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ABSTRACT

Information about the forces acting on cylindrical structures subjected to wave impact is
of significant importance in ocean engineering and naval architecture. The design of
structures that must survive in a wave environment depends on knowledge of the forces
that occur at impact. Impact loads due to wave slamming on horizontal members of an
offshore structure are of considerable interest in the context of offshore design,
particularly because such loads can give rise to structural failure. Predictions of the wave
slamming force generally involve the use of a slamming coefficient. The purpose of this
thesis is to analyse the wave impact forces acting on a fixed, slender, horizontal circular
cylinder in the vicinity of the free surface, taking account of the intermittent submergence
and wave slamming. It presents a new mathematical model for the impact forces acting
on a horizontal circular cylinder from the instant of impact to full immersion. Two new
expressions are derived for the slamming coefficient, the first expression as a function of
the Froude number and the second expression as a function of the Keulegan-Carpenter
number. A computer program is developed on the basis of the aforesaid theoretical
analysis. The program is written in Fortran 90/95 and executed on the personal computer.
The computational results are plotted to show the variation of the slamming coefficient
with the Froude number, Keulegan-Carpenter number, wave amplitude, cylinder
diameter, depth of cylinder immersion, instantaneous height of the wave surface above
the mean water level and the added mass per unit length of the cylinder. In order to check
the validity of the mathematical model developed, the present results are compared with

the theoretical and experimental results of other investigators.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Hydrodynamic impact may be defined in general fashion as the forcible, sudden contact
of a body, or any part thereof, with the surface of water. A fast planing craft, running
through and into waves, suffers impact loading when a portion of the moving bottom
surface meets the advancing side of a wave, practically parallel to it. The vertical forces
and changes in acceleration on a small, fast, planing boat are frequently so large as to
cause it to jump violently up and down. Impact also occurs when there is sudden contact
of a liquid surface with a body or a ship; in other words, when the liquid is moving rather
than the ship. Large waves often strike sea walls with impact, and breaking wave’s impact

upon ships which are not in motion.

Interest in this field of hydrodynamics arose more than a half century ago in connection
with the problem of the landing of flying boats and seaplanes. Increases in the takeoff and
landing speeds of flying boats and seaplanes, and in the running speeds of racing
motorboats, coupled with the use of these crafts in rougher water, brought with them the
need to estimate or to predict the water-impact forces and pressures on their bottoms. The

latter were almost always wedge-shaped in section. Instrumentation was not then
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available to record these rapidly applied loads and strains, so the problem was attacked

analytically (Szebehely, 1959).

The wave impact is generally defined as the early stages of the penetration of a solid body
into a wave surface. At the instant of contact the fluid in the vicinity of the body
undergoes large accelerations which give rise to large forces. As the body becomes more
fully immersed, forces due to viscous drag and separation effects become predominant.
Thus the inertia and drag coefficients used in the classical Morison equation (Morison et
al., 1950) are not constant, and the problem becomes very difficult, even for simple

geometries.

When a body enters a free water surface at speed it experiences large transient forces due
to the acceleration field it sets up within the water. The forces are generally termed
impact or slamming loads and are often of considerable practical importance. Offshore
structures often have appreciable number of main structural and bracing members near
the still water level. As waves pass the structure some of these members are alternately
exposed to the air and then submerged in the water. Each time they enter the water there
are slamming forces. Failures of some members have been partially attributed to

slamming.

1.2 Literature Review

The history of research into slamming and impact loads is relatively recent mainly
because it is, as far as naval architecture is concerned, predominantly a high speed
phenomenon. The general problem of hydrodynamic impact has also been studied
extensively motivated in part by its importance in ordnance and missile technology. A
large number of mathematical models have been developed for cases of simple geometry
such as spheres and wedges. These models have been well supported by experiment.

Unfortunately, the special case of wave impact has not been studied extensively.
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The early impact theory of von Karman (1929) was based on the principle of conservation
of momentum throughout the impact. Prior to impact all momentum is associated with the
body, but as the wedge becomes immersed part of the momentum is imparted to a mass of
water which is in contact of the bottom and which has the same velocity as the bottom.
With a constant momentum, increased mass required a decreased velocity for the system
and the change of momentum of the body alone defined the force on the body. von
Karman proposed an attached or virtual mass equal to the mass of a half-cylinder of water
having a diameter equal to the instantaneous width of the wedge in the plane of the
undisturbed water surface. While von Karman’s paper was the first, mathematical details
came with Wagner’s (1931) work published three years later. The basic idea of the
mathematical treatment proposed by Wagner can still be recognized in recent papers. In
his somewhat difficult-to-read publication he solved the impact problem of the two-
dimensional symmetric wedge of small deadrise angle, discussed the concept of similarity
solution, computed the piled up water surface, the pressure distribution, spray thickness,
gave the equation of a constant force bottom and introduced a deadrise angle correction
factor. It can be stated without exaggeration that von Karman’s physical picture and
Wagner’s mathematical treatment are still valid and useful, and form the basis of most

later papers.

When considering the various forces acting on offshore drilling platforms at sea, an
important class of forces for which there is no extensive history of study are the impact
forces that act on horizontal structural members in the so called splash zone. The splash
zone is a region wherein the particular horizontal members of the platform are not usually
considered to have continuous contact with the waves, but which are located at a height
relative to the mean water surface so that only occasional contact with the water will
occur (see Figure I). The nature of the forces that occur during such contacts is
essentially impulsive, and thus somewhat similar to the forces associated with the often-
encountered slamming of ships, where the relative emersion and immersion of a portion

of the ship bow region with respect to the sea surface produces impacts on the ship.

Wave forces on structures composed of slender members are traditionally calculated on
the basis of the classical Morison equation, in which the force at any section of a member
is expressed directly in terms of the fluids kinematics that would occur at that section’s

location (Morison et al., 1950). However, the Morison equation is generally applicable
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only to portions of an immersed body that are in full contact with the water continually,
and as such there is a question as to whether that particular approach can be considered

applicable to the present impact force problem for horizontal members.

Kaplan and Silbert (1976) developed a mathematical model for determining time histories

of vertical impact forces on platform horizontal structural members in the splash zone.

Dalton and Nash (1976) conducted slamming experiments with a 1.27 cm diameter
cylinder with small amplitude waves generated in a laboratory tank. But their data
exhibited large scatter and showed no particular correlation with either the predictions of

hydrodynamic theory or identifiable wave parameters.

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 specific rise time, and to decrease
linearly to zero over a specific decay-time. The drag and inertia components were
assumed to act only when the cylinder was fully immersed 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 reducing in order to avoid an unrealistic dynamic response during that
stage. Miller also 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 Cs’ of 3.6, although there was appreciable scatter
in the results. He concluded that this was consistent with the theoretical value of © 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) investigated the load acting on horizontal circular cylinders (with
end plates and length-to-diameter ratios of about 1) which were forced with constant
velocity through an initially calm free surface. They found that the slamming coefficient

ranged from 4.1 to 6.4. They also conducted experiments with flexible horizontal
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cylinders and found that the analytically predicted values were always lower (50 to 90 per

cent) than those found experimentally.

Sarpkaya (1978) conducted slamming experiments with harmonically oscillating flow
impacting a horizontal cylinder and found that: (a) the dynamic response of the system is
as important as the impact force (that is, one cannot be determined without accounting for
the other); (b) the initial value of the slamming coefficient is essentially equal to its
theoretical value of 7; (c) the system response may be amplified or attenuated,
depending on its dynamic characteristics; (d) the buoyancy-corrected normalized force in
the drag-dominated region reaches a maximum at a relative fluid displacement of about
1.75; and (e) roughness increases the rise time of the force and tends to decrease the

amplification factor.

Kaplan (1979) described some of the problems associated with the measurement of high
frequency impact forces on offshore structures. The effects of various elements of the
measuring and data processing systems on the data, as well as the correlation with theory,
were presented in detail. Theoretical representations of the various physical mechanisms
contributing to the total forces, both vertical and horizontal, were described and exhibited
in the results. Comparisons between theory and experiment were presented in the form of
time history characteristics as well as analysis of peak values for use in design estimation.
He found that the slamming coefficient ranged from 1.88 to 5.11, with just as many

values above the theoretical value of © as below, and a mean value of Cs = 2.98.

Miller (1980) has shown that for most structures the current practice of applying a
constant slamming coefficient of 3.5 is conservative when estimating extreme stresses.

For fatigue estimation this appears to be the case irrespective of the member geometry.

Campbell and Weynberg (1980) measured spanwise and circumferential pressures in
addition to the vertical force on horizontal and inclined cylinder driven through a still
water surface. They observed that the slamming force was predominant for tests
involving a Froude number (Fr = U/ /gD , where U is the fluid velocity, g is the

gravitational acceleration and D is the cylinder diameter) higher than 0.6. They also

indicate that the slamming force was masked by the dynamic response of the force
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transducer and the scatter in the observed data was the result of variable rise-times which
were sensitive to small variation 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 Csp = 5.15. This equation is independent of the Froude

number and was not corrected for buoyancy effects.

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 Cy' is 2n

rather than m 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 Cgg value of 4mt/3.

Isaacson and Subbiah (1990) described random wave forces acting on a fixed, slender,
horizontal circular cylinder in the vicinity of the free surface, taking account of the
intermittency of submergence and wave slamming. They derived expressions for the
probability density and the mean of the force maxima, and calculated the expected value
of the single largest force maximum occurring within a given duration. These predictions
were based on the assumptions of linear wave theory and a narrow-band wave spectrum.
They presented useful numerical results and discussed the effects of intermittent

submergence and wave slamming.

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 observation of slamming on a cylinder driven into still water. Miao also
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
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expression for the variation of Cg with submergence which indicates a Cgy value of 6.1
and also concluded that for typical truss members in heavy seas, thy dynamic application
of the response and the induced stresses ranged from 0.3 to 0.6 due to the short impulse

times observed in the experiments.

Chan et al. (1991) presented the results of an experimental study of plunging wave action
on a large horizontal cylinder in the splash zone. Impact pressures were found to range
from localized impulsive pressures with time scales in the range of 0.001T to
synchronous low frequency pressure oscillations with oscillation time scale around 0.01T
(T being the characteristic wave period). The peak impact force was about 8.6pc’R per
unit length of the cylinder (where p is the water density, C is the characteristic phase
speed of the wave and R is the radius of the cylinder. Overall, the incident wave profile

trajectory and the entrapped air were found to influence the impact load significantly.

Isaacson and Prasad (1992 and1994) described a numerical and experimental study of the
vertical force acting on a section of a fixed, horizontal circular cylinder located near the
free surface. The two-dimensional case of unidirectional waves propagating in a direction
orthogonal to the cylinder axis has been considered. Numerical models are developed for
the time-varying vertical force on fixed and dynamically responding cylinders on the
basis of specified empirical force coefficients. As an alternative to the conventional
approach involving the slamming coefficient, the suitability of an impulse coefficient
which combines the impact force and rise time into a single dimensionless quantity has

also been examined.

Khalil and Ali (1994) conducted an investigation into wave slamming loads on horizontal
circular cylinders. They provided an analytical approach for deriving an expression for
the slamming coefficient. Subsequently, they developed a computer code based on the
theoretical analysis and generated computational results. The results of computation were
plotted graphically with a view to explaining the salient features of wave slamming on

cylindrical structures like the braces between legs of an offshore platform.

Cortel and Grilli (2006) studied the impact on cylindrical piles of extreme waves,
generated by directional wave focusing. Waves were numerically modeled based on a

boundary element discretization of fully non-linear potential flow equations with free
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surface elevation. Finally, the full loading on a cylindrical tower structure, due to a freak

wave, was determined.

Zylinsky (2009) performed finite element analysis of wave slamming on offshore
structure. He focuses on the analysis of wave slamming on floating platform column.
Dynamic analysis has been performed with non-linear finite element method software

package ABAQUS.

Khalil, Tarafder and Akter (2009) presented a mathematical model for the wave impact
forces acting on a horizontal circular cylinder from the instant of impact to full
immersion. They derived an expression for the slamming coefficient as a function of the
Keulegan-Carpenter number, wave amplitude, diameter of the circular cylinder,
instantaneous height of the wave surface above the mean water level, depth of immersion
and added mass per unit length of the cylinder. A computer code is developed on the
basis of the aforesaid theoretical analysis. The computational results are plotted in order
to show the variation of the slamming coefficient with the Keulegan-Carpenter number,

non-dimensional immersed area, non-dimensional added mass and relative submergence.

1.3 Present Research

The purpose of the present research is to analyse the wave impact forces acting on a
fixed, slender, horizontal circular cylinder located above the still water level. It presents a
new mathematical model for the impact forces acting on a horizontal circular cylinder
from the instant of impact to full immersion. Two different expressions are developed for
the slamming coefficient. The first expression is a function of the Froude number whereas
the second expression is a function of the Keulegan-Carpenter number. It may be noted
that the Froude number and the Keulegan-Carpenter number are two important
dimensionless parameters associated with wave mechanics. These two parameters are
used extensively in the design of offshore structures. Thus the expressions of the
slamming coefficient which include the aforesaid dimensionless parameters are expected

to be very useful in the analysis of wave impact forces on offshore structures.
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A computer program is developed on the basis of the aforesaid theoretical analysis. The
computational results are plotted in order to show the variation of the slamming
coefficient with the Froude number, Keulegan-Carpenter number, cylinder diameter-to-
wave amplitude ratio, non-dimensional immersed area, non-dimensional added mass,
relative submergence and wave steepness. In order to check the validity of the
mathematical model developed, the present computational results are compared with the

theoretical and experimental results of other investigators.
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CHAPTER 2

THEORETICAL FORMULATION

The general case of hydrodynamic impact is usually described by using incompressible
potential flow theory. The compressibility of water and air and the cushioning effect of
air (air boundary layer, depression of the water surface just before impact, etc.) are
ignored. For a moving body with mass M, and velocity v,, impacting a quiescent surface,
the system momentum is Mv,. Neglecting non-conservative forces, the momentum of the
system is unchanged during penetration. However, the mass of the system increases
because of the fluid set in motion near the body. Also known as added mass, m results in
reducing the velocity. Thus, the system momentum after penetration is (M +m)v =
Mv,. The impact force at any instant is a function of the added mass m and its time
derivative m. Therefore, the solution requires knowledge of the added mass and its time
derivative. The determination of the added mass is not a simple matter and the results
depend on the assumptions made (Moran, 1965). The following analysis is based on the

added mass calculated by Taylor (1930).

This section presents a two-dimensional analysis of the hydrodynamic forces acting on a

fixed horizontal circular cylinder in the vicinity of the free surface, taking account of the

intermittent submergence and wave slamming. The following assumptions are made in

the present theoretical analysis:

(1) The wave system propagates in a direction normal to the axis of the horizontal
circular cylinder.

(i)  The motion of the free surface is assumed to be a sinusoidally oscillating one.

(iii))  The water is assumed to be inviscid, incompressible and the flow is irrotational.

(iv)  The diameter of the cylinder is assumed to be much smaller than the wave length.
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v) The free surface on the small circular cylinder is assumed to be flat.

Let us now analyse the hydrodynamic forces acting on a fixed horizontal circular cylinder
located near the free surface, taking account of the intermittent submergence and wave
slamming. It is assumed that the wave system propagates in a direction normal to the
horizontal cylinder. The particular problem considered here is shown in Figure 2, where
is the height of the bottom of the cylinder above the mean water level, 7 is the
instantaneous height of the wave surface above the mean water level, and S is the

instantaneous depth of cylinder immersion and 4, is the immersed area.

The total vertical force acting on the immersed cylinder section is made up of a buoyant
force and a hydrodynamic force of inertial nature due to the body-wave interaction. The
force on the circular cylinder can be expressed as

F=F,+F, (1)

where F) is the force of buoyancy and F; is the inertial hydrodynamic force.

The tendency of a fluid to uplift a submerged body, because of the upward thrust of the
fluid, is known as the force of buoyancy or simply buoyancy. It is always equal to the

weight of the fluid displaced by the body. Thus the force of buoyancy is given by

F, = pg4, 2)
where p represents the density of water, g is the gravitational acceleration and A4, is the
immersed area of the cylinder.

The inertial hydrodynamic force F, is obtained by generalizing the relations given by

Kaplan (1957) and Kaplan and Hu (1959) for body-wave interaction, which leads to the

expression
. 0/ .
F, = pAfi+—(mi}) (3)

in which m represents the vertical added mass per unit length of the circular cylinder.
The first and second derivatives of 7 with respect to time are denoted by 7 and 7 which

represent the vertical wave velocity and vertical wave acceleration respectively. The first

term in Equation (3) arises due to the spatial variation of the wave characteristics and the
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second term arises from the time rate of change of fluid momentum associated with the
immersed portion of the cylinder section.

The expression for F, can be simplified as:

F, = pAj+ mij + 5 2

or,
om 0S
F = A i+ ——
L =(m+p l)f7+naS >
or,
F = (m+ pd, Jij+ 222 @)
1 1 aS

Thus, the total vertical force acting on the immersed cylinder section is given by

F=pgd, +(m+pAi)f7‘+Z—’§ﬁ2 )

This expression holds good only if there is water contact and resulting immersion of a
portion of the circular section. An evaluation of this force expression, which is a two-
dimensional force per unit length of the cylinder, requires determination of the immersed

area A, and the vertical added mass m, as well as its rate of change with immersion

om/oS.

Referring to Figure 2, we can perform a simple geometrical analysis to obtain an
expression for the immersed area of the horizontal circular cylinder. Let O be the centre
and D be the diameter of the circular cylinder. 4B is the water level and OC is drawn
vertically downwards from the centre. ACB is the immersed area of the circular cylinder
and o is half of the angle subtended at the centre by the water level.

From the geometry of the figure, we find that

0OA =0OB =R

where R is the radius of the circular cylinder.

ZAOE = Z/BOE =«

OE = Rcosa

EB =Rsina

Area of AOEB =1R?sinacosa

Area of AOAE = %RZ sin o cos o
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Area of AOAB = R*sina cosa (6)
The wetted perimeter = P =2R« 7
. Area of OACB = R*« (8)
From Equations (6) and (8), we get the immersed area

2 2 o:
A, =R°a—-R"sinacosa

or,

4 =R —R sin2¢

or,

) =R2[a— sm2aj )

But we know that
0=2a

where @ is the total angle subtended at the centre by the water level. Thus, we can write

y _Rz(g_smej

2 2
or,

4:§w_mm (10)
or,

4, =%2(0—sin(9) (11)
where D =2R.

Equation (11) can be rewritten as

A =20 (12)
where
£.(0)=6-sind (13)

The instantaneous depth of cylinder immersion S can be related to the variables D and 6

by

S =2(1—cosgj
2 2
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or,

S l[l—cosg) (14)
D 2 2

The problem of the vertical added mass of segments of a circle has been solved by

Lockwood Taylor (1930). He has shown that the added mass is given by

m=

e B

Thus, we can write

m=L2-1.) (16)
where

_ 27 (1-cos0) 7 g
£,(0)= 3 (2ﬁ_9)2+3(1 cos6)+ (sin6 - 0) (17)

Equation (17) clearly shows that at 6 =27, f,(6)takes the indeterminate form 0/0. In

such a case, applying L’ Hospital’s rule (Smirnov, 1964), we get

3

Lth@}:%;—zn (18)

0271

(The detailed evaluation of the above function is presented in Appendix I).

Differentiating both sides of Equation (15) with respect to &, we have

2 3 :
om _ pD” |2z sin & +2(1_C050) +£sin9+(cos¢9—1) (19)
( 3

00 8 | 3 |(2z-0) (2z-0)
From Equation (14), we obtain

oS D . 0

%ZZSIHE (20)
Now

am _om 00

oS 002§

or,

o @1)

Combining Equations (19), (20) and (21), we get
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3 )
om _ pD {27[ {( sin & +Z(I_COSH)}+%sin9+(cos6’—1)] (22)

S Hunl| 3 [@z-0) (2z-0)
2
Equation (22) can be presented in the following form:
om pD
" r(g 23
<=5 10 (23)
where
1 |27 | sin@ 2(1-cos8)| =«
0)= + +—sin@ + -1 24
f3( ) Sing|: 3 {(272’—9)2 (2”_9)3 } 3 Sin (COS )j| ( )

Differentiating both sides of Equation (17) with respect to &, we have

3 .
%z 27 Sing ~+ 2(1_COS?) +£sin9+(cos6’—l) (25)
do 3 |(2z-0f (2z-0) | 3

Combining Equations (24) and (25), we obtain

_dqh, 0
£.0)= de/smz (26)

Equation (24) clearly shows that at @ =0and 27, f;(f) takes the indeterminate form

0/0. Then, according to L’ Hospital’s rule, we get

L f0)=7 @7)
and
L 0= @

(The detailed evaluation of the above functions is presented in Appendix I).

The motion of the free surface is related to its maximum amplitude by
2
7= Asin(ij (29)

where 4 and T represent the amplitude and period of the free surface oscillations

respectively.

Differentiating both sides of Equation (29) with respect to time ¢, we have

dn . 274 27t
—=p=—2cos| — 30
a T ( T j (30)

Therefore, the maximum velocity U, of the free surface oscillations is given by

274
i/ = —— 31
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From Equations (30) and (31), we obtain

27t
1=U_cos| —
n m (Tj

or,
i 2

P =u 2|1 sm{—’”ﬂ (32)
i T

From Equations (29) and (32), we can write
~ : ,

7 =U,’ 1—[—) 33
m=U, y (33)
Differentiating both sides of Equation (29) twice with respect to ¢, we have

A7’ 27t

] = ———— Asin| — 34

== ( T j (34)

Combining Equations (29), (31) and (34), we get

2
m

AZ

=—-—"51 (35)

The expression for the slamming coefficient C,; can be written as

F
C, = 1
—pU,’D
> PY
or,
2F
Cs = 5 (36)
pU, D
Combining Equations (5) and (36), we have
208 +2(m + pa )i + 29" 52
Cy = a8 (37)

pU,’D

If a dimensionless relationship is set up between the inertia forces and the gravity forces,
there evolves the well-known Froude number. Normally, the Froude number is
considered as an indicator of geometrically similar flow, with respect to both velocity and
pressure phenomena, when gravity effects such as surface waves are involved. For the

present case, it can be represented by
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Fr= Y,

Jab

We can write Equation (37) as

Ciy=a+b+c
where
2094,
q= Pg2,
pU “D

b _ 2(7’}’[ +pAz)77
pU," D

and

Equation (40) can be simplified as:
204, D | A,
a= gz P s
U, D u, )D
Combining Equations (12), (38) and (43), we have

1
a _Wﬁ(e)

Combining Equations (35) and (41), we get

2(m+ pA, )y
pA°D

From Equations (12), (16) and (45), we may get

_ _1pD?f(0n 1 pDfi(0)n
4 pi’D 4 pd°D

or

b= —%[ (0)+ fz(ﬁ)@)@

Combining Equations (23), (33) and (42), we obtain

pDf, (9)0;[1—[1’;)2}

pU,’D

C =

or

30

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)



=1 (9){1 _ [%” 47)

Equations (39), (44), (46) and (47) finally lead to the following expression for the
coefficient of slamming:

o g 10000 0] 2 %) o) 1-( 2] @

4R 4

The wave elevation may be expressed as:

n=h+S§ (49)
where / is the height of the bottom of the circular cylinder above the mean water level
and S is the depth of immersion of the cylinder .

Dividing both sides of the above expression by 4, we get
n_h_ (SYD (50)
A A4 \D\ A

The hydrodynamic quantities describing the flow around a smooth, circular cylinder in

steady currents depend on the Reynolds number. In the case where the cylinder is

exposed to an oscillatory flow an additional parameter, the so-called Keulegan-Carpenter

number, appears. The Keulegan-Carpenter number is defined by
uU,T

"D

KC

(D

in which U, is the maximum velocity and T is the period of the oscillatory flow. This

parameter expresses the amplitude of fluid motion relative to cylinder size. The
magnitude of KC indicates the relative importance of drag and inertia forces (Keulegan &

Carpenter, 1958).

Equation (40) can be simplified as:

2g4,  2gT4, 2gT4,
‘" ngb B ngDf (U f | (52)
m m ( m jDZUm
Combining Equations (51) and (52), we get
2gTA,
a=—5" (53)
KCDU,,
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From Equations (31) and (53), we get

2gTA, 28T’ A, gT* A
a= 274\ 274KCD®>  7AKCD’ %)
KCDZ(TJ

From Equations (12) and (54), we get

_ gr’
a= 87zAKCfl(9) (55)

The wave form travels over the water surface, and the time for two consecutive crests to
pass a point is the wave period. The speed of the wave form is called the velocity of
propagation of wave. The classical theory of water waves shows that there is a relation
between the velocity of wave propagation V, the wave length L, and the water depth d.
This relation is given by (Muckle and Taylor, 1987):

V= §—L tanh ? (56)
V4

Suppose the depth of water is d = L/2, then we get
V= gtanh;r
2
It may be noted that tanhz is practically equal to unity. Thus, beyond depths of
approximately half a wave length the influence of depth is unimportant. We can,

therefore, write

_ |sL
V—\/; (57)

Putting V' = L/T in Equation (57), we get

L_ e

T 27

Simplifying the above expression, we get

2
=81 (58)
2
Combining Equations (55) and (58), we get
a=— () (59)
44KC "'

Equations (39), (46), (47) and (59) finally lead to the following expression for the

coefficient of slamming:
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" 44KC

Cy =2 £1(0)-~[1(0)+ 1, (9)(%}[%}% (9){1—@2} (60)

The theoretical analysis presented above leads to two different expressions for the
slamming coefficient. Equation (48) presents the first expression as a function of the
Froude number whereas Equation (60) gives the second expression as a function of the

Keulegan-Carpenter number.

It may be noted that the Froude number and the Keulegan-Carpenter number are two
important dimensionless parameters associated with wave mechanics. These two
parameters are used extensively in the design of offshore structures. Thus the expressions
of the slamming coefficient which include the aforesaid dimensionless parameters are

expected to be very useful in the analysis of wave impact forces on offshore structures.
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CHAPTER 3

RESULTS AND DISCUSSION

A computer program is developed on the basis of the theoretical analysis presented in the
preceding chapter. The program is written in Fortran 90/95 and executed on the personal
computer. The computational results are plotted in terms of relevant non-dimensional
parameters and interpreted with a view to explaining the salient features of wave impact

forces on horizontal circular cylinders.

Figure 3 shows the variation of the non-dimensional immersed sectional area (4/D?) of
the horizontal circular cylinder as a function of relative submergence (S/D). The non-
dimensional immersed sectional area is found to increase almost linearly with relative
submergence, and attains a value of 0.785 when relative submergence is unity, that is, the

cylinder is completely immersed.

Figure 4 shows the variation of the non-dimensional added mass [m = m/ (pD2 )] of the
circular cylinder as a function of relative submergence (S/D). It is observed that the non-
dimensional added mass increases steadily with relative submergence and attains a value

of 0.507 when relative submergence is unity.

Figure 5 shows the variation of the rate of change of added mass [f3(6) = 2 Z—T/ (pD)] with

relative submergence (S/D). It is observed that f3(6) attains a value of 3.142 when relative
submergence is zero. However, f3(6) decreases rapidly as the relative submergence
increases and attains the minimum value when relative submergence is 0.75, but it

increases again with any further increase of relative submergence.
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Figures 6 to 16 presents the variation of the slamming coefficient (CS) with relative

submergence (S/D) of the circular cylinder for nine different Froude numbers ( Fr = 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1 and 1.2). These results have been computed for a circular
cylinder whose different diameter-to-wave amplitude ratios are (D/4 = 0.1, 0.2, 0.3, 0.4,
and 0.5) and the cylinder is placed at different heights (2 /4 = 0.0, 0.1, 0.2, 0.3, 0.4, and
0.5). It is observed that the value of the slamming coefficient decreases as the Froude

number increases for any given value of relative submergence (S/D).

Figures 6, 7, 8, 9 and 10 present the results for a cylinder whose diameter-to-wave
amplitude ratio (D/A) is 0.1, 0.2, 0.3, 0.4 and 0.5 respectively. In all these cases the
cylinder height-to-wave amplitude ratio (k& /4) is equal to zero, which means that the
bottom of the cylinder just touches the mean water level. It is also observed that as the
D/A ratio increases the value of the slamming coefficient decreases with relative
submergence and at the instant of impact, the slamming coefficient is approximately

equal to 3.142 for all Froude numbers.

Figures 11, 12, 13, 14, 15 and 16 show the results when the cylinder height-to-wave
amplitude ratio (4/4) is equal to 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 respectively. It is observed
that the slamming coefficient decreases significantly as the height of the cylinder from the
mean water level increases. These results are computed assuming that the diameter of the
circular cylinder is 20% of the wave amplitude. Hence it may be treated as a slender
structure. One of the important assumptions made in the analysis of the present problem
is that the cylinder diameter is much smaller than the wave amplitude. The cylinder is
placed horizontally at six different heights. In the highest position (4/4 = 0.5), the height
of the bottom line of the cylinder from the mean water level is 50% of the wave
amplitude. It is interesting to note that the slamming coefficient is equal to 3.142 when
the cylinder height-to-wave amplitude ratio is minimum (4/4 = 0.0). This is true for all
Froude numbers. On the other hand, the slamming coefficient is equal to 2.356 when the
cylinder height-to-wave amplitude ratio (4/4) is equal to 0.5. It must be mentioned here
that the values of the slamming coefficient mentioned above are attained at the instant of
impact. It may be further noted that as the relative submergence of the cylinder increases,
the value of the slamming coefficient sharply decreases at the beginning and then again

increases. This sharp rate of decline of the slamming coefficient at the beginning indicates
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the impulsive nature of the slamming force. However, it is interesting to note that, the
slamming coefficient curves remarkably diverge from one another as the relative

submergence increases.

Figures 17 to 24 show the variation of the slamming coefficient (Cy) with relative

submergence (S/D) for six different values of #/4 (h/A = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5),
where £ is the height of the bottom of the horizontal circular cylinder above the mean
water level and A4 is the wave amplitude. It is observed that the diameter-to-wave
amplitude ratio gradually increases from 0.1 to 0.45 for a fixed Froude number (7= 0.7).
These figures are plotted to show the influence of the height of the horizontal cylinder on
the slamming coefficient. It is also observed that, the value of the slamming coefficient
decreases as //4 increases for any given value of relative submergence (/D). Physically
it means that, a horizontal cylinder will experience less wave impact force if it is fixed at

a relatively higher location from the mean water level.

Figure 25 to 30 are plotted to show the variation of the slamming coefficient (C S) with

relative submergence (S/D) for eight different diameter-to-wave amplitude ratios (D/4 =
0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 and 0.45). It is observed that the value of the slamming
coefficient decreases as diameter-to-wave amplitude ratio (D/4) increases for any given
value of relative submergence (S/D). It is also observed that the height-to-amplitude ratio
gradually increases from 0.0 to 0.5 for a fixed Froude number (Fr = 0.7) and the initial
value of slamming coefficient changes with A4/4. As the height-to-amplitude ratio

increases the value of the slamming coefficient decreases.

Figure 31 shows the variation of the slamming coefficient (C,) with relative

submergence (S/D). These results have been computed using Equation (48). A
comparison of the experimental results of Sarpkaya (1978) and the present theoretical
results is shown in this figure. It is clearly observed from this figure that the slamming
coefficient and consequently the impact force, is of an impulsive nature beginning with a
high value at the instant of impact. It is interesting to note that the theoretical and
experimental curves intersect at three different points (S/D = 0.05, 0.55 and 0.85). Since

viscous forces are neglected in the present analysis, one would expect the solution to

36



deviate from the actual situation as the cylinder becomes more fully immersed. A good
agreement is found between the two results for small values of relative submergence up to

0.06 and again from 0.55 to 0.85, beyond which the two curves diverge from each other.

Figure 32 is plotted to show the variation of the slamming coefficient (C S) as a function

of the Froude number. Sarpkaya (1978) conducted slamming experiments with
harmonically oscillating flow impacting a horizontal cylinder and presented the values of

the slamming coefficient (C;) at various Froude numbers. The present theoretical results

of wave slamming coefficient are compared with those of Sarpkaya (1978), as shown in
Figure 33. It is interesting to note that the theoretical and experimental curves show the
same trend with regard to the variation of the slamming coefficient as a function of the

Froude number.

Figure 33 shows the variation of the slamming coefficient (C,) with relative

submergence (S/D).These results have been computed using equation (48). It is
interesting to note that the curves of the present theoretical value and Sarpkaya’s
theoretical value are very close to each other and the two curves are almost the same
trend. Since viscous forces are neglected in the present analysis, one would expect the
solution to deviate from the actual situation as the cylinder becomes more fully immersed.
A comparison of the theoretical results of Sarpkaya (1978) and the present theoretical
results is shown in this Figure. This figure shows that the value of the slamming
coefficient curve decreases with the increase of relative submergence up to 0.6 and again

Increases.

Figures 34 to 48 present the variation of the slamming coefficient (Cy) with relative

submergence (S/D) of the circular cylinder for seven different Keulegan-Carpenter
numbers (KC = 11.0, 11.5, 12.0, 12.5, 13.0, 13.5, and 14.0). These results have been
computed for circular cylinders whose diameter-to-amplitude ratios (D/4) are 0.1, 0.2,
0.3, 0.4 and 0.5 and the cylinder is placed at different heights (4 /4 = 0.0, 0.1, 0.2, 0.3, 0.4
and 0.5). The corresponding wave length-to-amplitude ratios (L/4) are 80, 90, 100 and
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110. It is observed that the value of the slamming coefficient decreases as the Keulegan-
Carpenter number increases for any given value of relative submergence (S/D). At the
instant of impact, the slamming coefficient is equal to 3.142 for all the Keulegan-
Carpenter numbers. But as the relative submergence of the cylinder increases, the value
of the slamming coefficient sharply decreases. The sharp rate of decline of the slamming
coefficient curve with the increase of relative submergence indicates the impulsive nature
of the slamming force. However, it is interesting to note that the slamming coefficient
curves notably diverge from one another as the relative submergence increases. It is also
observed that the slamming coefficient attains a maximum value when the Keulegan-
Carpenter number is minimum and then it decreases continuously as the Keulegan-

Carpenter number increases.

Figures 34, 35, 36, 37 and 38 present the results for a cylinder whose diameter-to-wave
amplitude ratios (D/A) are 0.1, 0.2, 0.3, 0.4 and 0.5 respectively. In all these cases the
cylinder height-to-wave amplitude ratio (h /4) is equal to zero and wave length-to-
amplitude ratio is 85. The cylinder height-to-wave amplitude ratio is equal to zero implies
that the bottom of the cylinder just touches the mean water level. It is also observed that
as the cylinder diameter-to-wave amplitude ratio increases the value of the slamming
coefficient decreases with the relative submergence. However, at the instant of impact the
slamming coefficient is approximately equal to 3.142 for all Keulegan-Carpenter

numbers.

Figures 39, 40, 41 and 42 present the results for a cylinder whose wave length-to-
amplitude ratios are 80, 90, 100 and 110 respectively. In all these cases the cylinder
height-to-wave amplitude ratio (4 /4) is equal to zero and diameter-to-wave amplitude
ratio (D/A) is 0.2. It is also observed that as the wave length-to-amplitude ratio increases
the value of the slamming coefficient decreases with relative submergence. It is
interesting to note that at the instant of impact, the slamming coefficient is also
approximately equal to 3.142 for all wave length-to-amplitude ratios and all Keulegan-

Carpenter numbers.

Figures 43, 44, 45, 46, 47 and 48 show the results when the cylinder height-to-wave
amplitude ratio (4/4) is equal to 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5 respectively. It is observed

that the slamming coefficient decreases significantly as the height of the cylinder from the
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mean water level increases. These results are computed assuming that the wave length-to-
amplitude ratio is 85 and the diameter of the circular cylinder is 20% of the wave
amplitude. Hence it may be treated as a slender structure. One of the important
assumptions made in the analysis of the present problem is that the cylinder diameter is
much smaller than the wave amplitude. The cylinder is placed horizontally at six different
heights. In the highest position (4#/4 = 0.5), the height of the bottom line of the cylinder
from the mean water level is 50% of the wave amplitude. It is interesting to note that the
slamming coefficient is equal to 3.142 when the cylinder height-to-wave amplitude ratio
is minimum (#/4 = 0.0). This is true for all Keulegan-Carpenter numbers. On the other
hand, the slamming coefficient is equal to 2.356 when the cylinder height-to-wave
amplitude ratio (h/4) is equal to 0.5. It must be mentioned here that the values of the
slamming coefficient mentioned above are attained at the instant of impact. It may be
further noted that as the relative submergence of the cylinder increases, the value of the
slamming coefficient sharply decreases at the beginning and then increases again. This
sharp rate of decline of the slamming coefficient at the beginning indicates the impulsive
nature of the slamming force. However, it must be pointed out that the slamming
coefficient curves notably diverge from one another as the relative submergence

Increases.

Figures 49 to 61 are plotted to show the variation of the slamming coefficient (C S) with

relative submergence (S/D) for seven different values of cylinder diameter-to-wave
amplitude ratios (D/4 = 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4) when cylinder height-to-
wave amplitude ratio (h/A) varies from 0.0 to 0.5, wave length-to-amplitude ratio (L/4)
varies from 80 to 110 and Keulegan-Carpenter number (KC) is equal to 11. It is observed
that the value of the slamming coefficient decreases as the cylinder diameter-to-wave
amplitude ratio increases for any given value of relative submergence. Similarly, the
slamming coefficient decreases as the cylinder height-to-wave amplitude ratio (4/4)
increases. Furthermore, as the wave length-to-amplitude ratio increases the value of the

slamming coefficient decreases.

Figures 62 to 75 show the variation of the slamming coefficient (Cy) with relative

submergence (S/D) for six different values of cylinder height-to-wave amplitude ratio

(/4 =0.0, 0.1, 0.2, 0.3, 0.4 and 0.5). In Figures 62 to 68 the cylinder diameter-to-wave
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amplitude ratio varies from 0.1 to 0.4 and in Figures 69 to 75 wave length-to-amplitude
ratio varies from 80 to 110. These figures are plotted to show the influence of the height
of the horizontal cylinder on the slamming coefficient. It is observed that the value of the
slamming coefficient decreases as //4 increases for any given value of relative
submergence. Physically, it means that a horizontal cylinder will experience less wave
impact force if it is fixed at a relatively higher location from the mean water level.
However, it is interesting to note that the slamming coefficient curves converge to one

another as the relative submergence (S/D) increases.

Figures 76 to 82 are plotted to show the variation of the slamming coefficient (C S) with

relative submergence (S/D) for seven different values of wave length-to-amplitude ratio
(L/4 = 80, 85, 90, 95, 100, 105 and 110) when cylinder diameter-to-wave amplitude ratio
varies from 0.1 to 0.4. All the slamming coefficient curves are obtained for Keulegan-
Carpenter number, KC = 11 and cylinder height-to-wave amplitude ratio, #/4 = 0.0. These
curves are found to converge at one point (Cs= 3.142) at the initial impact, when S/D = 0,
and then diverge from one another as the relative submergence increases. Furthermore,
the slamming coefficient is found to increase continuously as the wave length-to-

amplitude ratio (L/4) increases.

As it was mentioned in the introduction, various analytical and experimental studies have
been carried out in order to establish the appropriate values of the maximum slamming
coefficient for the common case of a horizontal circular cylinder. The present authors
have gone through all the papers and compiled the values of the slamming coefficient as
reported by different researchers. Table 1 shows a comparison of the results obtained

from the present theoretical model with those of previous researchers.

Table 1. Values of the slamming coefficient obtained by different researchers

Investigators (year) Nature of Value of the slamming
investigation coefficient

Fabula (1957) Theoretical Cd =628

Dalton and Nash (1976) Experimental Cs'=1.0-64

Kaplan and Silbert (1976) Theoretical Cs’ =3.14

Holmes et al. (1976) Experimental Cs'=04-29
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Faltinsen et al. (1977) Theoretical C' =3.14
Experimental CSO =4.1-64
Miller (1977) Experimental Cd=10-64
Srpkaya (1978) Theoretical Cd =3.14
Experimental Cy =157-534
Arhan et al. (1978) Experimental Cs'=24-69
Campbell and Weynberg (1980) Experimental C'=10-64
Armand and Cointe (1986) Theoretical Cs'=6.28
Miao (1988) Experimental s’ =6.1
Isaacson and Prasad (1992) Experimental C'=1.0-6.4
Present study (2011) Theoretical Cy’ =3.142

It is observed that the value of the slamming coefficient at the instant of impact (Cs’)
obtained from the present theoretical model is equal to 3.142 which is exactly the same as
those found by Kaplan and Silbert (1976), Faltinsen et al. (1977) and Sarpkaya (1978).
However, experimental studies have yielded values of Cs” which exhibits a considerable
degree of scatter, ranging from about 1.0 to 6.4 (Dalton and Nash, 1976; Miller, 1977,
Sarpkaya, 1978; Campbell and Weynberg, 1980 and Isaacson and Prashad, 1992). Thus
the present theoretical model yields a value of the initial slamming coefficient which

agrees well with the theoretical and experimental results of previous researchers.
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CHAPTER 4

CONCLUSIONS

This thesis presents a two-dimensional analysis of the hydrodynamic forces acting on a
fixed, horizontal circular cylinder in the vicinity of the free surface, taking account of the
intermittent submergence and wave slamming. The theoretical analysis and computational

results lead to several important conclusions which may be summarized as follows:

(a) Two new expressions are derived for the slamming coefficient, the first expression as
a function of the Froude number and the second expression as a function of the
Keulegan-Carpenter number. The Froude number and the Keulegan-Carpenter
number are two important dimensionless parameters associated with wave mechanics.
These two parameters are used extensively in the design of offshore structures. Thus
the expressions of the slamming coefficient which include the aforesaid dimensionless
parameters are expected to be very useful in the analysis of wave impact forces on

offshore structures.

(b) The non-dimensional added mass (m') of the circular cylinder is observed to increase

steadily with relative submergence (S/D).

(c) The rate of change of added mass f;(6) of the circular cylinder attains a value of 3.142
when relative submergence (S/D) is equal to zero. However, f3(6) decreases rapidly as
the relative submergence increases and attains the minimum value when S/D = 0.75,

but then it increases again with any further increase of relative submergence.
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(d) The slamming coefficient can be expressed through the diameter of the circular

(e)

S0

cylinder, wave amplitude, depth of immersion of the cylinder, instantaneous height of
the surface wave above the mean water level and the added mass per unit length of the

cylinder.

At the instant of impact, the slamming coefficient (Cs”) is equal to 3.142 for all Froude
numbers and Keulegan-Carpenter numbers. But as the relative submergence of the cylinder
increases, the value of the slamming coefficient sharply decreases at the beginning and then
increases again. The sudden decline of the slamming coefficient after the initial impact
indicates the impulsive nature of the slamming force. The slamming coefficient attains a
maximum value when the Froude number or Keulegan-Carpenter number are minimum and

then it decreases continuously as these two numbers increase.

The slamming coefficient decreases as the height of the circular cylinder from the mean water
level increases. Physically, it means that a horizontal circular cylinder experiences a greater

wave impact force if it is located at a relatively lower position from the mean water level.

(g) It is necessary to mention that the proposed theoretical model has been developed

without taking viscosity into account. But water is a viscous fluid. This is why some
differences are observed between the present theoretical results and previously
published experimental data. Evidently, the predictions of the present theoretical

model are not valid beyond very small values of relative submergence.

(h) The slamming coefficient, and consequently the impact force, is of an impulsive

(1)

nature beginning with a finite value (equal to 3.142) at the instant of impact. Since
viscous forces are neglected in the analysis of impact forces, one would expect the
solution to deviate from the actual situation as the cylinder becomes more deeply
immersed. Where this becomes the case the slamming coefficient can only be

determined experimentally.
The present theoretical model predicts the slamming coefficient for a horizontal
circular cylinder from the instant of impact to full immersion. In order to check the

validity of the present theoretical model, the computational results are compared with
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the theoretical and experimental results of other investigators and satisfactory

agreement is found for small values of relative submergence.
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Figure 2. Definition sketch for the analysis of the problem
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Figure 3. Variation of the non-dimensional immersed area

(4, /D*) with relative submergence (S/D).
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Figure 4. Variation of the non-dimensional added mass [m =
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Figure 6. Variation of the slamming coefficient (C,) with
relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder diameter-to-wave amplitude ratio (D/4) is

0.1and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 7. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder diameter-to-wave amplitude ratio (D/4) is

0.2 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 8. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder diameter-to-wave amplitude ratio (D/4) is

0.3 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 9. Variation of the slamming coefficient (C,) with
relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder diameter-to-wave amplitude ratio (D/A) is

0.4 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 10. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder diameter-to-wave amplitude ratio (D/4) is

0.5 and height-to-wave amplitude ratio (4/4) 1s 0.0.
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Figure 11. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.0

and diameter-to-wave amplitude ratio (D/4) is 0.2.
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Figure 12. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.1

and diameter-to-wave amplitude ratio (D/A) is 0.2.
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Figure 13. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (F7)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.2
and diameter-to-wave amplitude ratio (D/4) is 0.2.
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Figure 14. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.3

and diameter-to-wave amplitude ratio (D/A) is 0.2.
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Figure 15. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.4

and diameter-to-wave amplitude ratio (D/A) is 0.2.
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Figure 16. Variation of the slamming coefficient (C,) with

relative submergence (S/D) for different Froude numbers (Fr)
when the cylinder height-to-wave amplitude ratio (4/4) is 0.5

and diameter-to-wave amplitude ratio (D/A) is 0.2.
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Figure 17. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude

ratio (hA/A) when the cylinder diameter-to-wave amplitude ratio (D/A4) is
equal to 0.10 and Fr=10.7.
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Figure 18. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A) is

equal to 0.15 and Fr=10.7.
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Figure 19. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude

ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A4) is
equal to 0.20 and Fr=10.7.
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Figure 20. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude

ratio (hA/A) when the cylinder diameter-to-wave amplitude ratio (D/A4) is
equal to 0.25 and Fr=10.7.
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Figure 21. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude

ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A) is

equal to 0.30 and Fr=10.7.
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Figure 22. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A) is

equal to 0.35 and Fr=10.7.
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Figure 23. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A) is
equal to 0.40 and Fr=10.7.
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Figure 24. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude

ratio (h/A) when the cylinder diameter-to-wave amplitude ratio (D/A) is
equal to 0.45 and Fr=20.7.
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Figure 25. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.0
and Fr=20.7.
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Figure 26. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.1
and Fr=20.7.
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Figure 27. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.2
and Fr=20.7.
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Figure 28. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.3
and Fr=20.7.
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Figure 29. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.4
and Fr=20.7.
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Figure 30. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different diameter-to-wave amplitude ratios (D/A) when h/4 = 0.5
and Fr=20.7.
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Figure 31. Variation of the coefficient of slamming ( C,) with
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Figure 32.Variation of the slamming coefficient (Cs) as a

function of the Froude number.
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Figure 33. Variation of the coefficient of slamming ( C,) with

relative submergence (S/D).
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Figure 34. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at
diameter-to-wave amplitude ratio (D/A) is 0.1 when height-to-wave

amplitude ratio (4/4) is 0.0 and L/4 = 85.
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Figure 35. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at
diameter-to-wave amplitude ratio (D/A) is 0.2 when height-to-wave

amplitude ratio (4/4) is 0.0 and L/4 = 85.
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Figure 36. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at
diameter-to-wave amplitude ratio (D/A) is 0.3 when height-to-wave

amplitude ratio (A/4) is 0.0 and L/4 = 85.
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Figure 37. Variation of the slamming coefficient (C,) with relative

submergence (S8/D) for different Keulegan-Carpenter numbers (KC) at
diameter-to-wave amplitude ratio (D/A) is 0.4 when height-to-wave

amplitude ratio (4/A4) is 0.0 and L/4 = 85.
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Figure 38. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at
diameter-to-wave amplitude ratio (D/A) is 0.5 when height-to-wave

amplitude ratio (4/4) is 0.0 and L/4 = 85.
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Figure 39. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at wave
length-to-amplitude ratio (L/A4) is 80 when diameter-to-wave amplitude ratio

(D/A) 1s 0.2 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 40. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at wave
length-to-amplitude ratio (L/A4) is 90 when diameter-to-wave amplitude ratio

(D/A) 1s 0.2 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 41. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at wave
length-to-amplitude ratio (L/4) 1s 100 when diameter-to-wave amplitude

ratio (D/A) is 0.2 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 42. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC) at wave
length-to-amplitude ratio (L/A4) is110 when diameter-to-wave amplitude ratio

(D/A) 1s 0.2 and height-to-wave amplitude ratio (4/4) is 0.0.
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Figure 43. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)
at wave height-to-amplitude ratio (4/4) is equal to 0.0 when D/4 = 0.2
and L/4 = 85.
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Figure 44. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)
at wave height-to-amplitude ratio (4/A4) is equal to 0.1 when D/4 = 0.2
and L/4 = 85.
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Figure 45. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)
at wave height-to-amplitude ratio (4/A4) is equal to 0.2 when D/4 = 0.2
and L/4 = 85.
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Figure 46. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)

at wave height-to-amplitude ratio (4/A4) is equal to 0.3 when D/4 = 0.2

and L/4 = 85.
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Figure 47. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)

at wave height-to-amplitude ratio (4/4) is equal to 0.4 when D/4 = 0.2

and L/4 = 85.
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Figure 48. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different Keulegan-Carpenter numbers (KC)
at wave height-to-amplitude ratio (4/A4) is equal to 0.5 when D/4 = 0.2
and L/4 = 85.
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Figure 49. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at height-to-amplitude ratio (4/4) is equal to 0.0 when L/4 =85 and KC =11
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Figure 50. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/4)
at height-to-amplitude ratio (4/4) is equal to 0.1 when L/4 =85 and KC =11
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Figure 51. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/4)
at height-to-amplitude ratio (4/4) is equal to 0.2 when L/4 =85 and KC =11
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Figure 52. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at height-to-amplitude ratio (4/4) is equal to 0.3 when L/4 =85 and KC =11
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Figure 53. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at height-to-amplitude ratio (4/4) is equal to 0.4 when L/4 =85 and KC =11
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Figure 54. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at height-to-amplitude ratio (4/4) is equal to 0.5 when L/4 =85 and KC =11
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Figure 55. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/4)

at wave length-to-amplitude ratio (L/A4) is equal to 80 when 4#/4 = 0.0 and
KC=11.
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Figure 56. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)

at wave length-to-amplitude ratio (L/A4) is equal to 85 when 4#/4 = 0.0 and
KC=11.
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Figure 57. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/4)
at wave length-to-amplitude ratio (L/A4) is equal to 90 when 4#/4 = 0.0 and
KC=11.
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Figure 59. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)

at wave length-to-amplitude ratio (L/A4) is equal to 95 when 4#/4 = 0.0 and
KC=11.
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Figure 59. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at wave length-to-amplitude ratio (L/4) is equal to 100 when #/4 = 0.0 and
KC=11.
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Figure 60. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A4)
at wave length-to-amplitude ratio (L/4) is equal to 105 when #/4 = 0.0 and
KC=11.
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Figure 61. Variation of slamming coefficient (Cs) with relative submergence
(8/D) for different values of cylinder diameter-to-wave amplitude ratio (D/A)
at wave length-to-amplitude ratio (L/4) is equal to 110 when 4/4 = 0.0 and
KC=11.
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Figure 62. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at diameter-to-wave amplitude ratio (D/A) is equal to 0.1 when
L/A=85and KC=11.
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Figure 63. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/4) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.15 when
L/A=85and KC=11.
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Figure 64. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/4) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.20 when
L/A=85and KC=11.
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Figure 65. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at diameter-to-wave amplitude ratio (D/A) is equal to 0.25 when
L/A=85and KC=11.
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Figure 66. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.3 when
L/A=85and KC=11.
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Figure 67. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/4) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.35 when
L/A=85and KC=11.
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Figure 68. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/4) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.40 when
L/A=85and KC=11.
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Figure 69. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at length-to-amplitude ratio (L/A4) is equal to 80 when D/4 = 0.2
and KC=11.
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Figure 70. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A4) at length-to-amplitude ratio (L/A4) is equal to 85 when D/4 = 0.2
and KC=11.
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Figure 71. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at wave length-to-amplitude ratio (L/4) is equal to 90 when D/4 =
0.2 and KC=11.
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Figure 72. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at wave length-to-amplitude ratio (L/4) is equal to 95 when D/4 =
0.2 and KC=11.

120



S/D

Figure 73. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/A) at wave length-to-amplitude ratio (L/A4) is equal to 100 when D/A
=0.2and KC=11.
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Figure 74. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/ A) at wave length-to-amplitude ratio (L/A4) is equal to 105 when D/A
=0.2and KC=11.
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Figure 75. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of cylinder height-to-wave amplitude
ratio (h/ A) at wave length-to-amplitude ratio (L/A4) is equal to 110 when D/A
=0.2and KC=11.
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Figure 76. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.1 when 4/4 =
0.0 and KC=11.
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Figure 77. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.15 when #/4 =
0.0 and KC=11.
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Figure 78. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.2 when 4/4 =
0.0 and KC=11.
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Figure 79. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.25 when #/4 =
0.0 and KC=11.
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Figure 80. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/4) is equal to 0.3 when //4 =
0.0 and KC=11.
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Figure 81. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.35 when #/4 =
0.0 and KC=11.
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Figure 82. Variation of the slamming coefficient (C,) with relative

submergence (S/D) for different values of wave length-to-amplitude ratio
(L/A) at diameter-to-wave amplitude ratio (D/A4) is equal to 0.4 when 4/4 =
0.0 and KC=11.
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APPENDIX -1

L’Hospital’s Rule for Evaluating Functions of Indeterminate Forms

If two functions  ¢(x) and w(x) vanish at x =a, the fraction ¢(x)/y(x)is an
indeterminate form of the type 0/0 at x =a. To find the limit of ¢(x)/y(x), in the

case of an indeterminacy of the form 0/0, the ratio of the functions can be replaced by
the ratio of their derivatives, and the limit found of this new ratio. This rule was given by

the French mathematician, L’ Hospital, and is usually named after him (Smirnov, 1964).

Equation (17) clearly shows that the function f, (&) takes an indeterminate form when &

tends towards 2. We can apply L Hospital’s rule to evaluate this function as follows:

_ 272° (1-cosf) r

1,(6) + (2e_o) + 3(1 —C0SO)+(SIN O = 6o (17)
or,

B 277 (1 - Cos6)
S 0)= L S e 002z
or,

27°Siné
LS )= et 6(27 — 9)] -2
or,
27°Cos @

,10)= 1y o

or,

3

Lt fz(e):%—bz

021
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Equation (24) clearly shows that the function f;(#) takes an indeterminate form when 6

tends towards zero. We can apply L’Hospital’s rule to evaluate this function as follows:

£(0)=— 5 {2’3” { (;;rii)z + 2((21:0;)?} + %sin 0+ (cos 0 - 1)} .................. (24)

or,

3¢ 301 .
It f3(¢9)= Lt 27°Sin6 1+ Lt 47°(1—-Cos8) ]+Lt[7rSzn9]
00 -0 _ . 0 , T 60 ;0 60 0
3sin— (27 —6) 3Sin—Q2x -0) 3Sin—
2 2 2
JrHLtO[Cosé’e—l]
7 Sin
2
or,
47r3SingCosg 47> (1—1+28in’ Q) 27uSinQCosg
Lt £,(0)= Lt 22+ 1 2+ Li[—2——2]
” T 3sino(2r-60)* 3Sin-(2r-0) 7 3Sine
2 2 2
1-28in’ z -1
+ Lt[———=—]
. Sing
2
or,
47°Cos g 87 Sin g) 272C0s§ 9
F 0= Ll oI I il L fasin
or,
4’ 2r
Lt f,0)=——+0+—+0
,5:00) 127° 3
or,
Ltf(9)=£+0+2—”+0
65073 3 3

or,
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Lt ,(0)=x

6—0

Similarly, equation (24) shows that the function f; () takes an indeterminate form when

0 tends towards 2. We can apply L Hospital’s rule to evaluate this function as follows:

£,(0)= 19{2"3{ sin0 +z(l_cosg)}+%sin0+(cos0—l)} ................... (24)

2 3
sin 3 (27[—9) (27[—9)
or,

3 Qs 3(1_ .
eLg f3(0)=,9L§ [ 27°Sin@ ]+6L£ [ 4r S Cos0) ]+9L£ [ﬂsz]
e T 3sin—(27-6) " 3Sin-(2x-6) "7 3Sin-

2 2 2
y [(Cosé’ 1)]
027
Sin—
or,
27 25 ? Cos ¢ 4;;3(1 —1+28in® gj
i 50)= L2 L[y ]
e e 3sin5(27r—6’)2 o 3Sin5(27z—6’)3
27zSingC0s€ 1—2Sin2€—l
+ Lt [—2 2 5 2]+€L£ [—02 ]
T 3Sin T Sine
2 2
or,
47r3C0s€ 877 Sin? g 272C0s§
Lt £,(0)= Lt [—=]+ Lt 1+ Lt [—=]
027 027 3(2”_9)2 027 3Sin§(2ﬂ'—t9)3 027 3

+ Lt [-2Sin g]

027

or,
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47 (=Sin Q) X 1 87’ Sin 4 2nCos 0

2
Lt 0)= Lt + Lt [——=]+ Lt
9—>2;zf3( ) a—>2n[ _6(2;;_9) ] 9—>2n[3(2ﬂ_9)3] a—>2n[ 3 ]
+ Lt [-2Sin g]
021 2
or,
47 Sin 4 87° (Cos é) X ; 27mCos z
Lt 0)= Lt [ ——=]+ Lt [——=—=]+ Lt
9—>2;zf3( ) 0—»2;:[12(2;;_9)] 0—»2”[ —9(271'—6’)2 ] 19—>27z[ 3 ]
+ Lt [—ZSing]
027 2
or,
7°(Cos z) x; - 27r3Sin§ 27zC0s§
Lt Q)= Lt [ —=|+ Lt [—F/——=]+ Lt
9—>27zf3( ) 0—)27r[ (-1 ] 0—)27r[ 18(27;_49)] 9—>27z[ 3 ]
+ Lt [—2Sin€]
027 2
or,
7Z'3C0SQ —271'3(C0sg)><l 272C0sg
Lt £,(0)= Lt ] 214 Lt 2 2y, p—2

0-2r 0->2r (_6) 0->2r —18 0-2r 3

+ Lt [-2Sin g]

027

or,
7r3C0s§ —7r3C0s§ ZﬂCosz 0

R A e A e T R e A
or,

.y -1, 27(-1)
Lt 0)= x(=D]+ + +0
Lt 10) =[x DI+ [+ ]
or,
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MO g0
or,
e
or,

p) n° 2
627 9 3
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