y is measured from the lower edge of the cylinder.

The force on the cylinder is determined by analysing the force on a strip of width dy
submerged by an amount s(y) (see Fig. 2.14). The buoyancy force component normal to the

cylinder axis on the strip is:
dFp = p gAj(s) cosO dy (2.62)

where Aj(s) is given by Eq. 2.6. The water particle velocity and acceleration normal to the

cylinder axis are given by wcos8 and wcos 0 respectively. The slamming force on the strip can

be expressed as:

dF; = 5 Cs(s) p D (wcos6)2 dy 2.63)

where Cg(s) is the slamming coefficient. Similarly, the expression for the inertia force on the

strip is given by:



2
&F; = Cro(s) p1 - (W cos6) dy 2.64)

where Cpy (s) is the inertia coefficient. The elemental drag force may be expressed as:

dFq = %Cd(s) p D (w cos6)2 dy (2.65)

The four force components on the strip can be integrated along the submerged length of the

cylinder to yield the total force at any instant:

L
F = 0J‘de+ng,+dFi+ dFy4 (2.66)

Eq. 2.60 can be rewritten in a summation form to yield:

N
F = Z (p gA;(s)cos 0 + % [Cs+d(s) JpD(wcosB)?2
j=1

2
+ Cm(S)P%(V.VCOS 6) ) Lﬁ (2.67)

where N is the number of strips into which the length L is divided, the submergence s is
determined from Eq. 2.61, and y = (j Ls)/N. The variations of the coefficients Cs4q and C,, with

submergence have been discussed in Section 2.2.5.

Wave impact on an inclined cylinder results in a smaller peak force and longer rise-time in
comparison to the case where the cylinder is horizontal. The effect of the longer rise-time is
inconsequential for rigid cylinders, but may actually lead to a larger dynamic response in the
case of a compliant cylinder if its natural period is comparable to the rise-time as seen in Section
2.3.1. Hence it may be necessary for a designer to determine whether the decrease in peak
impact load due to the inclination of a cylinder has been offset by increased dynamic

amplification caused by a corresponding increase in the rise-time.
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It is noted that in reality, wave impact on an inclined cylinder results in a three-dimensional
flow problem which is not being solved here. The flow in the vicinity of the cylinder, and the
associated hydrodynamic force change significantly with increase in cylinder inclination, and the
strip method described above is not expected to result in good estimates of the force for values of

0 greater than 20°.

2.5 Water Particle Kinematics in Waves

The hydrodynamic force due to wave impact has been expressed in terms of the water particle
velocity and acceleration at the free surface during the early stages of impact, and at the cylinder
axis after complete submergence of the cylinder. Linear wave theory is used to determine the

free surface elevation 1 and the corresponding water particle kinematics.

2.5.1 Regular Waves

For a regular wave train the water surface elevation 1 at the cylinder location is given by:

n-= % cos mt (2.68)

where H is the wave height, @ is the wave angular frequency (= 2r/T where T is the wave

period) and t is time. The linear dispersion relation, which relates ® and the wave number k, is

given by:
©? = gk tanh(kd) (2.69)
where d is the water depth.

The hydrodynamic force in the vertical direction is associated with the vertical water particle

velocity and acceleration. On the basis of linear wave theory, these may be expressed as:

w = -m% G(z) sin ot
(2.70)

€.
i

- (02% G(z) cos @t
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where

sinh[k(d+z)]

G(@) = = nh[kd]

(2.71)

and z is measured upwards from the still water level. In the present case, the value of z
corresponds to the vertical location of the cylinder axis. Since Eqs. 2.70 are valid only for z
between -d and 0, several methods have been described to evaluate the water particle kinematics
in the vicinity of the free surface based on alternative extensions to the expressions given by
linear wave theory. Chakrabarti (1988) has summarized various modifications to Egs. 2.70 in
order to extrapolate the evaluation of water particle kinematics above the still water level. For
the present investigation, the kinematics above the still water level are taken as the values at the
still water level itself. This assumption is valid for small amplitude waves since elevations
relative to the still water level of the order of wave height are considered and thus it is reasonable
to assume that G(z) = 1 within the precision of linear wave theory. Hence w and w are replaced

by 1 and 1j respectively.
2.5.2 Effects of Free Surface Slope

The development of the slamming force which has been described in the previous sections is
strictly valid only for a horizontal free surface. If instead the free surface is assumed to impact
the cylinder at an angle 8 to the horizontal as shown in Fig. 2.15, the water particle velocity
normal to the free surface is vy =1 cosd, and the vertical component of the slamming force per

unit length is then given by:

Fy =5 CspD viZcos

= %CspD 12 cos 38 2.72)

On the basis of a wave train which is assumed to propagate steadily, it can be shown that the

angle d is a function of the vertical velocity of the free surface:
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M s =-1q @73)

where c is the wave celerity and x is measured along the direction of wave propagation.

Suitable corrections to the slamming and impulse coefficients obtained from measurements of
the vertical force can now be developed by applying the result for tand in Eq. 2.73 to Eq. 2.72.
On this basis, it may be shown that the slope correction factor for the slamming coefficient is

given by:

c [ )2 ]3/2

c = [1+|c (2.74)
where Cg is a slamming coefficient derived on the basis of v, instead of |. A similar correction
factor can be obtained for the impulse coefficient in Eq. 2.56 to provide:

G _ (0P

c = 1+(c 2.75)

Figure 2.16 illustrates the behaviour of these correction factors for the case of the steepest non-

breaking wave used in the experiments which has a period T = 1.1 sec, and height H= 17 cm.
Only the portion of the wave record varying from the lowest point in the wave trough to the
highest point in the wave crest is shown since the correction factors are applicable for a rising

water surface which causes slamming forces. It is seen that the factors deviate significantly from

the value of 1.0 in the zero-crossing zone of the wave where™ reaches a maximum. The

maximum value of C;/Cs is about 1.17 and that of C{/C; is 1.11.

It has been pointed out earlier that the slamming process is governed by a variety of factors,
many of which are difficult to control, and which account for considerable scatter in
experimental data. Because of this, it may well turn out that the above corrections for the free

surface slope effects in general may be an unnecessary refinement.
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2.5.3 Random Waves

The extension of the numerical simulation to the case of random waves described by a
specified spectrum may also be made. The two cases considered here correspond to a narrow-

band spectrum and the two parameter Pierson-Moskowitz spectrum.

The form of the narrow-band spectrum adopted here is given by:

2
n f, f,
%cos[-f;(f-fo)] forfo- o S f < fot

Sn() = (2.76)

0 otherwise

where H is the significant wave height, f, is the peak frequency, and f; represents the frequency

range over which the spectrum is non-zero.

The two-parameter Pierson-Moskowitz spectrum is instead given as:
2 5 -4
= s o St
Sn® = Igt (ff) exp [ -3 (fo) ] 2.77)

For either spectrum, a time record of the free surface elevation may be represented as a

superposition of regular wave trains with different amplitudes, frequencies and phases:
Ne
nw = Y, Ajcos(2rfit - &) (2.78)

i=1

where Aj, f; and & are respectively the amplitude, frequency and phase of the i-th regular wave

component, and Ny is the number of frequencies used in generating the random wave record.

The randomness in M(t) can be incorporated in various ways. The method adopted here,

known as the deterministic spectral amplitude model (Tuah and Hudspeth, 1982), or the random
phase spectrum method (Funke and Mansard, 1984), assumes that the the phases €; in Eq. 2.78

are random and uniformly distributed between 0 and 27, while the amplitudes A; are determined

from the discretized spectral density as:

Aj = V2 Sy(f;) Af (1= 1toNp (2.79)
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The spectrum of the resulting time series of 1} will then exactly match the target spectrum.

Analogous to Egs. 2.70, expressions for the vertical velocity w and acceleration w for the case

of a random wave train are given respectively by:

Ne 3
w =N = -2 2rfiA;sin@nfit - &)
i=1
X (2.80)
Ne
w="1=- (2rf;)? Aj cos 2Tfit - ei))
i=1

There are a number of interrelated parameters which must be selected in order to carry out a
numerical simulation of 1,1, and . These include the frequency interval Af, the number of
frequency values Ny, the time step size ATy, the duration of the wave record Ty, and the number
of data points in the wave record N. Relations between these parameters are:

1

=T (2.81)
ATo = L (2.82)
v 2N fAs .
= Tw (2.83)

Aty

Eq. 2.82 represents the Nyquist criterion which relates the maximum frequency NfAr that can be

resolved from a signal which is discretized with a time interval ATy,.

T must be sufficiently large to ensure that the number of waves in the record is sufficient for
carrying out a probability distribution analysis; and Af is determined directly from Eq. 2.81. In
the case of a narrow-band spectrum, the frequency range of the spectrum f; also needs to be
selected and may be related to the spectral width parameter of the wave record. The number of

discretized frequencies with non-zero coefficients is approximately f,/Af
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2.6 Computational Considerations

The numerical simulation of slamming force deals with an event which occurs over very small
time scales in comparison to the wave period. The time step size At; between successive values
of the computed vertical force should be chosen so as to represent accurately the variation of the
force with time and simultaneously minimize the computational effort required. Although the
frequency components in a typical wave train giving rise to the vertical force may be relatively
low, there is a very rapid variation of the vertical force in every wave cycle associated with the
onset of slamming. This corresponds to the presence of significant high frequency components
in the force record. The choice of a particular time step size depends in part on the specific
problem under consideration i.e. whether thé cylinder is rigid or compliant, the cylinder is

horizontal or inclined and whether the waves are regular or random.

In the case of regular waves interacting with a rigid horizontal cylinder, the choice of At to be
used in the simulation is influenced mainly by the need to model the rapid variation in vertical
force immediately after the instant of impact. The maximum slamming force is assumed here to
occur instantaneously, so that it is important that the instant of slamming be present in the
sample values since the vertical force reaches a critical value at this point. The value of Atg is
determined so as to ensure that the partially submerged stage of the cylinder is adequately
represented in the simulation. Specifically, the difference in wave elevations between two
successive time steps in the simulation when the free surface is travelling the fastest, is taken as
0.1D. Thus for deep water waves:

DT

Ats = {onH

(2.84)

Typically this choice leads to between 50 and 2500 time steps in each wave period. The instant
of impact can be determined by linear interpolation between successive time steps for which the
cylinder is above the water surface at the former instant and partially submerged at the latter.

The hydrodynamic force on the cylinder is then computed at this time step also.
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A random wave record synthesized using the Nyquist criterion of Eq. 2.82 may not have
sufficient resolution to determine the instant of slamming using linear interpolation described for
regular waves, since in cases where the cylinder diameter is appreciably smaller than the
significant wave height, it is possible that successive values of 1 might correspond to no
submergence and complete submergence respectively. In order to treat such occurrences, and
since a smaller Ats interval is required only for periods of partial submergence, a cubic spline
interpolation technique is used to introduce additional sample points within the corresponding
time interval. The cubic spline method preserves rapid changes in slope especially in the
velocity and acceleration records. Once values at smaller intervals have been obtained, linear

interpolation is used to obtain the instants at which slamming occurs.

When a computation of the dynamic response of the cylinder to the wave force is required, the
factors that govern the choice of Ats are the frequency components in the incident wave train, the
natural frequency of the system, the Newmark iteration convergence criterion and the frequency
components in the hydrodynamic force. The chosen value of Atg is the smallest obtained from a
consideration of these four factors and is usually governed by the need to correctly represent the
rapid variation of the hydrodynamic force immediately after impact. Unlike the case of the rigid
cylinder, the technique of interpolation to determine the exact instant of slamming cannot be
applied since the position of the cylinder is not fixed. The value of At should be sufficiently
small so that successive samples when the cylinder is dry and then partly submerged are such
that s/a = O for the latter sample and the slamming force peak that occurs immediately after
water-cylinder contact is not underestimated by a large amount. In addition, if the slamming
force is assumed to reach its peak value instantaneously, the value of Atg used in the simulation
will imply a rise-time of At;. Hence a zero rise-time condition cannot be simulated in the case

when the dynamic response of the cylinder is considered.

It has however been shown in Section 2.3.1 that a zero (or near zero) rise-time condition for a
typical slamming event will not produce significant dynamic response implying that the

magnitude of the dynamic stresses will be low and not be of interest in design situations. For
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typical rise-times between S and 25 msec, a value of Atg that ensures at least 2 samples within the

rise-time duration is adequate to accurately compute the dynamic response. The simulation is

conducted at equally spaced points in time in contrast to the rigid cylinder case wherein the Atg

value varies depending on the stage of the cylinder submergence.

The above techniques are applied in a similar way for the case of the inclined cylinder, where

only the rigid cylinder case has been examined.
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Chapter 3
EXPERIMENTAL STUDY

A significant component of this study on wave slamming relates to an experimental
investigation in which an instrumented cylinder has been subjected to slamming forces in non-
breaking and breaking waves. The horizontal test cylinder was fixed at different elevations near
the still water level and the vertical force was measured for incident regular waves of various
heights and periods. The same test set-up was also used to measure the horizontal and vertical
impact forces due to a plunging wave which could be generated to break at different locations
along the wave flume. The tests have been conducted in the wave flume of the Hydraulics
Laboratory of the Department of Civil Engineering at the University of British Columbia. This
flume is equipped with a wave generator which is capable of producing regular and random

waves.

The following sections describe the equipment and methods used in the experimental set-up for
wave generation and data acquisition. The techniques of signal conditioning and data analysis

used to derive pertinent information from the measurements are also discussed.

3.1 Test Facilities

The apparatus used for the experimental study of the slamming force can be classified under
three separate functional headings. These are: the wave generation equipment, the instrumented

cylinder which is subjected to wave slamming, and the equipment used for data acquisition.
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3.1.1 Wave Flume

A photograph of the wave flume in which the experiments have been conducted is shown in
Fig. 3.1. The flume is 40 m long, with a 15 m long test section, 0.62 m wide, and operates at a
nominal water depth of 0.55 m. The flume has a plywood beach of 7.7 m length set at a slope of
1:14, and which is covered by a mat of synthetic hair. A large holding tank at the end of the
beach also helps to absorb and dissipate incident wave energy. The reflection of wave energy

from this beach is quite low, although it has not been measured in this study.
3.1.2 Wave Generation

A photograph of the wave generator is shown in Fig. 3.2. The generator consists of an
electrically powered servo-motor which drives a linear actuator connected to a hinged wave
paddle. The rotation of the servo-motor shaft is converted to a translatory motion of a thrust rod
by the linear actuator which has a usable operating stroke of £+ 25 cm. The wave paddle can be
configured to operate in three modes, namely a hinged flapper, a combination flapper-piston and
a piston articulation. These enable the reproduction of velocity profiles ranging from shallow to
deep water waves. Waves with periods between 0.8 and 2.5 sec and wave heights of up to about

25 cm can be generated in this flume.

The wave generator is controlled by a Digital Equipment Corporation (DEC) VAXstation 3200
computer running the VMS operating system. The GEDAP (Generalized Experiment control,
Data acquisition and Analysis Package) library of software and the associated RTC (Real Time
Control) programs developed at the Hydraulics Laboratory of the National Research Council of
Canada (Miles, 1989, Pelletier, 1989) allow the user to control the wave generation and data
acquisition processes. The software allows for three regular wave generation options: a
sinusoidal wave train with specified height and period; a sinusoidal wave train of maximum
steepness for a specified wave height and a sinusoidal wave train of maximum steepness for a
specified wave period. Random waves can also be generated either from a target wave spectrum

based on a theoretical parametric spectral model (e.g. Pierson-Moskowitz, JONSWAP etc.) or
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from a prototype spectrum obtained from either a wave hindcasting procedure or from full-scale

measurements at sea.

Synthesis of Wave Generator Drive Signals

The computer programs for the synthesis of the wave generator control signals are based on
linear theory (Havelock, 1929) which relates the rotation or displacement of the waveboard to
the water surface elevation at the front of the waveboard. Factors such as the propagation of the
wave train from the waveboard to the test section, the articulation mode of the wave paddle, and

the dynamics of the servo-system are all taken into account in the creation of the driving signal.

The process involves the generation of a desired free surface elevation time series at a
specified location in the wave flume. This wave record is generated at a sampling interval of
0.05 sec (20 samples/sec). The transfer function between the paddle motion and the resulting
water surface elevation, along with the wave generator calibration relating the paddle motion to
the applied voltage are used to compute another time series which is subsequently used as the
drive signal. A DEC AAV11 digital-to-analog (D/A) converter combined with an analog active
low-pass filter is used to convert the drive signal to a continuous voltage which is sent to the
controller of the servo-motor. The highest frequency of waves (with a minimum wave height of
5 cm) that can be generated in this flume is limited to about 3.5 Hz due to the maximum velocity

of 0.61 m/sec which can be achieved by the actuator thrust rod.

If the water surface elevation at the test area in the wave flume is measured with a wave probe
when waves are generated with the above signal, the variation of the free surface elevation with
time will usually not be the same as that of the desired wave train. Some of the factors that cause
the differences include limitations of the transfer function used to approximate the servo-
dynamics of the wave machine controller, limitations of linear wave theory in calculating the
waveboard motion and nonlinear wave propagation effects which may occur as the wave travels
from the wave machine to the wave probe. In the case of regular waves, the generated signal can

be modified with a suitable amplification factor given by Hy/Hp,, where Hy is the desired wave
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height, and Hy, is the measured wave height. This amplification factor is applied to generate
another time series of the driving signal, and the procedure is repeated until the desired wave

height is obtained at the test location.
3.1.3 Cylinder model

A photograph of the test cylinder assembly is shown in Fig. 3.3(a), and a corresponding
schematic diagram is shown in Fig. 3.3(b). The PVC cylinder has an external diameter of 4.2 cm
and is 30 cm long. It is expected that the low length/diameter ratio of 7.14 will reduce the
likelihood of errors due to wave skew and also limit the flexural response of the cylinder. The
sealed ends of the cylinder are connected by aluminium tubes to the sensing plate of the force
transducer which is located 34 cm above the cylinder axis. Since the aluminium tubes transmit
the force on the cylinder to the dynamometer, they have to be shielded from the effects of the
incident waves in order for the dynamometer to read the force on the cylinder only. This is
achieved by means of plastic tubes which are connected to the back face of the dynamometer,

and which act as sleeves in keeping the force transmitting members dry.

The dynamometer is attached to a large frame spanning the width of the flume and fixed to the
laboratory floor. The connection of the dynamometer to the frame is via a solid steel rod such
that the cylinder-transducer assembly can be easily moved vertically and also pivoted about the
vertical and horizontal planes. In this position, the cylinder axis is located 8.7 m from the wave

paddle.
Measurement of Hydrodynamic Impact Forces

The variables which affect the vertical force on a horizontal circular cylinder in waves have
been discussed in Section 2.1. Some of these can be readily quantified and controlled in a
laboratory. However, other factors such as air entrainment in the water surface, compressibility
of the fluid on impact with the cylinder, water run-up on the sides of the cylinder, the possibility

of not having a perfectly smooth cylinder surface or a perfectly circular cylinder cross-section,
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minor deviations in cylinder alignment in the horizontal and vertical planes, and residual
vibration from the laboratory floor due to the wave generator are difficult to measure and their
influence on the hydrodynamic force is unknown. It is expected though, that the relative
deviations in the measured force due to these factors will be small, and that the results from this

experimental study will be useful from an engineering standpoint.

Section 2.3 examines the requirements of the force measuring system for this particular
application and points to the necessity of making an assumption regarding the nature of the rise-
time of the slamming force. This is difficult since the rise-time is one of the unknowns in this
study. Various methods can be used to measure hydrodynamic impact on a cylinder. One
possibility is to measure the dynamic response of the test cylinder with an accelerometer;
compute the velocity and displacement of the cylinder from the acceleration record and then use
Eq. 2.34 to determine the applied force on the cylinder. This method may suffer from difficulties
relating to noise, and the unknown effects of the added mass and hydrodynamic damping with
increasing cylinder submergence. The use of several pressure transducers located on the surface
of the test cylinder has been reported in previous studies. The measurements of pressure on the
cylinder surface are integrated to determine the total force on the cylinder. The advantages of
this method include the relative absence of dynamic effects, and extremely fast response times.
However among the limitations are the requirements for elaborate instrumentation and
significant data storage capacity. A dynamometer can be used to obtain good measurements of
slamming forces in waves if the experimental rig is designed to meet the necessary dynamic
criteria. The total force on the cylinder is available as a single signal, and it is possible to carry
out longer tests in waves and generate smaller amounts of data in comparison to an experiment

involving pressure transducers.

The most important factor to be considered when designing a model to measure impulsive
forces is that the system should have a very high natural frequency of vibration in comparison to
the dominant frequencies which are present in the dynamic force. There are two different modes

of vibration that can influence the measured slamming force in the above cylinder-dynamometer
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configuration. The cylinder may vibrate in a flexural mode between its end supports and the
overall cylinder and force transmitting member assembly may oscillate as a lumped mass with
the dynamometer providing the stiffness component. The flexural mode of vibration can be
reduced to a very large extent by using a rigid cylinder with a low length-to-diameter ratio. The
reduction of the overall dynamic response necessitates that the cylinder and force transmitting
members be light and the dynamometer have a high stiffness in order to accurately measure the
rapidly varying applied force. The damping of the model should also be low in order to

minimize phase errors between the applied and measured force.

There are contradictory requirements in the need for a model that is quite stiff, so that the
dynamic amplification of the impulsive force is minimal, and the rise-time is measured correctly.
In order for the system to be stiff, the dynamometer must have a high stiffness, which for low
load levels implies that the strain gauges in the dynamometer will not produce a significant
change in voltage, leading to a weak signal which is not much higher than the background noise.
Conversely, if a dynamometer with a lower stiffness is employed so that a high level signal is
obtained for the applied force, the natural frequency of the system is low and will lead to the

measured slamming force being significantly influenced by dynamic effects.

In this study, the careful use of high-gain signal amplifiers, low-noise cables and judicious
numerical filtering techniques have made it possible to use a reasonably stiff dynamometer and

obtain good results from the force measurements.
3.14 Data Acquisition and Control

In addition to the physical factors which affect the magnitude of the slamming force, the
accuracy with which this highly dynamic force is measured and stored is dependent on the
instrumentation, which includes the dynamometer, amplifiers, power supplies, signal carrying
cables, analog to digital conversion hardware and the controlling computer. After the force is
converted to a voltage by the dynamometer, the signal is amplified, digitized and stored as

numerical data for further analysis. The accuracy of the sampled data corresponding to the force
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depends on the linearity of the transducer and amplifiers and their ability to remain drift free
between calibration and the actual tests. Furthermore, noise due to stray electromagnetic fields
and the AC power line frequency of 60 Hz can get mixed with the signal from the dynamometer
stage, and during signal amplification and transmission. Standard low-pass noise filtering of this
data is not possible because the slamming force may have significant frequency components in

the same range as the interfering noise.

Figure 3.4 shows a block diagram of the apparatus used for acquiring water surface elevation
and force data during the experiments. The main components are the wave probe, force
transducer, amplifiers, signal cables, analog-to-digital (A/D) converter and the computer used to

control the experiment and simultaneously acquire data.

The wave probe is based on a design of the Hydraulics Laboratory of the National Research
Council of Canada. It is a capacitance-type ‘bow-string’ sensor consisting of a loop of wire
stretched on one side of a metal frame. The wire loop sensor is connected to an amplifier
designed to convert the change of capacitance to a measurable change in voltage. This device
has a linearity better than 98.5% and a resolution better than 1 mm, the latter being limited

mainly by the meniscus, and under wave action, by the run-up.

The dynamometer used for measuring the force on the cylinder is a single-ring multi-
component transducer (Advanced Mechanical Technology Inc. SRMC3A-100) with six output
channels. These channels correspond to the forces in three orthogonal directions (Fx, Fy and F7)
and moments about those three axes (Mx, My and M;). The instrument uses strain gauges to
perform the force and moment measurements. The gauges are configured in four-arm bridges to
provide high thermal stability. The Fy channel of the dynamometer is used for the measurement
of the vertical force in this study. At a rated stiffness of 2.63x 106 N/m, the peak load capacity of
this channel is 225 N and the sensitivity is 54 LV/N for an excitation of 10 V.

The output voltage from the Fy channel of the dynamometer is very low level for typical wave

slamming forces and has to be amplified before it can be recorded. The amplifier used for this
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application is a Pacific Instruments Model 8255 Transducer Conditioning Amplifier which
provides excitation, balance, calibration, amplification and filtering functions. The switch
selectable low-pass filter provides steps of 1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz and wideband
(no filtering). The amplifier can be set for a maximum gain of 2500. Howeyver, it was found that
a gain of 2500 was not adequate to obtain a good signal to noise ratio for the experiments. The
force signal is hence amplified in two stages. The first stage consists of an amplifier built in-
house which is powered by lead-acid batteries and provides a gain of 1000. By virtue of its
running from a DC power source, this amplifier adds very little noise to the signal from the
transducer. This preamplified signal is then further amplified by a factor of 5 using the Pacific
Instruments amplifier. The amplified force signal is transmitted by shielded cable to the A/D

converter.

The analog-to-digital converter is used to discretize a continuously varying voltage to a series
of digital values spaced at a pre-determined time interval. The two properties of the converter
which determine how accurately the digitized force signal represents the original continuous
waveform are the resolution and the sampling rate. The resolution of the converter is defined as
the smallest difference in input voltage which can be measured. The DEC ADQ32 12 bit A/D
converter used in this study has a maximum input range of + 10 V and programmable gains
G =1, 2, 4 or 8. The usable input voltage range is hence determined from the gain setting for
any particular channel as Viange =+ 10/G V. The objective is to maximize the resolution and
hence minimize the quantization noise in the sampled signal. In the experiments with non-
breaking waves, the force signal did not exceed + 2 V, and the gain for that channel was set to 4
yielding a Vrange of + 2.5 V. The resolution in this case is given by AV = 5/212=0.00122 V.
This corresponds to a resolution of 1.26 x 10-3 N, based on the calibration constant of the

dynamometer.

The sampling rate which is defined as the number of analog-to-digital conversions made in one
second is determined on the basis of the frequency components in the input force signal. The

A/D converter used in this study is capable of a peak sampling rate of 200,000 samples/sec when
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using only one channel. However, the sampling rate should be chosen so that the input force is
correctly recorded, and the size of the data files obtained from the experiments are not
unnecessarily large. The sampling interval has to satisfy the Nyquist criterion which states that
Atmax = 1/(2 fmax), where Atpax is the maximum allowable time difference between successive
samples to prevent aliasing and fyax is the highest frequency component in the signal. This
implies that there must be at least 2 samples per cycle of the highest frequency component
present in the acquired signal. It has been noted earlier that the slamming force signal has
significant high frequency components and that low-pass filtering of the signal should be done at
a cut-off frequency beyond which no force information is present. In order to determine the
sampling rate for the measurement of the force signal, it is necessary to know the highest
frequency which must be retained in order to accurately describe the variation of the slamming

force.

A preliminary measurement of the slamming force was made in which the cylinder was placed
just touching the still water level, the amplifier low-pass filter cut-off was set to 10 kHz and the
sampling rate was 20 kHz. It was observed that the rise-time for a slamming event due to a wave
of 1.2 sec period and 0.2 m height was typically 8 msec. The rise-time and magnitude of the
slamming force peak were not modified when the low-pass filter on the amplifier was reduced
from the 10 kHz setting to a 1 kHz cut-off. There however was a noticeable difference in the
force trace when the filter setting was further decreased to 100 Hz. It was thus decided to
operate the amplifier filter using a 1 kHz cut-off. The sampling rate was then fixed at 2.5 kHz to

satisfy the Nyquist criterion and prevent aliasing errors.

3.2 Dynamic Characteristics of the Test Cylinder

The dynamic characteristics of the cylinder were examined using a free vibration test which
involved applying a step load on the test cylinder using a weight suspended by a steel wire that
was then cut using an acetylene torch. The resulting force transmitted to the dynamometer was

measured and is shown in Fig. 3.5. The cylinder-dynamometer combination oscillates at the
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predominant frequency of 290 Hz as can be seen from the spectral density of the record shown in
Fig. 3.6. The other minor vibration components present at frequencies of 75 Hz, 130 Hz and
190 Hz which do not seem to be related to the dominant frequency, may be caused by vibration
of the support structure and cross-talk from the other channels of the dynamometer. Quantitative
measurements of these effects including the level of background noise were not obtained. The
first force peak is reached in 2.4 msec which provides an indication of the transient response
capabilities of the test cylinder assembly. The damping factor is evaluated from the free

vibration trace using the following relationships:

Rf = In [ ffm ]
m+n,

) / R?
¢= R% + 4n2n2

where f, and fp,4 are amplitudes of the free vibration force trace after m cycles and m+n cycles

3.1

respectively. The average damping factor in air was determined to be about 2%.

Figure 3.7 shows the early stages of a typical wave slamming record which has only been
filtered with a 1 kHz low-pass filter at the amplifier stage. It can be seen that when the free
surface is below the cylinder, the measured force is not zero but consists of background
electromagnetic noise and vibration. At the instant of slamming, the force on the cylinder begins
to increase rapidly and reaches a maximum after 15 msec. This rise-time is not the same for all
slamming events and varies to quite an extent. The individual digitized samples are also shown
as dots on the force trace. It is evident that the sampling rate is high enough to record accurately
the increase of the slamming force. It is also seen that there are some oscillations superposed on
the force trace as it increases to the first maximum, which is comparable to the simulated
behaviour shown in Fig. 2.10(b). This indicates that the cylinder-dynamometer assembly is able
to respond quickly to the applied force (see Section 2.3.1), and that the measured peak force and

rise-time are good estimates of the actual values.
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3.3 Horizontal Cylinder in Non-Breaking Waves

The computer used for data acquisition runs software which controls the A/D converter in
terms of setting up the channels to be used, the gain for each channel, the sampling rate and the
length of time for which data is collected. The wave probe and dynamometer were calibrated by
a program which relates known values of water surface elevation or force to corresponding
voltages read by the A/D converter. Since both the devices showed linear characteristics over
the range of interest, the calibration constant and zero offset were the only parameters

determined from the calibration process.

The computer runs two intercommunicating processes concurrently. One of the processes
sends the control signal to the wave machine and the other acquires data from the A/D converter.
This allows for wave generation and data acquisition to be synchronized so that sampling is
started at a specified time interval after the wave machine is activated. The delay between
activating the generator and starting measurements is usually set between 15 to 20 sec which
allows for the generator to ramp up to full amplitude and the wave train at the test site to
stabilize. It is hence possible to conduct an experiment and store the measured wave record at
the test site, and repeat the experiment to store the corresponding slamming force on the
cylinder, with both records having the same starting time with reference to the instant that the

wave generator was activated.

The experiments were carried out in two stages. The first stage consisted of generating regular
waves of different heights (10 to 23 cm) and periods (1 to 1.8 sec) in the flume and storing the
measured wave train at the test site at a sampling rate of 2500 samples/sec. Although this
sampling rate is very high for acquiring data from a wave probe, it is necessary to sample the
water surface elevation at the same rate as the wave force due to a data acquisition software and
hardware limitation which introduces a varying phase difference between observed values of the
same signal which has been sampled at different rates. This error is not important in cases where

data with low frequency content is being digitized, but it is not acceptable when events are
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occurring which have time scales in milliseconds. Once the wave record was acquired, it was
converted to physical units (metres) using the calibration information, numerically filtered to
remove noise, and resampled at a lower rate of 50 samples/sec to conserve storage space on the

computer.

The cylinder model was not present at this stage and the wave probe was placed coincident
with the axis of the cylinder. It is noted here that the wave record measured at the cylinder
location in the absence of the cylinder will be different from the wave record observed when the
cylinder is present in the flume. The wave field in the vicinity of the experimental cylinder is
slightly modified due to runup and reflection effects which influences the water surface elevation
and hence the computed water particle kinematics. However, the experimental results obtained
for the force coefficients should be applicable in design situations where the incident,
undisturbed wave conditions are used to estimate the water particle kinematics. Consequently
the incident, undisturbed water surface elevation at the cylinder location has been measured in
this experimental study. To ensure that a particular wave train was repeatable over separate
experiments, multiple measurements of the same wave train were obtained and analyzed for
variability. The repeatability was excellent. Data for each test run for a particular wave height

and period was recorded for 20 sec.

In the second stage, the wave probe was removed and the cylinder was placed in the flume.
The orientation and elevation of the cylinder were checked to ensure that the axis was
perpendicular to the walls of the flume, and that the lower surface of the cylinder was horizontal.
The waves corresponding to the stored regular wave trains were generated again and the vertical
force on the cylinder was measured at a sampling rate of 2500 Hz and stored. Tests were

performed for 3 different elevations of the cylinder, h = 0.5 cm, -4.5 cm, and 4.5 cm.
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3.4 Data Analysis

The following section describes the techniques used to analyze the wave record and
corresponding slamming force records obtained from the tests in regular waves in which the
cylinder axis was horizontal and oriented parallel to the wave crests. Section 3.4.1 examines the
effects of noise in the force record and the techniques used to filter unwanted components out of
the signal. Sections 3.4.2 and 3.4.3 describes how the filtered wave and force records are

analyzed to determine quantities such as the slamming coefficient and the rise-time.
3.4.1 Noise Filtering Techniques

Most analyses of experimental data usually involve filtering the data to remove unwanted noise
which can affect the results. This is a fairly simple procedure which can either be implemented
in the form of analog filtering by dedicated circuits during the data collection stage, or by using
digital filtering algorithms after the data has been digitized and stored. The treatment of correct
noise removal is especially important in this study since the slamming force typically has
frequency information which is in the same range as some electrical noise. Any filtering
technique used for analyzing such data must ensure that valid force information is not removed

along with the interfering noise.

A variety of sources can produce noise. The power supply lines that run in the laboratory
generate electromagnetic noise which shows up as a 60 Hz signal of unknown magnitude mixed
with the main signal. Electromagnetic noise is also generated from other devices (e.g. motors)
within the laboratory. Thermal noise of a random nature and spread over a range of frequencies
is generated within the transducers and circuitry of the amplifiers. The dynamometer which is
quite sensitive picks up mechanical noise from its floor supports. In addition, quantization noise
is introduced during the analog-to-digital conversion process, but can be mitigated to a large

extent by using the full range of the A/D converter for a given signal.
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A significant amount of effort has been spent in this study in attempting to minimize the pick-
up and transmission of noise during the experiments. A high signal-to-noise ratio cannot be
achieved in this study since the stiffness requirements for the dynamometer result in low output
voltages as discussed earlier in Section 3.1.3 and 3.1.4. Although the dynamometer output is
amplified by a factor of 5000, any noise present before amplification is also increased and the
advantages of amplification are evident only in the case of noise picked up during transmission
of the signal from the amplifiers to the A/D converter. The objective in the present set-up has
been to minimize noise before and after amplification by using stable power supplies, high

quality transducers, amplifiers and shielded signal cables.

It has been stated in Section 3.1.4 that the slamming force is not modified if the low-pass filter
on the amplifier is set at a cut-off of 1 kHz. This enables the removal of all noise components in
the force signal which have frequencies greater than about 1100 Hz, since the filter has a finite

roll-off slope.

Figure 3.8(a) shows the variation of the water surface elevation due to a regular wave of height
H =22.6 cm and period T = 1.4 sec, and also indicates the location of the test cylinder. The
slight difference between the actual elevation of the cylinder, h = 0.5 cm, and the elevation
indicated in Fig. 3.8(a) is due to the wave record being measured in the absence of the cylinder,
whereas the presence of the cylinder causes local variations of 3 to 5 mm in the water surface
which can cause impact to occur slightly earlier or later than the instant in the wave record when
N = 0.5 cm. The corresponding vertical force on the cylinder is shown in Fig. 3.8(b). It can be
seen that the signal-to-noise ratio is much higher for the wave record than for the force record.
The analysis of these records begins with numerical (digital) filtering in order to remove those
components of noise that have not been removed by the analog filters in the amplifiers of the

dynamometer and the wave probe.

Digital filtering of time series data can be done in two ways. A non-recursive filtering

technique using an FFT-based algorithm provides low-pass, high-pass, band-pass or band-stop
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(notch) filtering capabilities. The other method, known as polynomial filtering is recursive and
is based on simple interpolating polynomials which act as low-pass filters. Polynomial filtering
is carried out by fitting a curve of a chosen order to a window of data within the main data series.
This method weights the individual datum by its neighbouring data to substantially reduce noise.
The polynomial filter used to process the water surface elevation and force data is a GEDAP
program LP_K_FILT which provides low-pass filtering of an input time series by convolving the
data with a 41 point Kaiser filter that allows for variable ripple attenuation levels. The
attenuation is inversely related to the roll-off slope of the filter. Convolution in the time domain
rather than multiplication in the frequency domain saves on computer memory requirements
since the frequency domain technique needs a filter of length equal to the size of the input time

series.
3.4.2 Determination of the Instant of Slamming

The slamming event shown in Fig. 3.8(a) shows that the vertical force begins to increase
rapidly at about t = 18.25 sec. This estimate is made visually and is based on the rapid rise of the
force beyond the ambient noise component which itself ranges from -0.05 N to 0.05 N. The
correct determination of the instant of slamming is important in this study since it affects the
correct estimation of parameters such as the cylinder submergence and the associated buoyancy
force component, as well as the rise-time of the slamming force. Due to the volume of data to be
processed, it is not efficient to fix visually the instants of slamming in a force record, and hence
an accurate and stable slamming detection algorithm is developed which can be used to process

the measured force.

Since the elevation of the cylinder h is known for every experiment, and the wave record
corresponding to the measured slamming force is also known, the instant of slamming can be
fixed as that when the water surface elevation becomes greater than the value of h. This

technique was tried unsuccessfully, as it was observed that the force signal was sometimes still
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zero or was already rising rapidly when a slamming event was indicated by the wave record as

seen earlier in Fig. 3.8.

It is also not possible to associate the onset of slamming when the measured force increases
beyond a small threshold value, due to the significant ambient noise level when the cylinder is
above the free surface. Consequently it is necessary to use some property of the force record
which is not affected by the noise, but which changes when slamming occurs. One such
parameter is the local variance which is a measure of the variance of the sampled data over a
chosen interval of time in the force record. The local variance of the force as a function of time

t, with a sampling window of width ty, is given by:
Attw) = F2(ttw) - (F)2 (ttw) (32)

where F2 (t,tw) is the moving average of the square of the force record, (F)?2 (t,tw) is the square
of the moving average of the record and 62(t,ty) is the local variance. The behaviour of the local
variance of a small section of the slamming force record in Fig. 3.8(b) is shown in Fig. 3.9. It
can be seen that while the force record is affected by background noise, the local variance is
quite stable and begins to increase only with the onset of slamming. The window size and the
threshold beyond which an increase in the local variance indicates the onset of slamming were
chosen after analysing several slamming records with various values of ty. A window size
tw = 0.004 sec (10 samples) and a variance threshold of 0.01 N2 has been used to detect

slamming events in this study.

The method has been optimized in the case of a force record for regular waves. A visual
inspection is first used to determine the points in time within which the first slamming event
occurs. The algorithm scans this region of the record, determines the instant when the variance
threshold is exceeded and marks that point as the beginning of a slamming event. The search is
then moved ahead by one wave period and the procedure is repeated for all the slamming events

until the end of the force record.
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3.4.3 Analysis of Wave and Force Records

Figure 3.10 shows a flow diagram of the various stages involved in the analysis of the force
and wave records. The records are initially subject to digital low-pass filtering to remove high
frequency noise components which were not removed by the amplifier. The cut-off frequency
for the force record has been set at 400 Hz since a spectral analysis of the slamming force
indicates that there is no significant energy component in the record beyond 400 Hz. The
filtering does not affect the peak magnitude or the rise-time of the slamming force. The wave
records which have already been stored at a lower sampling rate of 50 Hz are then low-pass
filtered at a cut-off frequency of 6 Hz to remove any stray data points in the record which may
affect the water particle velocity values. The filtered force record is then processed using the
local variance algorithm (see Section 3.4.2) in order to identify the slamming events in the
record. Since the wave record has only 50 samples per second as compared to 2500 samples/sec
for the force, a cubic spline based representation of the record is used to determine the free

surface elevation and velocity at any instant corresponding to a given point in the force record.

The resulting time histories of the water surface elevation and the corresponding vertical force
on the cylinder are analyzed to obtain the slamming coefficients and other relevant parameters.
The main parameter of interest is the peak slamming coefficient which corresponds to the

maximum force observed immediately after impact and is estimated as:

CSO _ FtO

_ (33)
0.5p1LDmn2

where F;, is the peak value of the total force immediately after impact, and 1 is the
corresponding vertical water particle velocity at the free surface. There are possible corrections

which may be applied to the above estimate of the maximum slamming coefficient.

The value of 1 is corrected for the effects of the free surface slope as discussed in Section 2.5.2

(Eq. 2.74) and used to obtain a modified value of the peak slamming coefficient designated as
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Cso. This is generally expected to result in an increase in the value of Cgo by 5% to 10%,

depending on the steepness of the wave train used in the test.

Secondly, because of the finite rise-time taken to reach the the maximum slamming force, the
buoyancy force component is not zero at that instant. This may be estimated by assuming that
the cylinder submergence at any instant is s =7 - h, and may thereby be subtracted from the
measured maximum force prior to estimating the slamming coefficient, which is now denoted as
Cso. It is noted that the assumption of a level free surface after impact is implicit in this
operation. In reality, the actual contribution of the buoyancy force component will be less than
the computed estimate since photographs of wave impact have shown that the free surface in the

vicinity of the cylinder is disturbed to a certain extent depending on the velocity of the impact.

The dynamic response of the cylinder may be accounted for approximately using the results
presented in Section 2.3.1 for a triangular impulse having equal rise and decay times. A
corrected estimate of the rise-time T; of the applied force is determined using the observed value
of the rise-time for a particular slamming event T, and the known natural period T, and damping
€ of the measuring system. The ratio of T;/Ty is then used to determine the dynamic
amplification factor to obtain a corrected value of the slamming coefficient. This coefficient
which has been corrected for the effects of free surface slope, buoyancy and dynamic effects is

denoted by Cg.

The impulse coefficient C; defined in Eq. 2.56 (see Section 2.3.3) is also evaluated for the
various tests. Since the correction for the free surface slope can also be applied in this case, a

modified value of the impulse coefficient denoted as Ci is determined using Eq. 2.75.

Additional parameters of interest which are reported include the Froude number at impact

based on the vertical velocity of the free surface 1/VgD, the Froude number based on the slope-

corrected free surface velocity vp/\' gD, the observed rise-time T;, the rise-time corrected for
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dynamic effects Ty, the relative cylinder submergence at the instant of peak impact force

(vnTY/a), and the relative cylinder submergence at the end of the impulse (v,Tj/a).

Since the vertical force on the cylinder is measured over a duration of 20 sec, there may be 10
to 20 slamming events in each force record, depending on the wave period. A statistical analysfs
of the above parameters is therefore carried out, after removing the highést and lowest values of
the peak slamming force from that record. The mean, standard deviation, minimum and
maximum quantities for the parameters are determined for every combination of wave height and

period.

The wave records are analyzed separately by a zero-crossing method to determine the exact

wave height and period that is realized during the tests.

3.5 Inclined Cylinder in Non-Breaking Waves

In addition to the slamming tests on the horizontal cylinder in regular waves, a number of
experiments were performed in which the cylinder axis was tilted by rotating the cylinder-
dynamometer assembly in the vertical plane. The cylinder axis was aligned normal to the

direction of wave propagation as in the case of the horizontal cylinder tests.

The objective of these tests is to observe the behaviour of the slamming force on the inclined
cylinder and to compare this to that for the horizontal cylinder for the same wave condition. In
addition, the predictions of the theoretical model for slamming on inclined cylinders (see

Section 2.4) are also compared with the experimental results.

Tests were conducted for two inclinations of the cylinder axis, 6 =4.8° and 9.6°. The
corresponding height of the lower edge of the cylinder measured from the still water level was
h=0.5 cm and -2.0 cm respectively. The force normal to the cylinder axis (in the vertical plane)
was measured in regular waves with the same heights and periods used in the horizontal cylinder

tests.
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3.6 Horizontal Cylinder in Breaking Waves

The last phase of the experimental study on wave slamming consists of a set of tests on the
forces due to breaking wave impact on a fixed, horizontal circular cylinder located near the free
surface. The two-dimensional case of uni-directional waves propagating in a direction
orthogonal to the cylinder axis is considered. The vertical and horizontal components of the
impact force on the cylinder due to a single breaking or ‘plunging’ wave were measured for three
elevations of the cylinder, and six locations of wave breaking relative to the horizontal location
of the cylinder. The measurements have been corrected for the dynamic response of the
cylinder, and analyzed to obtain impact coefficients and rise-times. A video record of the impact
process was also obtained in order to estimate the kinematics of the wave and plunging jet prior
to impact, and provide information on the effects of the shape of the wavefront on the observed

impact force.
3.6.1 Generation of the Breaking Wave

The experimental facilities and the test cylinder have been described in Section 3.1. A single
plunging wave was generated during each run of the experiments, using a procedure similar to
that described by Chan and Melville (1988). This involves the generation of a frequency and
amplitude modulated wave packet consisting of a number of prescribed sinusoidal components.
The phases of the individual wave components were chosen on the basis of linear wave theory to
give rise to a summation of crest elevations at a desired wave breaking location. In the present
study, the wave components have been generated with the following characteristics:

Period of centre frequency component 1.1 sec

Length of centre frequency component  1.81 m

Frequency bandwidth 1.11 Hz

Number of frequency components 30
Due to nonlinear interactions between the various components, the wave crest breaks

approximately 1 m before the estimated location of breaking based on linear theory. The wave
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generation program was hence used to compute a wave which would break 1 m downwave of the
cylinder location, so that the actual wave breaking in the experiments occurred in the vicinity of
the cylinder. The actual location of breaking is determined by video records made in the absence
of the cylinder, which would otherwise interfere with the plunging crest of the wave. The
horizontal location of wave breaking is characterized by xp which is defined as the distance
between the cylinder axis and the point in the wave flume where the plunging jet from the crest
of the breaking wave touches down on the free surface. The value of xy, is negative if the jet
touches down before reaching the cylinder. The determination of the wave breaking location
depends on a visual estimate from video records of the experiments, and consequently reported
values of xp may have an error of + 2 cm. A typical example is shown in Fig. 3.11 for

Xp =-3.5cm.

The experiments were carried out for 6 values of x ranging from -3.5 cm to 49.0 cm, which
cover a variety of impact conditions, ranging from a wave that has already broken before

reaching the cylinder, to one that is in the early stages of steepening when it impacts the cylinder.
3.6.2 Measurement of Force and Breaking Wave Profiles

Since it is well known that breaking waves cause significantly higher impact forces than
regular waves, and that the horizontal force is a major component of the total force due to
breaking wave impact, the test cylinder assembly was modified to ensure that the larger forces
did not interfere with the proper operation of the dynamometer. The plastic sleeve tubes which
shield the connecting members between the cylinder and dynamometer were disconnected from
the support frame, and rigidly clamped to the walls of the wave-flume. This ensured that the
large horizontal forces would not cause the sleeve tubes to move and disturb the force

transmitting members.

In addition to the vertical force channel of the dynamometer which was already configured for
the non-breaking wave slamming tests, another channel of the dynamometer was connected to an

independent amplifier in order to measure the horizontal force. The channel which senses the
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moment about the dynamometer’s Y-axis (parallel to the cylinder axis) was calibrated to
measure the horizontal force on the cylinder. A free vibration test was conducted to determine
the dynamic characteristics of the cylinder in the horizontal direction. Figure 3.12 shows the
trace of the horizontal force measurement made by applying a step load in the horizontal
direction using the method described in Section 3.2. A comparison of Figs. 3.5 and 3.12
indicates that the cylinder-dynamometer assembly has different dynamic characteristics in the
vertical and horizontal directions. Figure 3.13 shows the spectrum of the horizontal free
vibration record which indicates the presence of only one dominant component at 29 Hz. The

average damping determined from the free vibration trace was about 2%.

Experiments were conducted for 3 cylinder axis elevations above the still water level, h=4.7,
8.7, and 12.7 cm, and for each of these elevations, tests were carried out for 6 horizontal
locations of wave breaking. The slamming force due to a regular non-breaking wave of period
T = 1.2 sec and height H = 20.5 cm was also measured for each cylinder elevation. For each test,
the force records were sampled at the rate of 10,000 samples/sec over a duration of 2 sec. The
signals were obtained after low-pass filtering at a high cut-off frequency (1000 Hz) to ensure that

transient force components were not lost.

The tests were recorded on videotape at 30 frames/sec and a shutter speed of 1/1000 sec in
order to estimate parameters such as the breaking wave location, the wave kinematics

immediately prior to impact, and also to provide a visualization of the impact process.
3.6.3 Analysis of Breaking Wave Impact Force

The effect of the dynamic response of the cylinder-dynamometer system on the measured force
is expected to be more severe in the case of the horizontal force component, due to the low
natural frequency of the measurement system in comparison to the higher frequency components
that are present in the rapidly varying impact force. Typical traces of the variation of the
measured vertical and horizontal components of the impact force (h = 8.7 cm, xp, = 25.5 cm) are

shown in Fig. 3.15(a) which indicates that while the vertical force rises rapidly immediately after
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impact, the corresponding horizontal force increases more gradually and shows a strong
oscillatory component during and after the initial stages of impact. This causes the measured
maximum horizontal force to differ from that of the applied force and also introduces a phase

difference between the applied and measured force as discussed in Section 2.3.1.

In order to correct the measured horizontal force for dynamic effects, the equation of motion of

the cylinder and its support structure in the horizontal direction can be expressed as:
Mx+Cx+Kx=F (3.4)

where M, C, and K are the effective mass, damping, and stiffness respectively in the horizontal
direction; x, X and X denote respectively the horizontal displacement, velocity and acceleration,
and F' is the horizontal component of the applied force. The natural frequency for the horizontal
mode of vibration, and damping ratio are defined as w, = VKM and ' =C'/2M @, respectively.
For a known time history of the applied force, F'(t), the response x(t) of the SDOF system which

is initially at rest is given by Eq. 2.37 and is repeated here for convenience:
t
1 t L . '
t) = — J F () exp[- L adn(t - T)] sin[ g(t - T)]1 dT (3.5)
May §

where @4 = a)'n\f 1- §'2 , and T is a variable of integration. The force measured by the

dynamometer is given by Ft (t) = K x(t) and can therefore be expressed as:

W4
1-§2

t
Fi(t) = I F (1) exp[-Ldy(t - T)] sin[@lg(t - T)] d (3.6)
0

It is now possible to determine the unknown applied force F'(t) from the measured force F't (t)

and the dynamic characteristics of the measuring system, using a numerical method which

expresses the integral in Eq. 3.6 as a summation and solves for F (t) at every time step.

If the measured force is digitally recorded at a pre-determined sampling rate such that the time

interval between successive samples is At, the applied force may be derived from Eq. 3.6 as:
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g At exp(-{ wpAt) sin( mgAt)

3.7

F((i+1)At) (1 - §2)
g At exp(-§ WpAt) sin(@gAt)

F(iAt) =

i-1

D F'(A) exp(-C ali-jAL) sin(a(-AD

- 1=0 . fori=1toN-1 (3.8)
exp(-{ GAt) sin(At)

where N is the total number of points in the measured force record.

The method has been verified by its application to the time series of F(t) generated by the free
vibration test described earlier, and the results are shown in Fig. 3.14. Values of
®p = 182.2 rad/sec (f, = 29 Hz) and { = 2% have been used. The applied step loading is shown
by the dashed line, and the corresponding recorded horizontal force is shown by the thin dotted
line. It is seen that although the corrected force trace shown by the solid line in Fig. 3.14 is
affected by the presence of residual dynamic components, it is still a reasonable estimate of the
applied step load. The correction method is also applied to the horizontal force measured due to
breaking wave impact as shown in Fig. 3.15(a). Figure 3.15(b) shows the corrected horizontal
force component derived from the recorded force time series, and also repeats the vertical force
trace shown in Fig. 3.15(a) for the purpose of comparison. The corrected force trace in
Fig. 3.15(b) shows an oscillation before the beginning of the actual impact which is associated
with the numerical low pass filtering (125 Hz cut-off) performed on the recorded horizontal
force record. This was applied in order to remove high frequency noise before the application of
the dynamic correction method, since there was a tendency for noise components in the recorded
force to amplify and add to the predicted maximum force. The cut-off frequency of 125 Hz was
selected after examining the predicted value of the maximum applied horizontal force using
progressively lower cut-off frequencies (e.g. 400, 250, 150 Hz). The predicted maximum was

significantly affected when a cut-off of 100 Hz was used.
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Although the free vibration record of the vertical force indicates a dominant frequency of
290 Hz, the presence of other frequency components at 75, 130 and 190 Hz rules out the
application of the above correction method to the recorded vertical force, since these will be
amplified by varying degrees and result in an incorrect estimate of the maximum slamming
force. The peak value of the recorded vertical force has been corrected using the same technique
described in Section 3.4.3 for the regular wave tests. The peak values of the corrected vertical
and horizontal force are used to obtain the magnitude and direction of the maximum resultant
force on the cylinder due to the breaking wave, which is reported along with the corresponding

rise-time,

There are certain assumptions implicit in the application of the above technique to the present
problem. The response x(t) and its derivatives modify the applied hydrodynamic force F(t),
whereas it is assumed here that the influence of cylinder motion on the applied force is minimal,
and that the results derived from the above method will be usable from an engineering
standpoint. The treatment of the cylinder-dynamometer assembly as an SDOF system also
represents a simplification, but this is not expected to have a significant effect on the estimate of

the applied force.

The water particle velocity in the plunging wave immediately prior to impact is estimated by
analyzing a series of still images digitized from a video record of the impact. A series of 4
successive images with a time interval of 1/30 sec are captured over a duration spanning
approximately 1/15 sec before impact to 1/30 sec after impact. The profile of the wave-front in
each image is digitized for further analysis. The celerity of the wave which is constant for all the
tests is a representative quantity which is determined from the wave profiles. The velocity
normal to the moving water surface adjacent to the cylinder is also determined for cases where
the surface is relatively undisturbed. Since the impact force on the test cylinder is dependent on
the contact area between the water surface and the cylinder during the early stages of impact, the
radius of curvature of the wave surface adjacent to the cylinder is also determined from the video

records.
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Chapter 4
RESULTS AND DISCUSSION

The results of the experimental and numerical investigations which have been described are
presented and discussed in this chapter. The first part of this chapter focuses on the experimental
results from slamming tests in non-breaking waves of various heights and periods, and different
elevations of the cylinder axis near the still water level. The parameters of interest estimated
from the measured force records include the maximum value of the slamming coefficient
immediately after impact, the corresponding rise-time, the impulse coefficient, and the
corresponding impulse duration. The various corrections applied to these coefficients due to the
effects of buoyancy, free surface slope, and dynamic amplification are also presented. Statistical
properties of these estimates from different experiments are indicated. The effects of cylinder
inclination on the maximum force and rise-time are examined by comparison with the forces

observed on a horizontal cylinder subjected to the same incident waves.

The application of numerical models to estimate the vertical wave force acting on a section of a
fixed, rigid horizontal cylinder located near the free surface, and the effect of variations of the
governing non-dimensional parameters on the magnitudes of the maximum vertical force are
discussed. Numerical simulations for a horizontal cylinder subjected to slamming in random
waves have been used to estimate the probability density of the maximum force and the result is
compared with analytical predictions. Time series of the numerically predicted force are
compared with experimentally observed data for the cases of both horizontal and inclined
cylinders. An example application of the slamming model to practical situations is also

presented.
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The final section of this chapter discusses the experimental results for impact forces due to a
breaking wave. The maximum horizontal and vertical force components, along with the
resultant force and the rise-time are presented for several cases which involve different
elevations of the cylinder and various wave breaking locations. The geometry of the wave
profile in the vicinity of the cylinder immediately prior to impact is shown and its effect on the
impact force is examined. Slamming coefficients based on the local particle velocity and the
wave celerity are indicated. The issues of applying these results at prototype scales are also

discussed.

4.1 Slamming Forces in Non-Breaking Waves

Tests have been conducted in non-breaking regular waves for a horizontal cylinder at three
different elevations and an inclined cylinder at two different tilt angles. The component of the
hydrodynamic force normal to the cylinder axis in the vertical plane was measured, along with
the water surface elevation at the cylinder location in the absence of the cylinder. In the case of
the tests on the horizontal cylinder, the force data has been analyzed to obtain various parameters
such as the peak slamming coefficient. The force data obtained from the inclined cylinder tests
are used to illustrate the effects of axis tilt on the magnitude and temporal variation of the

slamming force.
4.1.1 Raw Data from Horizontal Cylinder Experiments

Tests have been conducted for 16 regular wave conditions with a range of wave periods
(T =1.0 to 1.8 sec) and wave heights (H = 9.8 to 22.9 cm). The wave conditions along with the
corresponding wave steepness and celerity for all the tests are listed in Table 4.1. For the case
where the cylinder elevation h = 0.5 cm, the water particle velocity at the instant of impact is
nearly a maximum and the corresponding acceleration is close to zero. Six additional tests have

been conducted for cylinder elevations h = -4.5 cm and 4.5 cm.
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Since the vertical force on the cylinder was measured over a duration of 20 sec, there are
multiple slamming events in each force record, and Fig. 4.1 shows an example of the free surface
elevation and corresponding vertical force traces over a duration of 10 sec for an incident wave
having a low steepness H/L = 0.036, and for h = 0.5 cm. Similar traces are shown in Figs. 4.2
and 4.3 for incident waves of moderate (H/L = 0.063) and large steepness (H/L = 0.102)
respectively. When the cylinder is out of the water, the measured force is seen to consist of
background electromagnetic noise which is present even at frequencies below the 1 kHz cut-off
setting of the amplifier. These figures indicate that the slamming force maxima vary somewhat
from one event to the next. This variation is caused by random disturbances on the water surface
due to reflection, splashing and drips after each cylinder submergence event, and tends to
increase with wave steepness. It is observed that this influences only the slamming force and
corresponding rise-time, and that the vertical force after the initial stages of slamming is
essentially the same for every submergence event. The variability of the slamming force
maxima observed in Figs. 4.1 - 4.3 emphasizes the difficulty in obtaining consistent estimates of

the slamming coefficient.

Figures 4.4 - 4.11 show time histories of the vertical force and corresponding water surface
elevation over a single slamming event for 8 different tests. As an aid to interpreting these
results, the figures include horizontal and vertical lines which indicate the cylinder location and
corresponding instants of impact and complete submergence. Figures 4.4, 4.5, and 4.6
correspond to three tests characterized by a change in wave period (with a slight difference in
wave height); Figs. 4.7, 4.8 and 4.9 correspond to a change in wave height for the same wave
period; and Figs. 4.8, 4.10 and 4.11 correspond to changes in cylinder elevation for the same

wave height and period.

A comparison between Figs. 4.4, 4.5, and 4.6 for the case of waves with H = 17 cm, and
T =1.1, 1.4, and 1.6 sec respectively, indicates that the slamming force maximum which occurs
immediately after wave impact, decreases with increasing wave period, whereas the subsequent

maximum in the force which occurs after full submergence is less variable. It is also observed
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that the magnitude of the peak slamming force drops rapidly from a value that is more than
double the maximum force which occurs after full submergence due to a combination of
buoyancy, inertia and drag force contributions, to one which is about half of the overall
maximum force. The change in the maximum slamming force is expected on account of a
reduction in the water particle velocity at impact. Figures 4.7, 4.8 and 4.9, for impact due to
waves with T = 1.5 sec, and H = 13.9, 18.4 and 22.9 cm respectively, show that both the peak
slamming force and the maximum force after complete submergence increase with an increase in
wave height which also corresponds to a larger impact velocity at the same cylinder location.
The nature of the force variation after impact changes since the magnitude of the drag force
relative to the inertia force is affected by the change in wave height. Finally, Figs. 4.8, 4.10, and
4.11 are used to illustrate the distinctly different force records obtained with a wave of
T = 1.5 sec, H = 18.4 cm, and cylinder elevations h = 0.5, 4.5 and -4.5 cm respectively. When
the cylinder is lowered from h = 0.5 to -4.5 cm, Fig. 4.11 shows that there is a marked reduction
in the peak impact force, since the impact velocity is reduced, and the significant hydrodynamic
forces occur after full submergence. In contrast, there is a smaller reduction in the peak
slamming force when h = 4.5 cm due to a relatively smaller decrease in impact velocity near the
upper portion of the wave which displays vertical asymmetry in the form of shallow troughs and

steep crests.

All the time histories of the vertical force show the presence of residual vibration components
after the initial wave impact. The nature of the oscillation is very similar to that shown in
Fig. 3.5. The slamming force contains components at frequencies which are higher than those
present in the case of the force on a continuously submerged member. In the case of structural
elements of offshore platforms, slamming forces may induce dynamic response of the member
resulting in dynamic stresses. These stresses may be significant especially if the frequency
content of the force is close to the natural frequency of the member, and consequently indicates
the need for dynamic analysis of the member during its design. In addition to the magnitude of
the dynamic stress, the occurrence of frequent stress reversals will lead to fatigue damage of the

member and its support connections, and must also be considered as a design criterion.
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4.1.2 Slamming Coefficients from Horizontal Cylinder Experiments

The time histories of the water surface elevation and the corresponding vertical force on the
cylinder have been analyzed to obtain the slamming coefficients and other relevant parameters.
Since the vertical force on the cylinder was measured over a duration of 20 sec, the number of
slamming events for any one test ranges from 10 to 20, depending on the wave period. Every
force record was analyzed after removing the highest and lowest values of the peak slamming
force from the data. As discussed in Section 3.4.3, a maximum slamming coefficient Cs, can be
estimated from the observed value of the peak slamming force Fy, and the corresponding value
of 1} at that instant. The various corrections to this value of Cg,, namely the free surface slope,

buoyancy, and dynamic amplification corrections have also been described in Section 3.4.3.

Table 4.2 illustrates the effects of the different corrections applied to the data obtained from a
typical experiment using a wave with T = 1.5 sec, H = 18.4 cm, and cylinder elevation of
h =0.5 cm. The value of 1 realized for the successive slamming events is seen to be reasonably
constant at about 0.39 m/sec. However, the corresponding peak slamming coefficient Cg, shows
a larger degree of scatter. The coefficient of variation (C.0.V.), which is defined as the ratio of
the standard deviation to the mean, is used to quantify the degree of scatter in the data. The
individual values of Cg, vary from 4.36 to 6.63, and it has a mean value and C.O.V. of 5.16 and
0.16 respectively. The effect of the free surface slope correction is reflected in the values of the
water particle velocity normal to the free surface v, and the corresponding slamming coefficient
C'so which is determined on the basis of vy. It is seen that in comparison to 1 and Cg,, there is a
minor reduction of about 2.5% in the value of v, and the mean value of Cy, increases by 6% to
5.47 respectively. The degree of scatter remains unaffected. The contribution of the buoyancy
force to the above estimates of the peak slamming coefficient can be determined by the relative
submergence of the cylinder (s/a),, at the instant of occurrence of the maximum force. The value
of (s/a), varies between 0.29 and 0.44, and has a mean and C.O.V. of 0.35 and 0.14 respectively.
This indicates that the cylinder is submerged to approximately one-sixth of its diameter when the

peak slamming force occurs. It is noted that photographic studies of cylinder entry into water
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have shown that the free surface is significantly displaced during the early stages of impact, and
that the assumption of a level free surface will generally lead to an overestimation of the
buoyancy force contribution. The modified slamming coefficient Cs which is derived after
removing the buoyancy force component is also shown in Table 4.2. It is seen that the average
value of Cs, decreases by about 10% to 4.91 in comparison to C &, while its C.O.V. of 0.18 is

about the same, and individual values vary from 3.96 to 6.51.

Finally, the dynamic response of the cylinder may be accounted for approximately using the
results presented in Section 2.3.1 for a triangular impulse and which is shown in Fig. 4.12 in a
modified form. The correction is carried out as follows: by assuming a natural period
Ty = 3.45 msec (f, = 290 Hz) and a damping ratio { = 2%, the observed rise-time T is used with
the results in Fig. 4.12 to estimate the corresponding actual rise-time T; of the applied force.
This is then used with the measured force maximum Fy, (with the buoyancy component
removed) to obtain the corresponding applied force maximum F,. Since the natural frequency of
the test cylinder is quite high, it is able to respond quickly to the rapidly increasing slamming
force. Consequently the corrections to the observed rise-time and vertical force are small for the
case shown in Table 4.2, and vary between 0 and 5%. The value of T varies between 17.2 and
25.6 msec, and has an average of 20.1 msec. The corrected value Ty has an average value of
19.4 msec. The C.O.V. for these parameters is 0.13. The slamming coefficient Cg, which
includes the dynamic correction is seen to decrease slightly in comparison to Cgo, and varies
from 3.87 to 6.43 with a mean value of 4.81. The cumulative effect of the 3 corrections is thus
seen to reduce the average value of the peak slamming coefficient by about 7% in this particular
example. However, the magnitude of the correction varies with the wave conditions used in the
test. It is also noted that the various corrections do not contribute to any significant change in

the degree of scatter exhibited by the different slamming coefficients.

A summary of the results from all 22 experiments with non-breaking waves incident on the
horizontal cylinder located at 3 different elevations is presented in Table 4.3. Since the water

particle velocity at impact is the primary quantity which determines the magnitude of the
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slamming force, the non-dimensional values of 1///gD that were observed in the various tests are
indicated. The mean value of this parameter varies from 0.37 for the wave with the least
steepness, T = 1.8 sec, H=13.5 cm, to 0.78 for the case of the relatively steep wave of
T=1.2sec,and H=19.3 cm. The C.O.V. of )///gD is the lowest among all the other quantities
measured in this study, and varies from 0.02 to 0.14. This indicates that the waves generated in
the flume showed good repeatability, with the steeper waves displaying slightly larger variation

in the impact velocity for successive slamming events.

- The mean value of Cg, for each of the 22 cases varies from 3.04 to 7.79, and has been plotted
in turn as a function of different combinations of the parameters indicated in Eq. 2.2. These
reveal no apparent trend of Cg, with these parameters. However, it is possible that the absence
of any such trend may be due to the limited range of values of the parameters, the relatively low
number of observations made, and the possibility of a complex dependence on several of the

parameters.

The C.O.V. of Cy, varies from 0.09 to 0.36 and increases with the steepness of the incident
wave. This trend is explained by the likelihood of increased disturbances on the water surface
due to the higher water particle kinematics in steeper waves. Individual values of Cso vary from
1.86 to 11.7 and the overall mean of Cg, is 4.87. It is noted that Campbell and Weynberg (1980)
reported a value of Cg, = 5.15 based on their experiments. Figure 4.13 shows the probability
density histogram of Cg, based on a total of 311 slamming events recorded in the 22 tests. The
data is seen to follow a log-normal distribution which is shown as a solid line in the figure. The
expression for the log-normal probability density for Cy, is based on its median value, Cy, and

the standard deviation of In(Cs,), denoted o:

1 1n(cso/(«jso) 2]
C = — 05 | —==0 )
PCw) = o 1o e""[ 5[ = ) @D

where Cg, = U exp(0/2), and 62 = In(y2 + 1). Here W is the mean of Cso (= 4.87 in the present

study), and v is the coefficient of variation of Cg, (= 0.38 in the present study). Fiihrboter (1986)
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observed that the maximum pressure due to plunging wave impact on a sloping beach also

follows a log-normal distribution.

The impact velocity corrected for the slope of the free surface is shown as vp/A/gD and its
magnitude is always smaller than the corresponding value of WAgD. As expected, the
magnitude of correction is generally small (< 9%) and increases with wave steepness. The mean
value of this quantity varies from 0.36 to 0.75. The corresponding mean value of C'so is3-12%
larger in comparison to Cso, and varies from 3.14 to 8.26, with its C.0.V. expected to be the

same as that for Cg,.

The measured rise-time T is an important parameter since it provides an estimate of the
dynamic amplification of the impact force. The average value of T for the tests varies from 11.6
to 37.1 msec and its C.O.V. ranges from 0.13 to 0.36. For the case h=0.5 cm, T; tends to
increase with vpA/gD, which may be attributed to the slower rise of impact pressures due to
increased presence of entrained air and local disturbances as a consequence of larger impact
velocities. Based on the mean value of T observed in each test, the ratio T/T,, varies from 3.36
to 10.8, and the corresponding correction factors Ti/T; vary between 1.07 and 1. The corrected

rise-time T varies from 10.8 to 37.1 msec for the 22 tests.

Miller (1980) indicated that, under ideal conditions of water impact on a horizontal cylinder,
the rise-time of the slamming force may be associated with the propagation of a pressure wave
within the water, and is of the order of the time taken for the wave to travel a distance 0.2D, i.e.
Tr = 0[0.2D/c], where D is the cylinder diameter and c is the velocity of sound in water. For the
case of water with no entrained air, c = 1500 m/s. This corresponds to a rise-time of order
0.005 msec, based on the above estimate. Lundgren (1969) has shown that the speed of sound in
water is strongly affected by the presence of air bubbles and decreases to about 40 m/s for 10%
entrained air content, which would lead to a longer rise-time of 0.2 msec. These rise-time
estimates are significantly shorter than those observed in the present study as reported above,
which indicate that the effects of compressibility may be relatively minor in comparison to other

factors which influence the rise-time.
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The cylinder submergence v,T;/a when the slamming force reaches a maximum is seen to be
nearly the same as the quantity (s/a), determined from the water surface elevation record for the
tests, where s =1 - h. The value of v;Ti/a ranges from 0.13 to 0.80, and its C.O.V. varies from
0.11 to 0.41 which is very similar to the scatter shown by Ty. This quantity also exhibits an
increasing trend with respect to vp/\/ gD for reasons similar to those attributed to the trend shown
by T; (and hence T;). Although not shown in Table 4.3, the quantity v,T¢/a which was evaluated
for every slamming event (311 samples) indicates an overall mean cylinder submergence (s/a),
of 0.36. This corresponds to an average cylinder submergence of 7 mm when the peak slamming

force occurred.

The mean value of the maximum slamming coefficient corrected for buoyancy effects Cg,
ranges from 3.07 to 7.72, with its C.0.V. varying from 0.07 to 0.44. Figure 4.14 shows the
probability density histogram of C;o values based on 311 slamming events observed in 22 tests.
The overall mean of C;o is 4.68 which is 4% smaller than the corresponding value of Cg,, and
its C.0.V is 0.44. Figure 4.14 also shows the log-normal probability density variation for C's'0
based on its mean and C.O.V as defined in Eq. 4.1. It is seen that the comparison between the

histogram and the theoretical curve for C;O is fair, although not as good as that shown for Cg,

(Fig. 4.13).

Finally, the effect of the measuring system’s dynamic response on the slamming coefficient is
estimated using the mean value of T observed in the 22 tests, which yields corresponding values
of the peak force correction factor F;o/F, that vary from 1 to 1.04. The peak slamming

coefficient corrected for dynamic effects Csg,, varies between 2.92 and 7.60.
4.1.3 Impulse Coefficients from Horizontal Cylinder Experiments

The use of an impulse coefficient to describe slamming has been discussed in Section 2.3.3.
The data obtained from the non-breaking regular wave tests on the horizontal cylinder has been
analyzed to obtain estimates of the impulse coefficient C; and related parameters which are

summarized in Table 4.4. The mean value of Cj estimated from each of the 22 tests using 1 as
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the impact velocity, varies from 0.26 to 1.36, with an overall mean of 0.73; and the C.O.V. of C;
varies from 0.04 to 0.41. The mean value of the impulse coefficient based on the impact velocity
corrected for free surface slope Cj' varies from 0.26 to 1.47, and is higher than the corresponding
value of C; by between 1% and 9%. In general, C’ik exhibits trends which are similar to those of
Ci, and has similar C.0.V.s. Figure 4.15 shows a probability density histogram based on
estimates of Ci' from every slamming event, and these observations do not appear to fit any of
the common probability distribution models. The overall mean of C’i" is 0.77. The degree of
scatter for C’i" in relation to that for Cy, is of particular interest, and the present results indicate
that the C.O.V. of C’ik is less than that for Cg, by about 25% on average. In some cases (e.g. for
T=1.2sec, H=12.1 cm; and for T = 1.4 sec, H = 16.5 cm) the C.O.V is reduced by as much as
76%. There were only 4 tests in which the C.0.V. of C;’ shows an increase. The estimates of
the impulse coefficient did not show any observable trend with respect to incident wave

conditions or cylinder elevation.

The dimensionless impulse duration v,Tj/a indicates the relative submergence of the cylinder
when the impact is assumed to have ended. Its mean value varies from 0.29 to 1.15, and exhibits
less scatter than the dimensionless rise-time v,Ti/a. The C.O.V. of v,Tj/a ranges from 0.05 to
0.21, which on average is less than the C.O.V of v, T/a by about 54%. The overall mean value
of vyTj/a is 0.69 which corresponds to a submergence of about one-third of the cylinder’s

diameter at the end of the slamming impulse.

The reduction in scatter of the impulse coefficient in comparison to that of the slamming
coefficient suggests that the former quantity may be relatively useful in estimating the dynamic
response of cylindrical elements subjected to wave slamming. However, it is emphasized that
this approach is only useful for cases where the impulse duration T; is reasonably small in
relation to the natural period T, of the system, such that the system’s response may be

determined by the impulse magnitude rather than the precise time history of the loading.
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4.1.4 Tests on Inclined Cylinder

A number of tests have been conducted by tilting the test cylinder’s axis at different angles
with respect to the still water level and measuring the hydrodynamic force normal to the cylinder
axis in the vertical plane. The objective of these tests is solely to observe the changes in the
characteristics of the impact force due to the slope of the cylinder’s axis, and an exhaustive

analysis of the measured force has not been conducted in this study.

Tests have been conducted for two inclinations of the cylinder axis 6 = 4.8° and 9.6° and three
wave conditions. In the case where 8 = 4.8°, the height of the lowest edge of the test cylinder
from the still water level was h = 0.5 cm (see Fig. 2.14), and for 0 = 9.6° this was instead
h=-2.0cm. It is expected that the initial impact velocity for these 2 cases is similar to those
observed during the horizontal cylinder tests with h=0.5 cm. In general, the force records
measured during these tests confirm the experimental observations of Campbell and Weynberg
(1980) who conducted impact measurements on a circular cylinder which was driven into a still
water surface at various angles of inclination. They found that the slamming force increased
more gradually and that the corresponding peak load decreased with inclination, although the
presence of disturbances on the water surface sometimes tended to induce significant dynamic

response.

Figure 4.16 compares the slamming force on the test cylinder for 6 = 0°, 4.8° and 9.6°, and a
non-breaking regular wave with T = 1.2 sec, and H = 19.3 cm which is one of the relatively steep
waves used in this study. The dynamic response of the cylinder is still evident in the force
traces, although it is less severe for the case of 8 =9.6°. In comparison to the case of the
horizontal cylinder where the impact force reaches a maximum of 11.3 N in 12.6 msec, the peak
force drops to 7.9 N and the corresponding rise-time increases to 36 msec when 0 = 4.8°. There
is no evidence of any slamming force maximum in the case where 8 = 9.6°, and the rate of
increase of the normal force is quite gradual. In the case of a wave with medium steepness,

T = 1.5 sec, H = 18.4 cm, the peak impact force decreases from 6.2 N to 2.5 N, and the rise-time
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increases from 18 msec to 55 msec when 6 changes from 0° to 4.8°. There is no evidence of
slamming in the case of 8 = 9.6°. The final test was conducted with a wave of T = 1.8 sec, and
H =17.8 cm which has relatively low steepness, and the force traces for the 3 inclinations are
compared in Fig. 4.17. The dynamic effects are less severe due to the reduced wave steepness.
It is seen that the slamming force is not the dominant component of the hydrodynamic force, and
that it is barely evident even in the case of 8 =4.8°. An interesting feature of these
measurements is that although the rise-time of the slamming force increases to 40 msec when
0 = 4.8°, compared to 10 msec for the horizontal cylinder case, the corresponding peak force has
nearly the same value of 2 N in the two cases. This may be caused by the buoyancy force
becoming the dominant component after the early stages of impact, and offsetting any
differences in the relatively small slamming force seen in this case. In the case of 6 =9.6°, the

force rises very gradually in a manner similar to the other wave conditions.

The observations discussed above are for individual cases taken from multiple slamming
events observed in an experiment. These also tend to show scatter in a manner similar to
horizontal cylinder tests due to the presence of disturbances on the water surface, although the
scatter decreases with increasing cylinder inclination which results in reduced slamming forces.
However, the trends for the reduction in the slamming force and increase of rise-time are quite

repeatable.

4.2 Numerical Simulation

The numerical method for estimating the various components which make up the vertical wave
force acting on a section of a rigid horizontal circular cylinder located near the free surface,
taking account of wave slamming and intermittent submergence has been discussed in Chapter 2.
Two numerical models, namely Models I and II which essentially differ in their treatment of the
vertical force during the partially submerged phase, have been used to obtain time histories of

the vertical force on a cylinder in simulated regular and random waves. The effect of variations
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of the governing non-dimensional parameters on the magnitudes of the maximum force are
examined, and results from alternative models for evaluating the time histories of the force in

regular waves are compared. Corresponding results for random waves are also shown.

The force predicted by the numerical model is compared with experimental observations for
both cases of arigid and dynamically responding cylinder. A practical application of the various

methods described is also illustrated.
4.2.1 Regular Waves

As indicated in Chapter 2, the governing non-dimensional parameters in this study are w2a/g,
©?H/g and h/H, since deep-water conditions are assumed and the influence of Reynolds number
is only considered through the choice of the empirical force coefficients. The influence of these
parameters on the vertical force is investigated. Force coefficient values of Cso =7, Cqg=0.8,
and Cpy = 1.7 (Co = 1.7 for Model IT) have been adopted for this investigation. Although recent
studies and the results of the present experimental investigation indicate a higher value of Cg, a
value of 7 is being used to examine the properties of the dimensionless maximum vertical force.
The variation of the inertia coefficient, and the combined slamming and drag coefficient (Cg+q)

with submergence in Model II is assumed to be as shown in Figs. 2.5 and 2.7 respectively.

Figure 4.18 shows the variation of the dimensionless vertical force F/p ga2 over one wave cycle
for m2a/g = 0.05, w2H/g = 0.6 and two cylinder elevations, h/H = -0.3 and 0.3, and compares the
predictions of Models I and II. It can be observed that significant differences in the force
predicted by the two models occur in the partially submerged stage, with Model I predicting a
larger force than Model II. This is due to the different assumptions made in the two models with
respect to the variation of the hydrodynamic force during partial submergence. In Model II, the
combined slam and drag coefficient used to determine the velocity-squared force decreases
rapidly after the instant of slamming, while the inertia coefficient begins increasing from zero.
The hydrodynamic force determined using these varying coefficients is less than the linear

variation of the force given by Model I. Model II also predicts a negative force as the wave
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recedes from the cylinder which is not shown by Model 1. This difference is associated with the
inertia and drag forces computed in Model II when the cylinder is partially submerged as the free
surface recedes. The force due to this contribution is significant when the cylinder is above the
mean water level since both the inertia and drag loads are downward and oppose the buoyancy

force.

From the aspect of engineering design, the maximum force f on the cylinder over a wave cycle
is of particular interest. This has been computed for a range of wave conditions and is shown in
dimensionless form in Figs. 4.19(a)-(d) as a function of the dimensionless cylinder elevation
h/H, for four values of steepness 0)2H/g (0.2, 0.4, 0.6 and 0.8) and for four values of the
frequency parameter w2a/g (0.005, 0.01, 0.05 and 0.1). The values of H/a are also indicated in
the figure. The solid and dashed lines correspond to the predictions of Models I and II
respectively. The close agreement overall between the two predictions provides some
justification for the use of the simpler Model I by Isaacson and Subbiah (1990). The maximum
force with respect to cylinder elevation is seen to occur at h/H = 0 for most values of the
steepness and frequency parameters. Consequently, a designer should avoid placing horizontal

structural elements in close proximity to the still water level.

A number of features of Fig. 4.19 can be explained by considering the stage of the wave cycle
which gives rise to the peak force. For the largest values of H/a, which are contained in Figs.
4.19(a) and 4.19(b), the peak force over most of the elevation range is due to slamming. This
gives rise to the parabolic-type variation of peak force with h/H, with maxima near h/H = 0.
This is because ) at the instant of impact is greatest at h/H = 0. At lower values of h/H (<-04),
the slamming force is absent, or is small since 1) at the instant of impact is then also small. The
peak force then occurs after full submergence, at a phase which does not vary with h. Since the
flow kinematics are assumed to be constant with elevation near the mean water level, this

maximum force is seen not to vary with cylinder location.

For the lowest values of H/a, which are contained in Figs. 4.19(c) and 4.19(d), a slight

disparity in the peak force predictions of the two models is apparent. This discrepancy arises
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because the force maxima then occur mostly during partial submergence, where the predictions
of the two models differ the most. Furthermore, both models then predict the maximum force to
increase fairly uniformly with decreasing h/H. This is because for this range of conditions (large
@2a/g and small ®2H/g or H/a), the buoyancy force becomes significant in comparison with the
other components (see Eq. 2.4), and for incomplete submergence this increases with decreasing
h/H. The curves in Fig. 4.19(d) do not reach a maximum value since partial submergence still

occurs until h/H < -0.5 - 2a/H, which is below the range of h/H shown in the figure.

The largest maximum force with respect to variations in cylinder elevation was seen in Fig.
4.19 to occur in most cases near h =0, and is of particular interest. Figure 4.20 shows this
largest force in non-dimensional form as a function of the frequency parameter w2a/g for two
values of wave steepness ®2H/g (0.2 and 0.6). The predictions of both Models I and II are
included, but are virtually indistinguishable so that the agreement between the two models

predictions of this largest peak force is very good.

The figure indicates that the non-dimensional maximum force becomes constant for smaller
values of H/a, corresponding to increasing values of w2a/g for any particular value of @2H/g. By
comparing these results with those of Fig. 4.19, it may be seen that for larger values of H/a the
largest force occurs at h/H = 0 and is associated with slamming, whereas for lower values of H/a
the largest force occurs at lower elevations of the cylinder and is associated with buoyancy,
inertia and drag during partial or full submergence. In fact, for the selected values of the
empirical coefficients Cg,, Cq and Cy, the largest force for H/a < 6.7 is due to buoyancy and
inertia only, and these give rise to a non-dimensional force which is independent of w2a/g. This
corresponds to the observed ranges in Fig. 4.20 over which the nondimensional force is constant

with respect to @2a/g.
4.2.2 Random waves

As discussed in Section 2.5.3, results for random waves have been obtained both for a narrow-

band spectrum as well as for a two-parameter Pierson-Moskowitz spectrum. For both cases,
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conditions corresponding to a significant wave height Hg = 10 m, a peak period T = 14.3 sec,
and a cylinder diameter D = 40 cm have been used. On the basis of the results shown for regular
waves, it is expected that both Models I and IT will give similar predictions of the force maxima,

and consequently only Model II has been used throughout.

The spectral density and corresponding amplitude spectrum for both the narrow-band and
Pierson-Moskowitz spectra are shown in Fig. 4.21. For the narrow-band spectrum, the simulated
wave and force time series were obtained with a record length T, = 2860 sec, a time interval
At =0.559 sec, a frequency range corresponding to f/f, = 0.1 (see Eq. 2.76) and a frequency
interval Af =0.00035 Hz. These values correspond to approximately 200 waves, and a total
number of data points N = 5120. However, this is increased to approximately 8000 points
because of additional points used for durations of partial submergence. In the case of the
Pierson-Moskowitz spectrum, the time series were obtained with T, = 1500 sec, At =0.25 sec,

and N = 1500.

Portions of the simulated time series of the free surface elevation and the corresponding
vertical force for the cylinder located at the still water level, h = 0, are shown in Fig. 4.22 for the
case of the narrow-band spectrum, and in Fig. 4.23 for the case of the Pierson-Moskowitz
spectrum. In the latter case, the vertical force is seen to contain a relatively large number of
peaks for each period of cylinder immersion. Furthermore, for this case the largest force maxima
are not necessarily associated with waves which have the largest individual heights taken in the
same order. Indeed, the largest dimensionless peak force is 34.5, and corresponds to a wave
height of 12.8 m, based on successive zero-upcrossings, or a height of 17.2 m based on
successive zero down-crossings. The dimensionless maximum force for regular waves with
these two heights would be 26.1 and 51.5 respectively. Thus the extension of regular wave
results to the random wave case, which may well be appropriate for a narrow-band spectrum,

may not be applicable for a broad-band spectrum.

Various statistics of the maximum force can be obtained from time series such as those

described above. In this study, the simulated data corresponding to Figs. 4.22 and 4.23 have
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simply been used to obtain the corresponding probability densities of the peak force, and these
densities are compared to the analytical predictions of Isaacson and Subbiah (1990) in Fig. 4.24.
Isaacson and Subbiah’s results are based on the assumption of a narrow-band spectrum, but it is
of interest to examine the adequacy of their predictions for spectra of more general shape so that
the comparison for the broader band spectrum is also given. A possible limitation of their
approach may be the assumption of a single force peak within each wave. In order to attempt
accounting for this, the probability densities from the simulations have been obtained on the
basis of all the force maxima in each record, denoted method A and shown as a solid thin line in
Fig. 4.24; and a single (largest) force maximum for every wave (defined by successive zero
upcrossings), denoted method B and shown as a solid thick line in Fig. 4.24. These two methods
yield quite different probabilities, since the latter omits the smaller secondary force peaks within

each wave which may be present.

Figure 4.24(a) indicates that for the case of the narrow-band spectrum the agreement between
the analytical prediction and the simulation results based on a single force maximum for each
wave is quite reasonable; whereas the simulation results based on all the peak forces yields
poorer agreement. This is because the simulated force record contains secondary peaks for some
waves, as indicated in Fig. 4.22(b), and the analytical predictions do not apply to these.
Discrepancies between the predictions and either of the simulation results also arise because of
sample variability, in that the simulation results pertain to only one force record, whereas the

analytical predictions correspond to the average of many force records.

Figure 4.24(b) indicates that for the case of the broader band spectrum the agreement between
the analytical prediction and the simulation results based on either method is generally poor, in
that the theory predicts a relatively large number of force peaks within a relatively narrow peak
force range. As before, some of this discrepancy arises partly because of the secondary peaks
which occur within each wave, and partly because of sample variability. Even so, the poor
agreement indicates that the analytical model cannot be extended directly to the case of a broad-
band spectrum. This is consistent with the numerical illustration given earlier which relates to

the single largest peak force.
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4.2.3 Comparison with Experimental Observations

It is of interest to compare the vertical force predicted by the numerical model for the case of
the test cylinder in regular waves with corresponding experimental observations. This makes it
possible to test the validity of the various assumptions made in the formulation of Model II
which relate to the variation of the combined slamming and drag coefficient, and the inertia
coefficient during partial submergence. The predictions of the models for both the rigid and

dynamically responding horizontal cylinder are presented.

Preliminary results from the rigid cylinder model simulations indicate that the variation of the
slamming coefficient during the early phases of partial submergence corresponds more closely to
Campbell and Weynberg’s (1980) expression derived from their experimental observations
(Eq. 2.27), which is based on a Cs, value of 5.15 and has a faster rate of decay in comparison to
Taylor’s model as seen in Fig. 2.4. It is also simpler to use in comparison with Taylor’s model
and allows straightforward changes to the value of Cg, used in the simulation. The
implementation of this expression is similar to that described in Section 2.2.5 wherein the
combined Cg44 coefficient is initially determined using Eq. 2.27 during partial submergence of
the cylinder, until it reaches a value of C4 whereupon it remains constant at the value of Cq for
the remainder of the wave cycle. The variation of Cg predicted by Eq. 2.27 reaches a minimum
value of 0.74 at s/a = 1.3 and then begins rising gradually with increasing submergence. This
prevents the use of the combined Cg.4 model for values of Cq lower than 0.74, and Eq. 2.27 has
been modified to accommodate lower values of Cq. This is achieved by assuming that the value
of Cs reaches the value of Cq at the instant of complete submergence (s/a = 2). The modified

version of Eq. 2.27 for this criterion is hence given by:

_ 1 0.5C4
G = cso[ o5t (5.15 -o.ozs)s/a] 4.2)

where Cs, is the desired value of the peak slamming coefficient, and Cgq is the drag coefficient

which is less than 0.74.
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The inertia coefficient is taken to increase from zero to the desired value of Cy, and is then held
constant. The values of C4 and Cy, used in the numerical model are based on estimates derived
from a least squares fit method applied to the fully submerged portion of the experimental
vertical force record. The corresponding experimental wave record is used to obtain the water

particle velocity and acceleration values which are used in the numerical model.
Horizontal Cylinder

Figure 4.25 compares the measured vertical force on the test cylinder located at h = 0.5 cm, for
the case of incident waves with period T = 1.2 sec and height H = 15.2 cm, with the prediction of
the numerical model for a rigid cylinder based on Cgo =5.15, Cq = 0.7, and C, = 0.6. It is seen
that the significant differences between the predicted and observed force occur during the
partially submerged stage. The predicted slamming force reaches a maximum instantaneously,
while the experimental record shows a rise-time of 20 msec. However, the nature of the
predicted vertical force variation compares very well over the entire length of the experimental
record. The dynamic model described in Section 2.3.2 incorporates the effects of cylinder
response to the applied force and also allows the inclusion of a specified rise-time. The result
from a simulation which uses the test cylinder’s natural frequency of 290 Hz, a damping value of
2%, and a rise-time of 20 msec, for the same cylinder location, wave conditions, and force
coefficients as above, is illustrated in Fig. 4.26. Only the initial 0.25 sec of impact are shown for
better detail, along with the segment of the corresponding measured force record. It is seen that
the predicted force matches the measured force quite accurately. While the former quantity
shows an oscillation at the natural frequency superposed on the general trend of the force, the
latter shows seemingly random oscillations which are due to the presence of other modes of
vibration (see Fig. 3.6). The oscillations in the predicted force trace are damped out
approximately 0.3 sec after impact, and the subsequent behaviour of the force is the same as that

predicted by the rigid cylinder model.

Figure 4.27 compares the predicted and measured vertical force for incident waves with

T = 1.5 sec, and H = 18.4 cm, and the cylinder located at h = 0.5 cm. The values of the force
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coefficients chosen are Cg, =5.15, and Cg = C; = 0.8. It is seen that while the trends of the
predicted and measured force agree quite well during the initial phase of slamming and partial
submergence, they show markedly different behaviour after full submergence of the cylinder.
This is possibly due to the choice of the inertia coefficient which is seen to have values which
are close to zero or negative in some cases when estimated using the least squares fit method. In
the present case, the least squares method estimates of Cgq and Cy,, are 0.7 and -0.1 respectively.

The discrepancy in the predicted force consequently arises since a Cp, value of 0.8 is used.

It is also seen in Figs. 4.25 and 4.27 that the vertical force is generally overpredicted by the
numerical model during the early stages of slamming. This may be due to the larger buoyancy
force estimated by the numerical model based on the assumption of an undisturbed free surface
in the vicinity of the cylinder while the actual submergence of the cylinder is usually lesser due
to the formation of spray roots. There are indications of a slightly larger negative (downward)
force which persists for a longer duration in the observed force record as the free surface recedes
from the cylinder. Video records of the slamming event show that even after the free surface
drops below the level of the cylinder, there is a mass of water which remains suspended from the
cylinder for a longer length of time as seen in Fig. 4.28. This may be the cause of the observed

behaviour of the negative force which is not predicted by the numerical model.

Figures 4.29 and 4.30 present comparisons of the measured force record for the case of the
cylinder located at h = -4.5 cm, in incident waves of T = 1.5 sec, and H = 18.4 cm, with the
predictions of the rigid and dynamic cylinder models respectively. The values of Cgo, C4, and
Cm used in the simulation are 5.15, 1.25 and 0.5 respectively. A rise-time of 18 msec is also
used in the dynamic model. It is seen that the correspondence between the observed and

predicted force is very good.

Inclined Cylinder

The numerical model for the force on an inclined cylinder located near the still water level has

been described in Section 2.4. The behaviour of the various force components is modelled in a
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manner similar to the above case of a horizontal cylinder and the components of the water
particle kinematics normal to the cylinder axis in the vertical plane are used to estimate the

slamming, drag and inertia force.

Figure 4.31 compares the early stages of the measured and predicted force due to a slamming
event in waves of period T = 1.8 sec, and height H = 17.8 cm, on the test cylinder which was
inclined at 8 =4.8°, and had a clearance h=0.5 cm. The force coefficients used in the
simulation are Cg, = 6.18, Cq =0.8, and C, = 0.5. It is seen that there is an indication of a small
force peak approximately 0.08 sec after the instant of slamming, and the force rises gradually
until the cylinder is fully submerged. The predicted values agree fairly well with the observed
force, although the numerical model predicts a slightly larger maximum at the instant when the

cylinder becomes fully submerged.

Figure 4.32 presents another comparsion of the measured and predicted force over one wave
cycle for the case of the test cylinder inclined at 6 = 9.6°, located at h = -2.0 cm and subjected to
waves with T = 1.2 sec, and H = 15.2 cm. Force coefficients Cgo = 5.15, Cq4 =0.7 and C; = 0.6
are used in the simulation. The two force records are seen to compare very well, although the

observed force is seen to rise slightly faster during the early stages of cylinder immersion.

The examples shown above indicate that the numerical models for predicting the vertical force
on a horizontal or inclined cylinder located near the free surface generally yield results which
compare well with experimental data. The method for combining the slamming, buoyancy, drag,
and inertia force components works reasonably well when used with appropriate values of the

force coefficients.
4.24 Practical Application

In order to illustrate the various approaches indicated here in the context of a typical ocean
engineering application, consideration is given to an example corresponding to a cylinder of

diameter 40 cm, length 16.0 m, and wall thickness of 12.5 mm, located with its lower surface at
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the still water level, h = 0 cm, and subjected to a wave train of period T = 12 sec and height
H =8 m. Two configurations of the cylinder have been analyzed based on different end fixity
conditions. It is also assumed that the dynamic response of the cylinder due to the applied

slamming force is predominantly in its fundamental mode.

The first case in which the cylinder is assumed to have both ends rigidly fixed yields a modal
stiffness value of 7.16 MN/m, and a modal mass of 1906 kg. This corresponds to a natural
period of 0.1 sec. Force coefficients have been assumed as follows: C4=0.8, Cp=1.2,
Cso =4.5. Figure 4.33 shows the predicted time series of the applied vertical force on the
cylinder assuming it to be rigid (shown as a solid line), where it is seen that the maximum
vertical force of 63.1 kN occurs at the instant of impact. The buoyancy component of the force
(dashed line), and the mid-span response of the cylinder (chain-dashed line) to the applied force
are also shown in Fig. 4.33. The maximum mid-span displacement of the cylinder due this
applied force is estimated to be 12.1 mm. If the maximum force of 63.1 kN is treated as a static
load, the corresponding mid-span deflection for the cylinder with both ends fixed is seen to be
11.5 mm. This indicates that in this example, the severity of the impact force is amplified due to
the dynamic response of the cylinder. It is also noted that the mid-span displacement of the

cylinder due to its self-weight would be 3.4 mm.

The second case involves the treatment of the above cylinder with pinned supports. The
corresponding modal stiffness decreases to 0.67 MN/m, and the modal mass is also reduced to
953 kg, which results in a larger natural period of 0.23 sec. The static mid-span displacement
due to the cylinder’s self weight is 17.0 mm. The dynamic response of this system to the applied
force described above is also shown in Fig. 4.33 as a dotted line. The maximum mid-span
response in this case is estimated at 38.7 mm. If the maximum force of 63.1 kN is treated as a
static load, the corresponding mid-span deflection for the cylinder with pinned end conditions is
seen to be 57.4 mm. This indicates that the effect of the impact force is attenuated by about 33%

since some of the applied force is being resisted by the inertia of the cylinder.
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Since the natural period of the cylinder in the second case is sufficiently large in comparison to
the duration of the impulse, it is possible to estimate the maximum mid-span response of the
cylinder as the sum of the maximum dynamic response due to the slamming impulse, and the
static displacement due to the more gradually varying vertical force after the end of the impulse.
Although the maximum response of a single degree of freedom system to an applied impulse
occurs at Ty/4 sec after the end of the impulse, where T}, is the natural period of the system, the
maximum response of a cylinder subjected to wave impact will usually occur later due to the
presence of the increasing buoyancy, drag, and inertia force components, and in general may be
assumed to occur between Ty/4 and Ty/2 sec after the end of the impulse. This is evident in the
above example where the maximum response of 38.7 mm occurs 0.12 sec after impact which is
slightly larger than Tp/2 sec. On the basis of an impulse coefficient C; = 0.7, which corresponds
closely to the predicted applied force time series, and the vertical force on the cylinder at Tp/3 or
0.08 sec after the end of the impulse, which is seen to be 24 kN at t = 3.12 sec in Fig. 4.33, the
maximum displacement is instead predicted to be 43.7 mm. This shows that the impulse
response approach may be used to obtain a quick estimate of the member response under certain
conditions. It is emphasized that the present example relates to fundamental mode motions only,
and that higher mode motions, with relatively high natural frequencies, would also be excited by

the wave slamming.

4.3 Breaking Wave Impact

Results from the experimental study of breaking wave impact on a horizontal cylinder are
presented in this section. Tests have been conducted for three different elevations of the
cylinder, and six different horizontal locations of wave breaking. Both horizontal and vertical
components of the force on the cylinder were recorded, and then analyzed to obtain the peak
force and rise-time after applying corrections for dynamic response of the cylinder. Although
the force records illustrated in this section show the corrected horizontal force trace, the
corresponding vertical force records are uncorrected since the dynamic correction is carried out

only for the peak value of the vertical force.
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The corrected rise-time for the peak horizontal force component is within 1 msec of the rise-
time for the vertical force component in all the tests. This is evident in the force traces shown in
Figs. 4.36, 4.40, and 4.44 where the vertical and horizontal force peaks are seen to occur nearly
simultaneously. This allows the estimation of the peak resultant force from the vertical and
horizontal force components by assuming that they occur at the same time. The peak values of
the corrected horizontal and vertical components of the impact force, the peak resultant force and

its direction, and the corresponding rise-time are presented in Table 4.5.

4.3.1 Cylinder Elevation I

The first set of tests were carried out with the lowest cylinder position (h = 4.7 cm). Figure
4.34 presents a series of images that show breaking wave impact for the case xp =25.5 cm. The
first two frames show the plunging jet of the wave in the formative stage. The 3rd frame shows
the initial impact to be due to the lower face of the wave and not the spilling front of the wave.
The last frame shows the cylinder just after complete submergence. Although the jet has started
collapsing and there is evidence of splash, the water in the vicinity of the cylinder is relatively
undisturbed. The wave profiles have been digitized and a typical example corresponding to the
case where the wave breaks at xp = 36 cm is shown in Fig. 4.35 which also indicates the location
of the cylinder with respect to the breaking wave. The horizontal and vertical axes of Fig. 4.35
correspond to the horizontal and vertical dimensions in the vicinity of the test cylinder, and the
four curves which represent the wave-front are spaced at time intervals of 1/30 sec from left to
right. These curves are used to estimate quantities such as the impact velocity and curvature of

the water surface.

The observed vertical force and the corrected horizontal force record obtained for the test
where xp = 25.5 cm are shown in Fig. 4.36, where it is seen that the peak horizontal force
component of 17 N, and the peak vertical component of 21 N (16.9 N after correction) occur
nearly simultaneously at 3.8 msec after impact. The normal velocity of the water surface prior to
impact is estimated from Fig. 4.35 to be 0.63 m/sec and the radius of curvature of the surface is

quite large (> 20 cm). The vertical force component shows a temporal variation similar to that
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obtained from regular wave impact, although the horizontal force component in the present case
is also quite significant on account of the slope of the water surface at the instant of impact.
Table 4.5 summarizes the peak forces observed for 6 different values of xp. For all the tests
(except for xp = -3.5 cm), the peak horizontal and vertical force components show an increasing
trend as the wave breaking location progresses from upwave to downwave of the cylinder. The
peak resultant force increases from 12.6 N to 30.5 N as the breaking location advances from
7.5 cm to 49 cm. The direction of the resultant peak force also changes from 53° to 36°, as the
horizontal force component becomes more significant. This trend is possibly due to the
increasing steepness of the lower face of the wave at the location of the cylinder with an
increasing value of xp. The rise-time to the peak force is quite similar for all these cases and
varies from 2.6 msec to 4.4 msec. The test for the case of xp = -3.5 cm is different from the
other cases in this set as the wave has already broken before the occurrence of impact. There is a
large amount of splash and disturbance on the water surface and consequently it is difficult to
obtain a good estimate the water surface velocity in this case. The peak horizontal force
component has a magnitude of 15 N, but the peak vertical component is directed downward and
has a magnitude of 4.5 N. The resultant force of 15.7 N is higher than the peak force in the case
of xp =7.5 cm. This force is directed 17° below the horizontal indicating that the downward
velocity component of the plunging jet contributes to the impact force. The peak impact force
due to a regular wave (T = 1.2 sec, H = 20.5 cm) is mainly due to the vertical force component,
while the horizontal component has a more gradual rate of increase. The peak resultant impact
force of 7.2 N is significantly lower than the breaking wave impact forces seen in these tests, and

also shows a larger rise-time of 15.1 msec.
4.3.2 Cylinder Elevation II

The impact forces for this location of the cylinder (h = 8.7 cm), were the highest among all the
tests. Figures 4.37, 4.38 and 4.41 show a series of images which illustrate the 3 different types
of breaking wave impact that occur in this set. Figure 4.37 shows the impact for the case of

Xp =-3.5 cm. It can be seen in the 1st frame that the plunging jet of the wave has already broken
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onto the lower face of the wave, and that there is significant amount of splash. The 2nd and 3rd
frames show the onset of impact which appears to be initially due to the jet and the
accompanying splash. The last frame shows that even after complete submergence, there is a lot
of residual air entrainment and disturbance in the vicinity of the cylinder. It is not possible to

estimate the kinematics of the wave from the video records in this case.

The next series of images shown in Fig. 4.38 are for the most severe impact case corresponding
to wave breaking at xp = 25.5 cm. The first three frames show the development of the jet of the
breaking wave, and indicate evidence of slight air entrainment in the upper concave face of the
wave. The 4th frame indicates that the impact is quite strong and that it arises from the main
body of the wave after the forward tip of the wave has passed over the cylinder. The digitized
profiles corresponding to this case are shown in Fig. 4.39, and it is seen that the radius of
curvature of the wave under the jet is approximately 1.7 cm which is comparable to the cylinder
radius of 2 cm. This leads to a larger contact area at the instant of impact, and consequently a

larger force. The time series of the force components for this test are shown in Fig. 4.40.

The impact due to a wave breaking at xp =49 cm is shown in Fig. 4.41. In contrast with the
two previous examples, the jet in the wave crest has not developed prior to impact, the impact
itself does not disturb the flow significantly, and the presence of splash and air entrainment is
evident only after the cylinder is fully submerged. The radius of curvature (9.7 cm) of the water
surface at the instant of impact is also noticeably larger than in the previous case, xp = 25.5 cm.

There is a decrease in the peak horizontal force observed in this test.

A summary of the results obtained from the 6 breaking wave tests for this cylinder elevation is
included in Table 4.5. The peak resultant force increases from 32.1 N to 63.7 N as the wave
breaking location advances from -3.5 cm to 25.5 cm. It is observed that this increase in the peak
force is associated with a decrease in the radius of curvature of the wave-front, and a less
disturbed water surface prior to impact. The peak force decreases as xp increases beyond
25.5 cm, even though there seems to be a slight increase in velocity at impact. This could

possibly be attributed to the increasing radius of curvature of the water surface at impact. The
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horizontal force component is dominant for all the tests in this set, and consequently the
direction of the peak force is between 14° and 18° above horizontal for all the tests. The case
where xp = 17 cm yields force data that does not conform to the general trend seen for the other
5 cases. A possible explanation for this may be due to the transition from a relatively disturbed
impact where the wave has nearly broken (xp, = -3.5 and 7.5 cm), to a less disturbed and more
defined impact (xp = 25.5, 36 and 49 cm). The rise-times for the peak force are very similar,
ranging from 1.6 to 1.8 msec, except for the case of xy, = 17 cm where the rise-time is 2.9 msec.
The results from the regular wave impact test yielded a peak slamming force that is
approximately 20 times less than the largest impact force due to a breaking wave. The peak
horizontal and vertical force components were equal at 2.3 N, and yielded a peak resultant force

of 3.3 N that had a rise-time of 6.1 msec.
4.3.3 Cylinder Elevation III

The last set of tests has been conducted with the elevation of the cylinder axis at 12.7 cm above
the still water level. At this elevation, the cylinder is subjected to impact only by the crest of the
breaking wave. Fig. 4.42 shows a series of images for one of the tests in this set for the case
Xp =25.5 cm. The first two frames in the figure show the developing jet at the wave crest and
the onset of some spilling on the front of the wave. The 3rd and 4th frames show the impact of
the convex tip of the jet with the cylinder. The digitized breaking wave profiles for the test in
which the wave breaks at xp = 17 cm are shown in Fig. 4.43. Figure 4.44 shows the force
records corresponding to wave breaking at xp = 25.5 cm. The corrected peak forces and rise-
times for the tests in this set are presented in Table 4.5. The velocity of the water surface at
impact cannot be estimated when xp = -3.5 and 7.5 cm, as the wave crest has already broken.
The observed peak forces are then 27.8 N and 24.8 N, respectively and the force vector is
directed about 24° above the horizontal. For the remaining tests the velocity at impact increases
marginally from 1.7 m/sec to 1.8 m/sec and is about 0.3 m/sec faster than the celerity of the
wave. The jet which develops at the wave crest has a convex profile. For xp = 17, 25.5, and

36 cm, the peak forces show an increasing trend (23.3, 23.4 to 31.1 N respectively). In the latter
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two tests the peak force vector is directed approximately 30° below horizontal. The rise-times
for all the tests are relatively similar and vary between 2 to 3.2 msec. The tests in regular waves
do not indicate the presence of a slamming force for this cylinder elevation and may be
explained by the low water particle velocity at impact. In this case, the peak horizontal and
vertical force components of 2.5 N and 2.8 N respectively occur after full submergence, and

yield a maximum resultant force of 3.8 N.
434 Slamming Coefficients due to Breaking Wave Impact

The plunging wave impact forces observed at the three different cylinder elevations show
significant differences. The dynamics of a plunging wave are considerably more complex than
those of a regular non-breaking wave. The geometry of the wave at impact in the vicinity of the
cylinder depends on the vertical and horizontal location of the cylinder. The presence of
entrained air and splash affect the local water particle kinematics and pressures, and
consequently influence the magnitude of the impact force. An analytical treatment which
accounts for all these factors is still not feasible using currently available techniques. It may be
difficult to formulate a single closed-form expression similar to Eq. 2.22 which can predict the

impact force due to the various types of wave impact seen in this study.

Although the force measurements in this study are reasonably accurate, the method used to
estimate the water surface velocity at impact has limitations. The video equipment used in this
study captures images at the rate of 30 frames/sec, whereas a rate of 80 to 100 frames/sec is
desirable in order to record a rapidly moving breaking wave and determine velocities and
accelerations from the images with reasonable accuracy. However, the test results reported in

this study may provide a useful indication of the general problem.

Table 4.5 shows that the water particle velocity in the vicinity of the cylinder varies with wave
breaking location xp, and the cylinder elevation h. If these velocities are used to determine a
peak slamming coefficient based on Eq. 2.22, the values obtained show some scatter and do not
reveal any obvious trends. At the lowest cylinder elevation of h = 4.7 cm, the peak slamming

coefficient Cg, based on the local particle velocity varies between 8.0 and 10.7. For the next
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case (h = 8.7 cm), the slamming coefficient varies from 1.9 to 10.1. At the highest elevation
(h = 12.7 cm), the slamming coefficient varies from 1.3 to 1.5. A constant velocity equal to the
celerity of the breaking wave (1.5 m/sec) has also been used to obtain the peak slamming
coefficient based on the test that yields the largest resultant force at each of the three cylinder
elevations. The largest values of Cg, thus obtained are 2.2, 4.5 and 2.2, for the low, middle and
high cylinder elevations respectively. It is seen that the most severe impacts occur when the
cylinder is located above the still water level at approximately two-thirds of the wave crest
elevation. The combination of large impact velocities and smaller radius of curvature of the
wave-front at this elevation can cause impact forces which are significantly larger than those

occurring for non-breaking wave conditions.

The issue of using results from model studies of breaking wave impact at prototype scales
remains unresolved. Three different types of impact pressures can be caused by breaking waves.
These are defined as ventilated shocks, compression shocks, and hammer shocks, and it is
expected that all the breaking wave impacts seen in the present study are of the ventilated type
wherein any air present between the wave-front and the cylinder is able to escape during impact.
Kjeldsen (1981) states that the absolute dimensions and coalescing characteristics of entrained
air bubbles differ in sea water and fresh water, and that the damping effect on shock peaks
caused by bubble populations with different absolute bubble sizes is unknown, which generally
precludes a viable model law for ventilated shocks. Although potential flow theory has been
used to obtain a good approximation of the development of a plunging breaker (Vinje and
Brevig, 1981), the inability to predict air entrainment and the formation of foam makes it

difficult to estimate impact pressures and forces during the early stages of a ventilated impact.

Lundgren (1969) suggests that peak shock pressures and impulses for ventilated shocks might
be scaled according to Froude’s law, but states that this will yield conservative results since it is
expected that relative air entrainment for this kind of impact is expected to be higher in the sea in
comparison to laboratory experiments. This conclusion is supported by Alfred Fiihrbéter (1986)
who compared results for wave impact and run-up from experiments at 1:10 model and

prototype scales.
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Chapter 5
CONCLUSIONS

The primary objective of this thesis has been to examine the impact loads due to waves
interacting with a horizontal circular cylinder located near the still water level. Numerical
models have been developed to predict the vertical force on such a cylinder, and these have been
extended to the case of a dynamically responding cylinder, and an inclined cylinder.
Experiments have been conducted to measure the vertical force on a horizontal cylinder
subjected to slamming in regular non-breaking waves. Some experiments have also been carried
out with an inclined cylinder. The observed data has been analyzed to obtain peak slamming
coefficients and related parameters. The numerical models have been used to examine the
behaviour of the maximum vertical force in regular and random waves, and the predicted force
has also been compared with experimental observations. Experiments to measure the force due
to plunging wave impact on a horizontal cylinder have been conducted for different cylinder
elevations and wave breaking locations. The conclusions of the present investigation are

presented in two separate sections which represent different aspects of this study.

3.1 Wave Slamming on a Horizontal Cylinder
5.1.1 Experimental Study

Experiments have been conducted to measure the vertical force due to waves incident on a
slender horizontal cylinder located near the still water level. The water surface elevation and the

corresponding force have been measured over a duration of 20 sec which includes several
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slamming events. This data has been analyzed to determine the maximum slamming coefficient
Cso, the rise-time for the peak slamming force and related parameters. Corrections to the
measured coefficients to account for buoyancy, free surface slope and dynamic response and free

surface slope are indicated.

Results from tests in regular waves of various periods and heights and with different cylinder
elevations indicate that these coefficients exhibit a considerable degree of scatter, which has also
been reported by earlier experimental investigators. The maximum slamming coefficient Cg
(with no corrections applied) for each of the 22 tests has mean values which vary from 3.04 to
7.79, and exhibits no noticeable trend with either the incident wave characteristics or the
elevation of the cylinder. It is possible that the absence of any such trend in the values of Cg
may be due to the limited range of values of the parameters, the relatively low number of
observations made, and the possibility of a complex dependence on several of the parameters.
The C.0.V. of Cg varies from 0.09 to 0.36 and increases with the steepness of the incident
wave. This trend is explained by the likelihood of increased disturbances on the water surface
due to the higher water particle kinematics in steeper waves. Individual values of Cg, vary from
1.86 to 11.7 and the overall mean of Cg, is 4.87. This compares well with the experimental
results of Campbell and Weynberg (1980) who reported a mean value of Cyx =5.15. The
probability density histogram of Cg, based on a total of 311 slamming events recorded in the 22

tests is seen to follow a log-normal distribution.

The average value of the measured rise-time Ty for the tests varies from 11.6 to 37.1 msec and
its C.0.V. ranges from 0.13 to 0.36. There is a tendency for T to increase with the impact
velocity v/ gD, which may be attributed to the slower rise of impact pressures due to increased
presence of entrained air and local disturbances. The rise-time T; corrected for dynamic effects
varies from 10.8 to 37.1 msec for the 22 tests. An average cylinder submergence (s/a), of 0.33

(7 mm) was noted when the peak slamming force occurred.
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The maximum slamming coefficient corrected for buoyancy, dynamic response and free
surface slope, denoted Cgy, varies between 2.92 and 7.60 with an overall mean value of 4.29, and

exhibits no noticeable reduction in scatter in comparison to Cg,.

A method of defining slamming as an impulse has been demonstrated, and a corresponding
impulse coefficient C; has been estimated from the experimental data. The mean value of C;
estimated from the 22 tests varies from 0.26 to 1.36, with an overall mean of 0.73; and the
C.0.V. of Cj varies from 0.04 to 0.41. The mean value of the impulse coefficient based on the
impact velocity corrected for free surface slope C; varies from 0.26 to 1.47 with an overall mean
of 0.77, and is higher than the corresponding value of C; by between 1% and 9%. In general, C;
exhibits trends which are similar to those of C;, and has similar C.0.V.s. The degree of scatter
for Ci' is less than that for Cg, by about 25% on average. The estimates of the impulse
coefficient did not show any observable trend with respect to incident wave conditions or

cylinder elevation.

The dimensionless impulse duration v,Tj/a which indicates the relative submergence of the
cylinder at the end of the impact has a mean value which varies from 0.29 to 1.15, and exhibits
less scatter than the quantity v,T;/a by about 54%. The overall mean value of v,Ti/a is 0.69
which corresponds to a submergence of about 1/3rd of the cylinder’s diameter at the end of the

slamming impulse.

Some experiments in regular waves have also been conducted for the test cylinder inclined at
4.8° and 9.6° with respect to the horizontal. In general, the force records measured during these
tests indicate that the slamming force increases more gradually and that the corresponding peak
load decreases with inclination, which is similar to the experimental observations of Campbell
and Weynberg (1980). There is no obvious evidence of a slamming force maximum for the
larger tilt angle of 9.6°, and the rate of increase of the normal force is quite gradual which also
results in lower dynamic response of the cylinder. While these force measurements also tend to
show scatter in a manner similar to horizontal cylinder tests, the repeatability improves with

increasing cylinder inclination which results in smaller slamming forces.
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5.1.2 Numerical Modelling

A numerical model based on the use of a slamming coefficient for simulating the vertical wave
force acting on fixed, rigid, horizontal circular cylinder located near the still water level is
described. Only the two-dimensional case of unidirectional waves propagating in a direction
orthogonal to the cylinder axis is considered. The model attempts to account for the limitations
of current theory regarding the variation of the slamming coefficient with cylinder submergence,
and treats the vertical force during the partial submergence phase in alternate ways. The model
has also been extended to include the case of a horizontal cylinder which responds dynamically

to the applied wave force, and an inclined cylinder.

Model I (Isaacson and Subbiah, 1990) which uses a Cg, value of 7w and simply assumes a linear
variation of the vertical force during partial submergence of the cylinder, and Model II which
also uses a Cg, value of ® but a modified Cg;q coefficient, are used to study the variation of the
maximum force as a function of the governing non-dimensional parameters in the problem. It is
seen that although there are notable differences during periods of partial submergence of the
cylinder, both models predict maximum forces which are very close to each other, which
indicates that a detailed modelling of the force variation during the stage of partial submergence

may be avoided in certain cases

For the case of random waves, the time variation of the force is illustrated both for a narrow-
band spectrum and a two-parameter Pierson-Moskowitz spectrum. The probability densities of
the force peaks are compared with available analytical predictions which are based on the
assumption of a narrow-band spectrum. These probability densities have been obtained using all
the force peaks in a record, as well as using a single force peak for each wave, so that the
presence of secondary peaks during each wave is accounted for. The latter method provides
better agreement with the predictions. In the case of a narrow-band spectrum, the agreement is
quite reasonable, with discrepancies due in part to sampling variability. For the case of a broader
band spectrum, the agreement is quite poor and indicates that the analytical predictions cannot be

directly extended to the case of a broad-band spectrum.
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The predictions of the numerical model have also been compared with the experimental data,
and results from the simulations indicate that the variation of the slamming coefficient during the
early phase of partial submergence is more accurately predicted by Campbell and Weynberg’s
(1980) expression which is based on a Cg value of 5.15 and has a faster rate of decay in
comparison to Taylor’s model. It is seen that the proposed method for combining the slamming,
buoyancy, drag, and inertia force components works reasonably well when used with appropriate
values of the force coefficients, and that the model is able to predict a variation of the vertical
force which compares well with the experimentally observed force over the entire wave cycle.
The dynamic model which also incorporates a rise-time parameter in the slamming force is seen
to perform equally well in predicting the wave force and the resulting response of the cylinder.
It is noted that a finite rise-time used in the simulation will give rise to a larger dynamic response
for the same value of Cs, used with a zero rise-time. Reasonable agreement between simulations
and experiments is seen in the case of the inclined cylinder which validates the strip method for

estimating the slamming force.

The various methods including an approach based on an impulse coefficient for estimating the
maximum response of a cylinder subjected to wave impact, are illustrated in the context of a
typical ocean engineering application. In addition to the smaller scatter shown by the
experimental estimate of C; in comparison to Cg;,, the use of the impulse coefficient method is
relatively simple, and appears to be effective in estimating maximum structural element

responses for conditions under which this method is applicable.

3.2 Plunging Wave Impact on a Horizontal Cylinder

An experimental study of impact forces due to plunging wave action on a slender horizontal
cylinder has been conducted for different cylinder elevations and wave breaking locations. In
addition to the horizontal and vertical force components on the cylinder, a video record of the
impact has been obtained for the different tests. The maximum values of the force components

have been corrected for the dynamic response of the cylinder, and the resultant peak force along
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with the impact velocity and radius of curvature of the wave-front which are estimated from the

digitized video images, are reported.

As expected, the peak impact force is found to depend on the vertical and horizontal location
of the cylinder relative to the breaking wave. The impact is more severe for cases where the
radius of curvature of the water surface at impact is similar to the radius of the cylinder. In
addition to a significant horizontal force component, the magnitude of the impact force due to a
breaking wave is considerably larger than that due to a regular non-breaking wave of the same
height and period. The peak slamming coefficient Csq, determined from the recorded force and
the corresponding local water surface velocity at impact, exhibits considerable scatter, varying
from 1.3 to 10.7. If instead, the wave celerity is used as a basis for calculating C,, the largest
values of Cy, obtained are 2.2, 4.5 and 2.2 for the low, middle and high cylinder elevations

respectively.

No currently accepted scaling law is available for extending results from model tests on
breaking wave forces to prototype scales due to the differing characteristics of the entrained air
in the two cases. However, it is expected that the use of Froude’s law will lead to results on the

conservative side when using model results at large scales.

5.3 Recommendations
Estimation of Design Loads

The results of the present investigation lend support to earlier studies which conclude that the
magnitude of Cs is larger than the generally accepted value of Tt which has been used in design.
The nature of the wave slamming phenomenon is such that any departure from ‘ideal’
conditions, including the presence of disturbances on the water surface, entrained air,
compressibilty, cylinder roughness, cylinder inclination, and non-normal approach of incident
waves tend to result in a reduction of the severity of the slamming force. Other factors such as

cylinder motion, and presence of fouling can result in elevated values of the slamming
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coefficient. It is currently not possible to use theoretical techniques which can account for the

effects of some of these factors.

In the absence of detailed full-scale experimental data, it is recommended that designers use a
Cso value between 5 and 6 when calculating slamming forces on a horizontal cylinder in non-
breaking regular waves. In cases where the dynamic response of the element is an issue, a time
domain simulation to determine the forces and design stresses may be warranted. The modified
expression for the combined slamming and drag coefficient based on Campbell and Weynberg’s
(1980) results used along with the Morison equation and suitable force coefficients is seen to
yield reasonable estimates of the vertical force variation with time. For structural elements with
natural periods greater than 0.5 sec, the use of an impulse coefficient C; between 0.8 and 1.2 can

also provide a quick estimate of the dynamic response of the element.

The data from the present study shows that the most severe impact forces occur when the
underside of the cylinder is close to the still water level for the case of non-breaking wave
impact, and the underside of the cylinder is approximately two-thirds of the wave crest elevation

above the still water level for the case of plunging wave impact.

Further Study

There are several avenues which can be explored further in the study of wave slamming on
cylinders. In addition to a closer examination of the effect of cylinder tilt on the slamming force,
oblique wave impact in the case where the wave crest approaches the cylinder at an angle is a
problem which merits further study. Laboratory experiments on wave slamming, especially tests
involving Froude numbers higher than 1.5, which accurately measure the impact velocity using
laser-doppler velocimetry can also help to provide better estimates of the slamming coefficient.
Data on the statistical properties of the impact force in experiments using random waves will

also be of use to designers.
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Since the slamming force is sensitive to a number of parameters which are difficult to
reproduce in a laboratory, a valuable contribution to the present understanding of the subject will
involve reliable full-scale slamming force data on a platform element in typical sea states.
Earlier reported full scale studies have suffered from problems including excessive filtering of
force data and the use of inadequate sampling rates. Currently available instrumentation and
computer based data collection methods should allow an easier implementation of field

measurements.

Forces due to breaking wave impact on a horizontal cylinder are seen to be up to 20 times
larger than those due to regular waves of the same period and height. Data from the present
study suggests that the maximum force is strongly dependent on the cylinder elevation and wave
breaking location. Accurate measurements of the curvature and velocity of the breaking wave-
front will allow better correlation between these parameters and the maximum impact force. The
unavailability of an accepted scaling law for this problem points to the necessity of conducting
similar experiments at large scales which will serve as an important extension to the data

gathered in the present study.
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Investigator Type of Test L/D Froude No. Coo_
Arhan et al. (1978) Drop test 33-10 0.6-2.6 24-69
Campbell and Weynberg Drop test 6-16 19-5.7 35-6.5
(1980)
Schnitzer and Hathaway Drop test 3.6 1.7 ~3.5
(referred to by Miller, 1980)
Sollied (referred to by Drop test 1.1-15 41-64
Miller, 1980)
Watanabe (referred to by Drop test 0.5 14-2.1 6.2
Miller, 1980)
Souter et al. (referred to by Drop test 3.6,4.6 1.6-5.1 52-6.8
Miller, 1980)
Faltinsen et al (1977) Drop test 23-37 04-12 41-64
Miao (1988) Drop test 04,2,30 0.1-38 Avg. 6.1
Bergren (referred to by Regular waves 40 - 100 1-3.1
Miller, 1980)
Canham (referred to by Regular waves 15 0.35-0.6
Miller, 1980)
Dalton and Nash (1976) Regular waves 20 1-35 1-45
Holmes et al. (referred to by Regular and 24 - 108 03-34 04-29
Miller, 1980) Irregular Waves
Miller (1977) Irregular wave 15 03-15 1-8(Avg.

packet 3.5)
Webb (referred to by Miller, Ocean waves 30 3-4
1980)
Sarpkaya (1978) Rising water 45-12 05-13 3.2
surface (U-tube)

Table 1.1 Peak slamming coefficient Cg, reported in earlier experimental studies.



Period Height Steepness Celerity

T (sec) H(cm) ¢ (m/s)
1.0 9.8 0.064 1.53
1.0 14.6 0.096 1.53
1.1 13.8 0.079 1.61
1.1 17.0 0.102 1.60
1.2 12.1 0.058 1.74
1.2 15.2 0.073 1.74
1.2 19.3 0.092 1.74
14 16.5 0.062 1.89
14 22.6 0.085 1.89
1.5 13.9 0.048 1.94
L5 18.4 0.063 1.94
1.5 229 0.078 1.94
1.6 16.8 0.053 1.99
1.6 224 0.070 1.99
1.8 13.5 0.036 2.06
1.8 17.8 0.048 2.06

Table 4.1 Properties of regular waves used in slamming experiments.
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T H G Cci vpTi/a
(sec) (cm) Mean Mean C.0O.V. Mean C.0.V.
h=0.5cm
1.0 9.8 0.65 0.68 0.05 0.48 0.08
1.0 14.6 1.08 1.15 0.19 0.88 0.13
1.1 13.8 0.73 0.80 0.15 0.90 0.13
1.1 17.0 1.36 1.47 0.19 0.85 0.13
1.2 12.1 0.74 0.76 0.04 0.41 0.05
1.2 15.2 0.84 0.89 0.14 0.74 0.15
1.2 19.3 1.21 1.30 0.27 1.00 0.15
1.4 16.5 0.90 0.93 0.05 0.54 0.12
14 22.6 0.80 0.84 0.30 1.11 0.16
1.5 13.9 0.53 0.54 0.15 0.43 0.07
1.5 184 0.72 0.75 0.12 0.68 0.06
1.5 229 0.55 0.58 041 1.15 0.14
1.6 16.8 0.35 0.38 0.12 0.48 0.08
1.6 224 0.64 0.67 0.30 0.76 0.15
1.8 13.5 0.26 0.26 0.04 0.29 0.06
1.8 17.8 0.33 0.33 0.10 0.34 0.07
h=45cm
1.1 17.0 0.93 1.01 0.26 0.90 0.12
14 16.5 0.61 0.63 0.06 0.57 0.17
1.5 184 0.60 0.64 0.09 0.74 0.14
1.6 16.8 0.71 0.73 0.05 0.50 0.07
h=-4.5cm
14 22.6 0.37 0.47 0.19 0.51 0.21
1.5 184 0.34 0.35 0.27 0.40 0.15

Table 4.4
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Summary of impulse coefficients and related parameters estimated from slamming

tests in regular waves.
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Fig. 1.2 Photograph of plunging wave impact on horizontal test cylinder.
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Fig. 1.3 Comparison of analytical and experimental results for the slamming coefficient Cs as a
function of relative submergence s/a (Greenhow and Li, 1987). 1, experiments of
Campbell and Weynberg (1980); 2, ellipse theory of Fabula (1957); 3, von Karman
(1929); 4, semi-Wagner; 5, Wagner’s flat plate approach (1932); 6, Taylor (1930);
7, semi-von Karman; 8, semi-Wagner; 9, Wagner’s exact body approach.
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Fig. 2.3 Variation of dimensionless buoyancy force with relative submergence s/a.
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Fig. 2.4  Variation of Cg with submergence s/a - selected results, — — — — — , von Karman;
— - - —, Wagner;, ———, Taylor; — - — -, Campbell and Weynberg;
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Fig. 2.5 Variation of inertia coefficient Cy, with relative submergence s/a. —————,
Taylor’s solution (Cpyp =2.0); — — — , approximations for Cppo = 2.0 and 1.7.
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Sketch of free surface elevation and corresponding vertical wave force over one wave

Fig. 2.6

— — — , model II. (a) complete submergence,

?

, model I;

cycle.

(b) partial submergence.
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Fig. 2.7  Proposed variation of combined C; + Cq coefficient with relative submergence s/a for
C4=08. ——,CG+Cq;————— , Taylor's solution for Cs.
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Fig. 2.9 Representation of an idealized impact force with T¢/T; = 1.
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Fig. 2.10 Response F/F, of SDOF system to an applied impulsive force with different values

of TJ/Ty.
————— , applied force and response for impact with Tg/T;=2.0. (a) T/T,=0.2,

(b) T/Tp, = 2.0.

, applied force and response for impact with T¢/T; = 1.0;
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Fig.2.11 (a) Dynamic amplification factor Fi,/F, and, (b) relative rise time T/T as functions
of T¢/Tx for an applied impulsive force with T¢/Ty = 1.0. ————, { = 0;
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Fig. 2.11 (c) Dynamic amplification factor Fy,/F, and, (d) relative rise time T/T; as functions
of Tt/Tp for an applied impulsive force with T¢/Ty = 2.0. ———, { = 0;
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Fig.2.12 Definition sketch for dynamically responding cylinder.
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Fig. 2.13 Definition sketch for the computation of the impulse coefficient.
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Fig. 2.14 Definition sketch for wave impact on an inclined circular cylinder.

SWL

Fig.2.15 Definition sketch for impact due to a sloping water surface.
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Fig.2.16 Variation of the free surface slope correction factors C'S/CS SRTERREEERREE: ) and C{/Gj
(— -——-) for an experimentally measured wave (—————) of period

T = 1.1 sec, and height H= 17 cm.
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Fig. 3.2 Photograph of computer-controlled wave generator.
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Fig. 3.3 (a) Photograph of test cylinder assembly, (b) Sketch of the experimental setup.
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Fig. 3.4 Block diagram of wave generation and data acquisition equipment.
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3.5 Recordofthe vertical force due to free vibration of the cylinder induced by an applied step
force of -19.6 N (2 kg).
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.3.6 Spectral density of free vibration record in Fig. 3.5.
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Fig. 3.7 Early stages of the measured vertical force on the test cylinder due to a typical wave
slamming event. e, indicates individual force samples.
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Fig. 3.8 Time histories of free surface elevation and vertical force during a slamming event.
T=14sec, H=22.8cm, h=0.5cm.
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Fig. 3.9 Time series of vertical force (-------------- ) and corresponding local variance

(——) used to detect the onset of slamming.
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Measure vertical force
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Fig. 3.10 Flow chart showing steps in analysis of experimental data.
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Fig.3.11 Frame of video record defining the wave breaking location xp.
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3.12 Record of the horizontal force due to free vibration of the cylinder induced by an applied
step force of 9.8 N (1 kg).

Spectral density (N2/Hz)
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.3.13 Spectral density of free vibration record in Fig. 3.12.
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Fig. 3.14 Comparison of corrected horizontal force (——————), with recorded horizontal

force (-----veeeee- ), and applied step force (— — — — — )
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Fig. 3.15 Impact force on the horizontal test cylinder due to plunging wave (h = 8.7 c¢m,
Xp = 36 cm). (a) ——, recorded vertical force component; ---------c-c-- 1
recorded horizontal force component. (b)) ———, recorded vertical force
component; --ccccvccecee , corrected horizontal force component.
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Fig. 4.4 Time histories of free surface elevation and vertical force during a slamming event.
T=1.1sec,H=17.5cm,h=0.5 cm.
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Fig.4.5 Time histories of free surface elevation and vertical force during a slamming event.
T=14sec, H=16.5cm, h=0.5cm.
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Fig. 4.6 Time histories of free surface elevation and vertical force during a slamming event.
T=1.6sec, H=16.8 cm, h=0.5cm.
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Fig. 4.7 Time histories of free surface elevation and vertical force during a slamming event.
T=15sec, H=139cm, h=0.5 cm.



160

0.12 T T T T T T T T T

0.08[ 7

0.04 -

n (m)

0.0

-0.04[ -

-0.08

7.0 T T T T T T T T

6.0 -

5.0 ]

-
o
T
|

3.0 -

Force (N)

2.0 =]

| | 1 i ] 1 | 1
.14.2 14.4 14.6 14.8 15.0 15.2
t (sec)

Fig. 4.8 Time histories of free surface elevation and vertical force during a slamming event.
T=15sec, H=18.4cm, h=0.5 cm.
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Fig. 4.9 Time histories of free surface elevation and vertical force during a slamming event.
T=15sec, H=229¢cm,h=0.5cm.
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Fig. 4.10 Time histories of free surface elevation and vertical force during a slamming event.
T=15sec,H=184cm,h=4.5cm.
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Fig. 4.11 Time histories of free surface elevation and vertical force during a slamming event.
T=15sec, H=18.4cm, h=-4.5cm.
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Fig. 4.12 Correction factors for peak slamming force and rise time as a function of the
observed rise time ratio Ty/Tp,. ——————,F/Fg; — — — — — , Te/Tr.
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Fig. 4.13 Probability density histogram of Cso (------- ) based on data collected from entire

set of experiments. ———, log-normal probability density.
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Fig. 4.16 Comparison of slamming force time histories for different cylinder inclinations,
T=12sec, H=193cm. ———,0 =0% ------------- ,0=48% —-—-,
0 =9.6°.
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Fig. 4.17 Comparison of slamming force time histories for different cylinder inclinations,
T=18sec, H=17.8cm. —, 0 =0° -------------- ,0=48% —-—-,
6 =9.6°.
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Fig. 4.18 Time variation of free surface elevation and simulated vertical force for ®w?a/g = 0.05,
0)2H/g = 0.6, and different cylinder elevations. —— , Model [; — - — - — ,
Model II.
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Fig. 4.19 Distribution of the non-dimensional maximum vertical force as a function of cylinder
elevation and w?H/g. —————— , Model I; — — —, Model II. (a) 0)2a/g = 0.005,
(b) w?a/g=0.01.
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Fig. 4.20 Variation of the non-dimensional maximum vertical force as a function of w2a/g for
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Fig. 4.21 Spectral density ( ) and corresponding amplitude spectrum ( A ) with Hg=10m,
and Tp = 14.3 sec, used in the numerical simulation of random waves. (a) Narrow-band
spectrum, (b) Pierson-Moskowitz spectrum.
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Fig. 422 Segment of numerically simulated time series of (a) free surface elevation and, (b) non-
dimensional vertical force for a narrow-band spectrum.
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Fig. 4.23 Segment of numerically simulated time series of (a) free surface elevation and, (b) non-

dimensional vertical force for a two-parameter Pierson-Moskowitz spectrum.
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(a) narrow-band spectrum, (b) two-parameter Pierson-Moskowitz spectrum.
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) with the

—)

compared with rigid cylinder model estimate (— - — - ) and the measured force

). T=12sec, H=15.2cm, h=0.5 cm, T, = 290 Hz, Ty = 20 msec.
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Fig. 4.27 Comparison of vertical force predicted by rigid cylinder model (————————) with the
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Fig. 428 Photograph showing mass of water suspended from test cylinder after recession of
incident wave.
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Fig. 429 Comparison of vertical force predicted by rigid cylinder model (——————) with the
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Fig. 430 Early stages of slamming force predicted by dynamic cylinder model (—————)
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Fig. 4.33 Predicted time history of the vertical force on the cylinder for the example

application.

, buoyancy force

component; — - — -, mid-span cylinder response for fixed-end condition;

, mid-span cylinder response for pinned-end condition.
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Fig. 4.34  Sequence of video frames showing plunging wave impact on horizontal test cylinder.
h=4.7 cm, x,, =25.5 cm.
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Fig. 4.35 Digitized profiles of plunging wave in the vicinity of the horizontal test cylinder.
h=4.7 cm, x, = 36 cm.
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Fig. 436 Time histories of recorded vertical force (—————) and corrected horizontal force
CEREEERERTREEE ) on horizontal test cylinder due to breaking wave impact. h = 4.7 cm,
Xp =25.5cm.

Fig. 4.37 Sequence of video frames showing plunging wave impact on horizontal test cylinder.
h=8.7cm, xp =-3.5 cm.
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Fig. 4.38 Sequence of video frames showing plunging wave impact on horizontal test cylinder.
h=8.7cm, x, =25.5 cm.
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Fig. 4.39 Digitized profiles of plunging wave in the vicinity of the horizontal test cylinder.
h=8.7cm, x, =25.5 cm.



183

75.0 T T - T

60.0 -

45.0 -

Force (N)

t (sec)

Fig. 440 Time histories of recorded vertical force ( ) and corrected horizontal force

) on horizontal test cylinder due to breaking wave impact. h = 8.7 cm,

Xp =25.5 cm.

Fig. 441 Sequence of video frames showing plunging wave impact on horizontal test cylinder.
h =8.7 cm, xp = 49 cm.
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Fig. 4.42 Sequence of video frames showing plunging wave impact on horizontal test cylinder.

h=12.7 cm, xp, = 25.5 cm.
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Fig. 4.43 Digitized profiles of plunging wave in the vicinity of the horizontal test cylinder.

h=12.7 cm, xp = 17 cm.
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