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sectional area
added mass coefficients

heave amplitude ratio

 =0.06L_B, impact reference area [in2]

conformal mapping parameter

the first conformal mapping parameter
the second conformal mapping parameter
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design vertical acceleration
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freeboard
acceleration of gravity
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vertical distance from waterline to load point

dimensional constant depending upon section shape

free surface coefficient of added mass
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SUMMARY

When a marine vehicle navigates in rough weather and at high speed, it
experiences large motions; these large motions induce heavy responses, such as deck
wetness, bottom slamming, rolling, vertical and transverse accelerations. Therefore, in
extremely heavy seaways, the ship would generally slow down and/or change the heading
angle against the waves to avoid critical conditions arising from such heavy responses.
This is confirmed from operation and from experiments where bottom slamming and deck
wetness (classified as secondary loads) are found to be severe in head seas at high speed.

There is therefore a penalty paid by decreasing the performance and the effectiveness of
the marine vehicle.

The thesis presents an investigation of two secondary loads applied on a marine
vehicle; namely, bottom slamming loads below the waterline structure and deck wetness
loads on the above waterline structure, on the deck in particular. At present, these two
loads are receiving considerable theoretical and experimental attention (model experiments
as well as full scale trial) because of their major influence on local structural design.

The first chapter presents an introduction and history of slamming and deck
wetness. Bottom slamming and deck wetness events are defined and classified in the
range of secondary loads. This chapter also summarizes the considerable work which has
been investigated in previous studies carried out on similar subjects by other researchers.

The second chapter is concerned with the motion response prediction for a
monohull. Full details, of the development of the New Strip Method (NSM), where the
end effect of the ship is taken into consideration, is given. The hydrodynamic coefficients
are calculated using the Multipole Expansion Method. The excitation forces and moments
(Froude Krylov component and diffraction force component) in the right hand side of the
equations of motion are presented. The coupled heave and pitch motion equations are
solved in the frequency domain. The vertical relative motion is caiculated and derived
with respect to time to obtain the relative vertical velocity of the wave surface with respect
to the mobile ship. This velocity is compared with the threshold value beyond which

slamming occurs and prediction of impact pressures due to bottom slamming can be
made.



In the third chapter, major attention is given to the prediction of pressure due to
bottom slamming. Different techniques for the determination of the pressure coefficient
such as the conformal mapping technique, deadrise angle prediction technique and
experimental prediction technique are detailed and discussed. The use of the two and
three parameter pressure coefficient prediction technique is studied and compared with
other prediction methods. The occurrence of the bottom slamming phenomenon based on
the vertical relative velocity exceeding its threshold value is discussed.

Chapter 4 presents an experimental analysis of bottom slamming. A high speed
monohull marine vehicle (S175 container ship) was chosen for the experimental
investigation of bottom slamming. The ship model was run in regular waves for different
forward speeds and wave frequencies which have been carefully chosen to avoid tank
wall interference. The instrumentation set-up, calibration of measuring devices and test
procedures are presented in this chapter.

Theoretical and experimental comparisons of impact pressures due to bottom
slamming are presented in chapter 5. Correlation of slamming pressure predictions by
theoretical and experimental methods is made to show the validity and the accuracy of the
prediction. Spectrum analysis is used to predict the motion behaviour in irregular waves.
Moreover, the wave statistical approach is used to predict probability of slamming
occurrence, the number of impacts and the extreme loads due to impact pressures which
are requﬁcd for fatigue and ultimate strength design. Other slamming pressure
predictions are presented.

“In chapter 6 theoretical and experimental investigations of the deck wetness
phenomenon, on the above waterline structure, namely, the deck structure, are presented.
For the first time, a theoretical prediction of the horizomallimpact loads, applied to vertical
deck-mounted equipment, is formulated and developed. Experimentally, load cells and a
catch tank technique are used to quantify load and shipment of water due to the deck
wetness event. The statistical wave approach is used to predict the probability of
occurrence of deck wetness and the frequency of occurrence in different sea states.
Comparison of experimentally obtained data with previous researchers' works is
presented.

In the last chapter the major findings and conclusions from the research are
drawn. Recommendations for future work are made.



CHAPTER 1

INTRODUCTION



CHAPTER 1
INTRODUCTION

1.1 GENERAL

Marine vehicles are always experiencing heavy responses such as slamming,
deck wetness, rolling, vertical and transverse accelerations, especially at high forward
speed in stormy weather.

This investigation shows a major concern on bottom slamming and deck
wetness. These two phenomena have been known for long time in marine vehicle

operation and design, and they are classified in the range of secondary loads which can be
cited as follows:

o Slamming loads

« Green sea loads (deck wetness)
« Inertia loads

o Berthing

« Docking

o Iceloads

« . Grounding

« Collision

The first two loads, known as slamming and green sea (deck wetness) loads have a
significant influence on local structural design. However, it is still not possible to make a
best choice between the load prediction methods given in the rules of the classification
societies, which partially cover these complicated loads, more investigations, such as
model tests and full scale measurements, have been recommended to be carried out in the
field of slamming and deck wetness.



1.2 REVIEW OF THE SLAMMING PHENOMENON

Slamming is one of the areas of major concern in seaway loads, this phenomenon
is associated with extreme motions of marine vehicles in waves. At certain forward
speeds in rough seas the fore-foot of a vessel emerges from the water as a result of
combination of large pitching and heaving motions. As the fore-foot re-enters at high
vertical relative velocity between the hull and the local wave profile, transient and large
impulsive loadings applied on a relatively small reference area of the bottom of the hull
occur. These transient and large impulsive loadings consist of the potential energy
transmitted by the local wave to the bottom of the structure receiving the shock at the
instant of the impact. This energy is absorbed by a local area which can be damaged by
~ peak impact pressure.

Slamming can be classified as the most significant secondary load and considered
to be imposed on local structure resulting in plastic deformation of the bottom part of a
vessel. Faulkner et al (1993) suggested that such a phenomenon, which is wave induced,
is a constant source of hull cracking in the forward void spaces of fast multi-hull vessels.

The phenomenon of slamming is one of the heaviest responses which tends to
inevitably become more severe by decreasing the draught and maintaining high forward
speed in heavy weather and head seas in particular. With regards to the effect of draught,
vessels in the loaded condition do not slam with the same persistence and impact pressure
magnitude as in the ballast draught conditions. Moreover, reduction in forward speed of
a marine vehicle always plays an important part in reducing or eliminating the impact
preSsﬁrcs due to slammirig of the bottom hull structure. In order to reduce or avoid
slamming damage, captains may reduce speed or alter course so that waves are not
encountered head on. Captains have to use their judgment to reduce the forward speed
when it is required. As a result of reducing speed, there will be a loss of operation time
and effectiveness but damage of the structure is avoided. The speed reduction should be
based on rational criteria, in the sense that the speed should not be reduced to certain
levels which will cause steering problems or vice versa.

Response behaviour to slamming varies according to the type and the purpose of
the vessel. High speed marine vehicles such as warships and container ships, are also
subjected to structural damage due to slamming phenomenon. The bottom shape of the
vessel also plays a significant role in response to the load due to bottom slamming. For
example the V-shaped bottom experiences a smaller load than the U-shaped bottom.
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Furthermore, ship slamming is significantly influenced by the ship’s loading condition,
i.e as the draught increases it is less likely for slamming to occur. This can be explained
by reduced vertical relative motion at the bow which influences the emergence of the fore-
foot.

The slamming phenomenon occurs at random intervals and the impact slam is
transient. It rises to a very high impulsive pressures for a very short duration of time,
which is in the order of milliseconds. Such an impact pressure is experienced in the
centre of the slam reference area and decreases away from the centre of the load. This
type of impact load may cause a local effect on the local structure and global effect on the
entire ship structure. The local effect, concentrated in the slam reference area, may result
- in plastic deformation of the bottom structure and the global effect may cause the entire
hull to vibrate (whipping).

The drop test results of Chuang (1973) are used to derive the magnitude of the
impact pressure as a function of the body shape, water surface (calm water and/or waves)
and the relative speed between the body and water surface (drop height). In the
experimental investigation of Chuang (1970) a set of equations for estimating the
maximum impact pressure for different deadrise angles (from flat bottom to 18 degrees)
of a wedge penetrating a fresh water surface is provided. He also discussed the effect of
air cushioning in reducing the severity of an impact. The quantity of air trapped between
the falling body and the water surface has an important role in reducing the impact.
Khattab (1986) stated that the air layer reduces the maximum impact pressure to about a
tenth of the acoustic pressure. Furthermore, Lewison (1970 a) concluded from his
investigation that the peak pressure could be reduced if an artificial air layer was ejected
from a hole in the forefoot when the bow emerged from the water. Such a suggestion is
costly to install and it needs an accurate technique to eject the air when slamming is
imminent. Such equipment to eject air can be installed for the whole life of the ship but it
does serve only when slamming is imminent, but this latter does not occur often.

Miyamoto et al (1985) found that for 1 degree wedge the air cushioning effects
start to appear when the drop velocity is higher than 0.4 m/s, but in another investigation
Yamamoto et al (1984) found that the air cushioning effect has to be neglected if the

deadrise angle is more than 3 degrees, but no reference was made about the drop velocity
which is important in such cases.



One can learn from these investigations that the air layer underneath the ship hull
plays a role of a damper. The effect of this air layer depends on the shape of the bottom
of the ship subjected to slamming phenomenon.

On the basis of the results of a set of experiments, which consist of dropping a
flat-plate model from various elevated positions, Chuang(1966) presented an expression
to predict the maximum impact pressure of a rigid flat-bottom body, given as:

Powe =0.0021p,,,.,C...V, (1.1)

. and the pressure time history can approximated as follows:

p(t)=2p,.. e 4T sin n% (1.2)
with
T=4L/C; (1.3)
where
C,r : speed of sound in air=1125 fps,
Vo : impact velocity (fps),
Pauia : mass density of fluid (fresh water)=1.94 lb-sc‘c2/ft4
Pmax :° Maximum impact pressure (psi),
T : duration of positive pulse,
t : time in general and
L :  half-width of plate.

Chuang mentioned that the given expression in equation (1.1) is valid only for
flat plates, and for wedge-shaped bodies with small deadrise angle penetrating a water
surface the impact pressure at the keel, if the vertical acceleration is neglected, as given by
Chuang (1967) is as follows:

1 2 X
=—pVZ—— 1.4
Pkeel 2p 0 B ( )



where:

B : deadrise angle,
Vo : vertical velocity at instant of impact and
P : density of fluid.

From a physical point of view, equation (1.4) is valid only at the instant of
impact. Furthermore, on the basis of experimental investigations, a number of empirical
formulae were derived for the calculation of the impact pressure at the keel and away from
the keel for different deadrise angles up to 18 degrees. From theoretical investigations on
- slamming of cone-shaped bodies, Chuang (1969) derived an expression to evaluate the
pressure distribution on a cone penetrating the water surface. It was found that the
maximum impact pressure of a wedge-shaped body is higher than that of a cone-shaped
body by about 25 percent.

Verhagen (1967) found the maximum impact pressure is directly proportional to
the drop heights and it is independent of the mass of the falling body. This is also found
by Chuang (1970) concluding that most of his data show that the maximum impact
pressures at the keel are independent of drop weight, but this is not generally agreed from
model tests. Further, Verhagen found that the time duration of an impact for different
drop heights was found to be around 5 milliseconds. This is in good agreement with the
duration time of 5.5 milliseconds obtained after the analysis of the experimental data on
the model of the S175 container ship tested by Hamoudi (1993) at the Hydrodynamics
Laboratory of the University of Glasgow.

The main purpose in relating drop tests to the slamming phenomenon is to
provide more information and clarify the understanding of the impact of the body with the
water surface. Such investigations provide the designer with information on the severity
of impact, the distribution of the impact pressure, the relationship between load exerted
and shape of the area subjected to the impact, such as deadrise angle.

From Chuang’s (1969) previous investigations there is a good correlation
between the impact pressure measured from drop tests and the pressure calculated
theoretically by taking into account the shape of the falling body. However, in reality
some discrepancies always occur between measured and calculated impact pressure for a



high speed marine vehicles (Container ships) experiencing slamming.

Nagai and Chuang (1977) concluded that sea conditions and ship speed are the
prime cause of slamming occurrence. The master has to reduce the ship speed and/or to
change the heading in order to control the severity of slamming response. The ship speed
is an important factor and plays an important role in reducing slamming severity.

Stavovy and Chuang (1976) determined analytically the impact pressure due to
slamming in waves for high speed vehicles up to 100 knots. They divided the total
pressure acting normal to the slamming area into two components, namely the impact
pressure and the planing pressure. The agreement between analysis and experimental

results is good and the planing pressure was found to be small and insignificant compared
~ with the impact pressure.

A recent investigation on slamming from forced oscillating wedges at forward
speed was carried out by Radev and Beukelman (1992) where peak pressures and rise
times were determined for four metal wedges with different deadrise angles. It has been
confirmed and clarified from this set of experiments that the measured peak pressures
show a clear proportionality to the squared amplitudes of the vertical relative velocities at
the instant of impact. Furthermore, the forward speed has a significant effect on the
measured peak pressures. The rise times of the peak pressures decrease significantly with
trim angle, vertical and forward velocity. This contradicts with duration time found by
Verhagen (1967) and Hamoudi (1993).

Lewison (1970 b) summarised in his work that the pressure due to slamming
measured on the bottom of ship models can be related to the relative velocity component at
impact and to the shape of the bottom portion. He mentioned that the air trapped between
the bottom of the ship and the water surface reduces the peak pressure but did not mention
that the slowing down of the forward speed of ship reduces the impact pressure.

On the basis of an experimental investigation on two merchant ship V and U-
shaped hull forms, model tests were carried out by Ochi (1958) on bottom slamming in
regular waves. The conclusions from this investigation are listed as follows:

» Slamming damages occur mostly at light draught

« The shape of the bottom portion is important in slamming, that means V-form
is superior to the U-form as far as slamming pressure reduction is concerned
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o The ship which has the same pitching period as the wave period responds
well to slamming

« The forward part of ship is the location which is affected and suffers from
ship slamming

« The forward speed of ship is an important factor in the occurrence of
slamming

Another conclusion can be added to those listed above, i.e:

« The vertical relative velocity can be taken from seakeeping theory.

Regarding the huge amount of investigation which has been done recently and in
the past, there is still a need for further research in this field, with emphasis on full scale
measurements.

Considerable work has been done to estimate the maximum slamming pressure
theoretically and empirically. The present study does not investigate the problems arising
from slamming associated with damage of shell plating and local structure response which
are categorized as hydroelastic problems, but it concentrates on the impact pressure (the
pressure at the initial contact of the bottom of a ship with a wave) exerted on local panels
of the structure where the impact occurs, namely the impact load.

Bishop and Price (1979) described the magnitude of slam in two ways, i.e by
evaluation of the forces at the instant the hull strikes the free surface of the waves (this
slam is for a short duration ), and from the effect of the pressure variations around the
hull surface as it penetrates the moving fluid after initial entry.

Verhagen (1967) analysed the impact of a flat plate on a water surface
theoretically and experimentally. He noticed that the layer of air between the falling body
and the water surface had to be taken into account in order to accurately explain the
phenomenon. His experiments showed that there is a difference between the maximum
impact pressure measured experimentally and the the theoretical prediction without taking
the entrapped air into account. Another explanation that can be given to this phenomenon
is that the air which lies between the falling body and the water surface decreases the
impact pressure.



Watanabe (1987) derived an expression for the impact pressure distribution on
the flat bottom ship making slamming motion by the matched asymptotic expansion. A
3-D flat plate formulation is utilised for the solution in the outer region and 2-D planing
plate flow for the inner region. Both methods. are matched asymptotically. Good
correlation is achieved between calculated and experimental results.

Lloyd (1989) described slamming as a re-entry of the keel after emergence which
may cause damage to the hull, and create vibrations known as whipping (few cycles per
second) and the fatigue occurring at this stage decreases the life of the hull.

The work of Mansour and de Oliviera (1975) presented details of the
development of a mathematical formulation of the vibratory bending moments due to
bottom slamming in regular waves. The overall response of the ships to bottom
slamming forms a part of their work. They also developed a procedure of computation to
predict the midship bending moment in the time domain. They divided the slamming
problem into two categories; the first one deals with the local response of the ship hull to
slamming (called the micro-problem) and the second one deals with the overall response
of the ship hull to slamming (called the macro-problem).

Ferro and Mansour (1985) presented a new theory to combine the slamming and
wave-induced responses of a ship hull moving in irregular seas by considering the
slamming and wave-induced responses as a stochastic process. Several studies have been
carried out in order to define the slamming statistics to develop a probalistic method which
combines slamming stresses with other stresses, in particular with low frequency wave
induced stresses.

Tick (1958) gave a procedure for computing the average submergence time of the
bow and the average number of slams. An alternative representation of PIERSON's
random process model of the sea surface and Korvin-Kroukovsky's equations of the
response of a ship hull to a regular sea is given. The computational procedure developed
in this paper was illustrated through an example based on the series 60 model.

Ulbright (1985) described the loading on a ship hull due to slamming as follows:
the pressure due to bottom slamming of a ship is in general greater than that due to the
side slamming and the short duration of the slamming forces induce transient dynamic



stresses due to global vibrations of the hull. He used a strip method for the motions
calculation based on slender body theory . The vertical motion and the coupled roll and
pitch motions were taken into consideration. These are important in slamming
calculations. He deduced that for sharper-fore-body forms the slamming pressure is
reduced by more than half.

The entire time history of the slam has to be taken into consideration and to be
analysed. The peak pressure is important for local panel response, whereas the longer
time history (sometimes referred to as “momentum phase”) is necessary for global
hydroelastic response.

Belik et al (1979 a) evaluated the steady state responses and the transient
responses due to slamming in regular head sea. Part of their work was the impulsive
fluid loading forces associated with slamming and comparison of the absolute magnitude
of steady state and transient responses. In another work, Belik et al (1982) presented a
time simulation of the responses such as displacement, shear force and bending moment
based on the unified dynamic theory of ship response. They evaluated the transient
excitation and responses due to slamming. It was found that the transient responses just
after the slam depend on many factors and the important one is the spatial distribution of
the transient excitation along the length of the hull. They found that the transient
excitation depends on the wave amplitude, and the response to a slam depends possibly
on the previous slamming if the time between two slams is short .

The main aim in carrying this present research is to investigate bottom slamming
phenomenon and to generate experimental data from model tests. These data are used to
show the validity and the accuracy of slamming pressure predictions by theoretical and
experimental methods.

1.3 REVIEW OF THE DECK WETNESS PHENOMENON

Among the seakeeping characteristics which the ship designer has to consider
during the design stage, is deck wetness (green seas). Investigations into wave loading
on vessels have strongly emphasized the below water-line structure; for the simple reason
that the above water-line structure are not subjected to regular significant loads as is the
case for the below water-line.



During the operation time in heavy seas, high speed vessels are subjected to some
penalties, among them is green seas (shipping water on deck or deck wetness). This
problem has been dealt by several investigations on the theoretical and experimental
aspect. However, there is much to be done to solve the above problem. The design stage
requires more information gathered from many investigations to satisfy a good
performance of vessel navigating in rough weather without being subjected to such
phenomenon.

Many researchers investigated the deck wetness phenomenon by theoretical and
experimental techniques. Lloyd et al (1982) investigated the effect of bow shape on deck
wetness on the narrow beam LEANDER frigate which was equipped with nine different
- above water bow forms. The model was run in irregular head waves with a nominal
Pierson-Moskowitz spectrum and significant wave height (for ship) of 5.0 metres. The
wetness impact forces were measured during each run by using nine square plates which
consist of load cells mounted in array over the deck at station 3 from the FP. He
concluded from his experimental tests the following points:

High freeboard is desirable and can reduce the frequency and the severity of
wetness

. High overhang decreases the frequency of wetness
. Heavy flare increases the frequency of wetness at high forward speed.

The qualitative and quantitative data collected by Lloyd are very useful for the
given ship (the narrow beam LEANDER), but the deck wetness is a common event for
other ships and in particular the high speed vessels. Beside these, other conditions for
ship navigation also have to be taken into account.

Bales (1979) introduced in his work a design procedure which yielded minimum
freeboard. The freeboards required to operate in the wave environment and other cases
were determined.

Measured impact pressure acting on a water breaker and numerical simulation on
a model of S-175 container ship in regular head waves were carried out by Mizoguchi
(1988) in order to investigate the complex phenomenon of shipping water on deck. The
impact pressure acting on a water breaker is predicted using the empirical equation for
impact pressure due water jet and the effect of deck form is investigated. It was
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concluded from the measured wave height contours, at the beginning of shipping water,
that the water flows into deck just like a dam break water, and if the wave height is high
the water is concentrated at the forepart of fore castle deck and it crashes against the aft
water breaker, but in the case of lower wave height, the water is also concentrated at the
forepart of fore castle deck and it spreads to every direction. It was found also that the
wave height and the deck area are the most important items in the shipping water on deck.

A technique to evaluate the duration of threshold crossing of a random process
was applied for the first time to the shipping of green water by Oliver (1981). This
technique predicts the probability of occurrence of a deck wetness event. Unlike
Mizoguchi, Oliver has taken into account the relative motion of the vessel relative to the
- sea surface when it exceeds the freeboard. The amplitude of threshold crossing was
evaluated by a Rayleigh distribution. Furthermore, the volume of shipping water on deck
and total pressure on the deck were also calculated.

Edward and Todd (1938-39) reported that deck wetness is one of the factors
which determines seakindliness or seaworthiness. Three models were tested with
forwards freeboard of 11.75 ft, 8.5 ft and 11.75 ft respectively and with different
forwards, amidships and aft draughts. The tests in regular waves showed the importance
of sufficient forward freeboard. The second model sank, whilst the first and the third
remained nearly dry, and no mention was made of the speed at which the models were
run. In the above research no reference was made to deck wetness occurrence caused by
relative motion exceeding freeboard.

Description of model experiments is given by Lloyd et al (1986) in order to study
the deck wetness process and investigation on the effects of systematic variations in above
water bow form. Measurements of relative bow motion and deck wetness frequency have
been investigated. The results of the experiments confirmed that additional freeboard
reduced deck wetness frequency and severity.

Experimental and theoretical investigation carried out by Tasai (1969) has shown
the effect of dynamic swell-up on deck wetness. The problem has been tackled using two
full ship forms. N-ship and R-ship were adopted for such investigation. The after parts
of these two hull forms are the same but the difference is in the fore parts. Experimental
work has been carried out for two conditions of displacement, i.e full load condition and
ballast condition with 55% displacement of full load condition. The main parameter
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which differs between the two forms is the draught at the fore perpendicular, midship and
at aft perpendicular. As a final conclusion, it was found that the calculated values differ
from the experiment, if the dynamic swell-up is not taken into consideration. On the other
hand, if it is taken into account, the calculation and experiments show satisfactory
agreement.

Newton (1960) has suggested that there are three degrees of wetness, namely,
dry, wet and very wet corresponding to dry, heavy spray and green sea conditions. From
his experimental results on the occurrence of wetness, the freeboard coefficient should
increase up to a critical length of ship and decrease for ships of greater length. Moreover,
the effect of increased flare, obtained by incorporating a knuckle below the forecastle, is
~ also treated as an equivalent increase in freeboard.

The effect of forebody on deck wetness has been investigated by Swaan and
Vossers (1961). Experiments have been carried out with a series of six models which
had the same principal dimensions and displacement, but differed in section shape in the
forebody and in prismatic coefficient. They concluded that U-shaped sections are
advantageous as regards deck wetness. It has been also observed from experiments that a
decrease in midship coefficient leads to unfavourable deck wetness.

Shipping water phenomena were studied by Goda et al (1978) by means of two-
dimensional ship model tests. Behaviours of shipping water, pressures on deck and
relative motions surface were investigated. Based on results of this investigation, a
method for the calculation of volume of shipping water on the deck was established. A
good agreement between the measured volume of shipping water and the calculated one
was found.

A model test was carried out by Watanabe et al (1989) for a container ship with
two kinds of bow flare forms and identical hull form. The main conclusion drawn from
such an investigation occurs in the relative motion of the bow which can be influenced by
the shape of the flare. The increased bow form experiences smaller relative motion. Deck
wetness is related to flare form, and the increased flare form has more frequent deck
wetness occurrence. However, ship motions measured by Lloyd (1983) in his
experimental investigation is independent of the above water bow form if swell-up is not
taken into account. From the same experimental investigation, Lloyd concluded that a
high freeboard reduces severity of deck wetness and it was shown that a large overhang
and moderate flare angle are found to be beneficial.
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A time simulation technique for predicting the nonlinear ship motion and water
shipping problems in head waves has been developed by Fang et al (1993). An
experimental setup for a 3 metres Series 60 ship model is also designed for the test to
confirm the theoretical results. Some conclusions drawn from this investigation are:

. The nonlinear effect of the large motion has to be taken into account

. The radiation and diffraction terms play important roles in the water shipping
analysis.

It has also been found that while the wave amplitude is small, the results obtained
by the time-domain analysis will be similar to those obtained by the frequency-domain
analysis, in other words, the method approaches linear analysis.

Model experiments in regular waves and probability theory have been used by
Goodrich (1964) in order to predict the probability of occurrence of wetness at the fore
end. His calculations made for ships of different fullness suggest that the frequency of
occurrence of wetness varies with block coefficient as well as with length for a given
freeboard ratio. The results show that for equal probability of occurrence the freeboard
ratio decreases with increasing ship length. He also found from his results that for Cg of
0.6 and 0.8 ships are similar but his analysis shows that for Cg of 0.7 the ships require a
greater freeboard.

The effect of bow shape on spray is known as a difficult task to. predict, .
moreover, the calculation of depth of water on deck may be equally complex. O’Dea et al
(1984) investigated deck wetness phenomenon by measuring the depth of water on deck
and they found that it varies with wave steepness. An adequate analytical prediction of
deck wetness will require a time domain calculation. This will allow the incorporation of
other physical phenomenon involved in the occurrence of the event.

O’Dea et al’s work has dealt with regular wave problem and for one particular
speed only. Hence it is also important to take into consideration several other factors like

realistic sea state, irregular waves and the worst possible scenario.

From the structural and navigational seaworthiness point of view, the problem of
shipping green seas is extremely important. Hence more investigation needs to be done
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for deep draught (low freeboard) and high forward speed in rough seas in particular.

To date, knowledge of the deck wetness phenomenon is limited, and one may not
be certain of how to tackle the practical problems of predicting deck wetness, or reducing
its severity. Hence the initial aim of the present research is to generate experimental data
on ship motions and deck wetness from model tests.

1.4 OBJECTIVES OF STUDY

As explained earlier slamming and deck wetness ate one of the events which ship
designer has to give a careful attention to at the initial design stage.

The overall aim of this research is to study the dynamic response of ship due to
bottom slamming and deck wetness phenomenon and to provide the designer with the
tools that could be of use at the design stage of ship. In studying the bottom slamming
event, a computer program based on the new strip method, where the end effect is taken
into account, is developed. Program results for frequency dependent motion equations
are presented. Particular attention is given to the high vertical relative velocity, when the
bottom of the ship hits the wave surface, which is derived from the vertical relative
motion and when it exceeds to the threshold value. Impact pressures due to bottom
slamming are measured experimentally from model tests, for different Froude numbers
and calculated by using the new strip method for the high speed S175 container ship.
Different techniques to predict the impact pressure and its coefficient are given.
Moreover, the deck wetness phenomenon is investigated experimentally. The force in the
longltudmal direction is measured for different Froude numbers. Vertical relative motion
exceeding the freeboard is discussed. Formulation of the impact force and a new method
to predict this force is detailed. Some statistical analysis for deck wetness occurrence are
also incorporated.
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CHAPTER 2
NEW STRIP METHOD

2.1 INTRODUCTION

The naval architect needs to assess seakeeping at an early stage for the design of a
new ship and this is often achieved with two-dimensional approximate calculation by
means of the strip method computer programs as Lloyd (1989 a) mentioned in his paper.
In this chapter the motion response of marine vehicle under environmental wave loading
" is predicted through frequency domain modelling. Here the New Strip Method,
abbreviated as NSM and which incorporates the end effect terms is used for numerical
computation. The NSM is a modified version of Korvin-Kroukovsky’s Ordinary Strip
Method. The end part of a ship affects the motion response of marine vehicle and this
effect has to be taken into account in motion response calculations.

Predictions of seakeeping performance of marine vehicle rest primarily on
accurate prediction of the motions experienced in different seaways. Furthermore, the

required ship strength depends mainly on severity of different loads applied on the ship
hull.

Most of theoretical prediction methods have been developed in order to quantify
the motions and loads, but their accuracy has not yet been fully established because of the
nonlinearities.

Severe responses, as defined in chapter 1, are often caused by large amplitude
motions in rough seas. Slamming and deck wetness are results of the relative motion
exceeding the draught and freeboard respectively. It is, therefore, important that the
designer should understand the ship behaviour and weather conditions that produce
slamming and deck wetness events and the precautions which must be taken in the design
stage to eliminate, or at least to minimise the damage on the structure of a marine vehicle.

Large amplitude motions of heave and pitch in head seas in particular are the

cause for slamming and deck wetness. These motions increase if the roughness of the
weather increases (wave height) and the forward speed is maintained. The speed of
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marine vehicle plays an important part in the occurrence of slamming and deck wetness.

Kent (1948-49) defined in his paper the known facts connected with slamming
and that particular motion of the ship which may cause slamming. There may not be any
slamming occurrence if the period of encounter with the waves is synchronised with the
pitching period or if the pitch angle is large. Furthermore, if heave period is synchronised
with the period of encounter of the waves and if a large heave motion takes place, then
slamming will occur. However, in full scale trail the condition of synchronism cannot be
satisfied easily.

In another paper, Kent (1949-50) reported that it is not possible to design a cargo
- vessel that will not ship seawater under any weather conditions, but it is possible to
incorporate some improvements. In rough weather, when ship meets the waves head on,
water is sometimes shipped forward and amidships and this may flood the decks. This
water is randomly distributed on deck and freed by scuttles as the ship continues her pitch
and roll motions.

Analytically calculated or experimentally measured ship motions are required to
predict bow submergence which may result in slamming and shipping of water.
Therefore, in the following sections of this chapter formulation of the problem followed
by a conformal mapping technique is given. The equation of motions with solutions are
also discussed.

2.2 = FORMULATION OF NEW STRIP METHOD

The ship is assumed to be a long slender body, and the fluid flow around the ship
will be decided by 2D cross-section. It is assumed that there will be no variations in the
longitudinal direction, and strip method will be abpropriate for establishing the motions of
a ship. This was first applied by Korvin-Kroukovsky (1955).

It is convenient to refer the ship motion to various types of moving coordinate
systems as well as a fixed coordinate system. The space fixed coordinates O, - X,Y,Z,
is considered. The wave is assumed to propagate in the O,x, direction. The ship is
moving at an angle y from the propagating wave in the O, X, axis direction, as shown in
Fig. 2.1. O, -XYZ is new space fixed coordinate and O — xyz are space coordinates
moving in O,X direction with the velocity U of the ship and O is on the calm water
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surface. Body fixed coordinates O —xyz is also considered. O will coincide with O
when the ship is not oscillating. The centre of gravity of the ship is as shown in Fig. 2.1
is below the free surface.

Using the relations between the different coordinates considered above a relation
is established and which is used to calculate the radiation potential, and the pressure due
to the radiation potential. It is also possible to represent the line integral results of the
radiation potential by 2D theory in terms of added mass and damping coefficients. To
calculate the added mass and damping coefficient, in the present research a stream
function approach is adopted. The advantage of using this method in conjunction with the
multipole expansion method is to increase the accuracy of the solution as the stream
~ function is orthogonal of the velocity potential. The accuracy of the coefficients involved
in the calculation of the stream function can be checked by the well known relation of
Ursell. To increase the accuracy in the estimation of the hydrodynamic coefficients a least
square method is adopted in order to obtain the coefficients of the stream function.
Having calculated these coefficients, these values are then input in the equation of De
Jong (1973) of added mass and damping coefficient in order to obtain the hydrodynamic
quantities required for input into the linear equations of motion. An alternative method for
further increasing the output results of hydrodynamic calculation is by taking the least of
the least square method, but for all practical purposes in the present research emphasis
was paid only to the least square method for the evaluation of the hydrodynamic
coefficient.

2.3 CONFORMAL MAPPING TECHNIQUE

The objective of conformal mapping technique is to map a complicated geometry
into a simpler one. Therefore, in the present study, the ship is assumed to be moving
with constant forward speed, and the fluid flow around the ship will be decided by 2D
cross-section. The section of a ship can be mapped into a unit semi circle by using
conformal mapping parameters which can be calculated by employing Lewis
transformation method. In the present research information of the mapped coefficient at
every station is used as an input to calculate the added mass and damping coefficient. The
detail at steps involved in the present calculation is referred to in detail in the Appendix.

The mapping can be determined by several coefficients called conformal mapping
parameters. It is possible to map a simple ship section using a two or three parameter
mapping technique to a unit semi-circle if the following input data are known, i.e:
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« Ship breadth
o Ship draught
« Sectional area

« Location of vertical centre of gravity
A complicated section can be mapped by increasing the number of parameters.

In the present study the conformal mapping problem is applied to one part of the
underwater ship transverse section due to the conventional port starboard symmetry. The
relations in which the transformations are possible, are given in the Seakeeping
Symposium of the Society of Naval Architect of Japan (1969) and used by Hamoudi
(1992) by the following expression:

z=x+iy=R ei(Tw) 2.1
{=E+in=re? 2.2)

for a symmetrical shape we can write:

z=M[{ + iah_,g—“"-“] (2.3)

n=1

from this relation one can calculate x and y coordinates by ‘taldng into account the value of
x equals to the real part and the value of y equals to the imaginary part:

N : -
x = Mrsing + ¥ (-1)**'a,, , sin2n -1, Q2.4)
n=] r
N
y =Mircos6+ Y (-1)°a,, °°S(r7;+1)9] 2.5)
n=]
where:
a,, : conformal mapping parameter
r : radius of the cylinder
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7] : mapping angle

the coefficients ‘M’ and ‘a’ are functions of breadth, draught, sectional area and centre of
T

gravity. They are calculated by taking the integral for 8 from0to 2.

In practice the appropriate way to calculate the coordinates x and y is to truncate
the transformation series to two or three terms as follows:

1- Two parameters fit

Approaching the same problem with the coordinates shown in Fig.A.2.1 in the Appendix,
one can write the coordinates as:

x =M[(1 +a,)sin 6 —a,sin30] (2.6)
y =M[(1-a,)cosf +a,cos30] 2.7
where the radius of the cylinder is set to the unit, r=1.

The coefficients can be calculated from the following conditions:

1. 0 equals to —:
2

B

5= M[l+a, +a,] (2.8)
where:
B .
£y half breadth of a section
a, : the first conformal mapping parameter
a, . the second conformal mapping parameter
2. 0 equals to 0:

d=M[l-a, +a,] 2.9)
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where:

d : draught of a section

the ratio of the half breadth to the draught

B 1+a +a,
HO = —_— = e—

where:
H, ratio of the half breadth to the draught
4. the sectional area
_A _=m 1-al-3a]
Bd 4 ’(1+a,+a,)’
where:
A : sectional area
o

sectional area coefficient

the twb paramctcrs‘al and a3 can be calculated by the following equations:

1= M
2=
( 1 )
a; = I:"I;zl -1

(F)
where:
M )
F contraction factor

(2.10)

(2.11)

(2.12)

(2.13)
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_H -, (H D' Ho+l

a2
oMyt My M
4 a6

132 2
1-a2-32=1- oD ot Hotl, )
sy Ty &
d d d
put M_ m
d k3
1-a;-3a;= 4,1,,2 [4m® — (H, - 1)> -3(H, +1)* +12m(H, +1) - 12m’]

= #[—2m2 +3m(H, +1)-(H2 +H, +1)]

4 Ho —t:—z[—2m2 +3m(H, +1)- (H} +H, +1)]

T H,
m2
4o =_1-[—2m2 +3m(H, +1)- (H, + 1)*]+1
® H,

H, (%" —1)=—-2m? +3m(H, +1)- (H, +1)?

1.e.

2m? -3m(H, + 1)+ (H, +1)’ —Ho(l-%tg)=0

= %[3(}10 +D \/9(H0 +1)" - 8(H, +1)* + 8H,(1 - f*;:_')]

therefore

M_ 1[3(}10 +1)+ \[(Ho +1)* +8H, (1 —4—0)]
d 4 T

when a vertical flat plate is considered:

2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)
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B=0, H,=0

if the coefficient a, = ~1 then a, =0

therefore
d=2M, M_=l (2.21)
d 2
-dM-=%[3i'\/l+O]=%[3il] 2.22)

~ the minus sign has to be taken to satisfy the previous condition. Finally the contraction
factor can be written as follows:

%[3(H0 +1)- J(Ho +1)* +8H,(1- 4—")] (2.23)
T

Having calculated the contraction factor the conformal mapping coefficients can be

determined.

The comparison of mapped sections to the real geometry of ship sections is
shown in Figs. 2.2 to 2.10. Though this method satisfies the boundary conditions,
- however near the corner of the section in the case of fine section the mapped coordinates
take a fuller form, to compensate for the change in sectional area. The mapped sections
behave well in the case of full form section in the region of the parallel middle body. In
the case of section 1 and 9 more parameters need to be taken into account for the
transformation process. If a section is more complicated, the error in mapping increases.

2- Three parameters fit

Approaching the same problem with different coordinates as shown in Fig. A.2.2
in the Appendix, one can write the coordinates as:

z=x+iy=Re*
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{=E+in=r1e"
therefore
x = M[(1+a,)cos8 + a,c0s30 + a,cos560] (2.24)
y =M[(1-a,)sinf - a,sin30 — asin56] (2.25)
where:
as : the third conformal mapping parameter

~ The conditions for the calculation of the coefficients are given:

1. 0 equals to 0:

B

5= M[l+a, +a, +a,] (2.26)
2. 0 equals to g:

d=M[l-a, +a, —a,] (2.27)
3. Thesectional area is given by:

A= %M’[l —a’-3a - 522 (2.28)

or it can be calculated by the following integral:
d
A= 2I xdy (2.29)
0

the following ratios are given by the relations:
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B
H, =2 =ltata,ta

2.30
d 1-a, +a;-a, ( )
Bd 4 °(l1+a, +a,+a,)

. . . M .
The coefficients a, and a, are function of the coefficient a5 and 1 according to

the following equations:
2=l g, 2.32)
2(—
( 3 )
and
a, =l 2.33)
2=
( 3 )
with

M _3(H, +D+a(Hy-1)
d 4(1+3al)

J(Ho +1)% +8H, (1- i‘nﬁ) —a2[23H2 + 2H, (13 + 43%) +23]+ 6a,(H2 - 1)
4(1+3a%)

(2.34)

. . M. .
The contraction coefficient 1 is also function of H;,, 6 and a,. The value of

a, is assumed ‘as known and calculated by iteration. A computer program called ITER,
developed in FORTRAN 77, calculates the coefficient a; which lies between the values of
-0.2 and 0.2. If the value of a, is found between -0.2 and 0.2, another iteration has to

be done between the upper and the lower value of a;. The selected then needs to satisfy
the following conditions:

dy 20 1-a —3a,-5a,20 (2.35)
dBe-o
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00x <0 1+a,—3a,+5a,20 (2.36)
L 2522 —5a,a,—1-3a, <0 2.37)
de r=1

having found many values by the present method and which satisfies the previous ‘
conditions, the right value is the one which satisfies the condition of the centre of gravity
given by the following formula:

6 2 m (2.38)
d wm@d-a;—-3a;-5a)(1—-a, +a,—ay)
where OG is the centre of gravity and m; is given by:
— 2 2 2 2
my = [g’-(l—al)z(l+al)+§a§ +§a§ +E(l -a,)(52,2, —a,)
1 50
—ﬁa -a,)(3a, - 7ala85)+ 3(7;1 ~5)al+ 5(1 la, — 9)a’
1 5
+5(l4 —18a,)a,a, + ?agas + -5-1-a3a§] (2.39)

The comparisons using the third parameter a5 is shown in Figs. 2.11 to 2.19.
The mapped sections match well at the boundaries with the geometry of the real sections.
For precise mapping of the sections more parameters are required to be incorporated in
equations (2.24) to (2.25).

2.4 EQUATION OF MOTIONS

According to Newton’s second law, at any instant all vertical forces on the ship
are in equilibrium, or the sum of all the forces acting on a body at any instant is equal to
the product of the body mass and its acceleration.

The equations of motion are presented in this section for ship advancing at
constant mean forward speed with arbitrary heading in regular sinusoidal waves. Under
the assumptions that the responses are linear and harmonic, the six linear coupled
differential equations of motion, as given by Salvesen et al (1970), are written as follows:
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6
2[(Mij +ApN; + BN +Cyn ] =Fe® (2.40)

=l

where:

i and j are subscript (i, j=1, 2 . . . 6) correspond to the mode and direction, respectively.
m; is the displacement (j=1,2 ...6 refer to surge, sway, heave, roll, pitch and yaw
respectively), and

A : added mass coefficients

B, : damping coefficients

C; : : hydrostatic restoring coefficients
F, :  exciting force and moment

M; . generalised mass

n; : displacement.

If one assumes that the ship has a long slender hull, the hydrodynamic
coefficients (added mass and damping coefficients) in the equations of motion will be
determined by longitudinal integrals over the length of the ship of two-dimensional
transverse sections. Furthermore, the slender body theory is the basis of strip method.

The vertical ship motions are of importance for slamming and deck wetness
investigations. According to Ulbright (1985), these vertical motions are combination of
heave and pitch motions and sometimes roll motions,. =~

In the present study, heave and pitch motions are assumed to be the main degrees
of freedom which may be the cause of slamming. Therefore, emphasis is given to the
coupled heave and pitch motions.

2.4.1 Coupled Heave and Pitch Motion Equations

To begin with, the motions of heave and pitch may be coupled because one
motion normally affects the other as the ship responds to wave excitation. As the ship
moves with forward speed, the problem becomes complicated. To simplify these
complications, the ship motions in surge, sway, yaw, and roll are neglected. The vertical
motion of each transverse segment (strip) is assumed to be composed of the combined
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heave and pitch motions. The total ship response can be found by integrating the strips
along the ship’s length. If the strip is disturbed by a passing wave train, the fluctuating
water level causes a disturbing force known as the exciting force.

The linearised equations in heave and pitch motions affected by each other are
written as follows:

(M, + A,,)2+B,z+Cz+ A0+ B,,0 +C,,0 = (F, +iF, )e'™ (2.41)

(I, + Ay)0+ B0+ CyB+ Ay + Bz + Cyiz = (M, +iM,, )e™ (2.42)

g
&
a

11

8

real part (cosine part) of the exciting force
imaginary part (sine part) of the exciting force
mass of ship

real part (cosine part) of the exciting moment
imaginary part (sine part) of the exciting moment
moment of inertia

11

$ = ¢

®

heave displacement

heave velocity

heave acceleration

pitch angular displacement
:  pitch velocity -

pitch acceleration

O D NN N =

2.4.2 Heave and Pitch Hydrodynamic Coefficients and Coupling Terms
The hydrodynamic coefficients and the coupling terms for heave motion by
including the end effect using New Strip Method (NSM) are given in the following

equations:

Ay = { Mdx (2.43)

By, = [Nydx -~ U[M,] (2.44)
L

27



C., = pg[ B(x)dx - U[N] (2.45)
L

Ay =~ xMydx - — [Nydx (2.46)
L (l)e L
U2
By, = —[xNydx + U Mydx + UlxMy ]+ (N, ] (2.47)
L L e
Cy = —pg [ xB(x)dx + U[xNy ] - U[M] (2.48)
L

The hydrodynamic coefficients and the coupling terms for pitch motion by
including the end effect using NSM are given in the following equations:

2
Ay = [x'Mydx + U—zj M, dx (2.49)
L 0)0 L
u? U?
B, = { XN dx + o { N,dx - U[x*M,,] - o [XN_] (2.50)
C; =pg| x*B(x)dx — U[x*Ny, ]+ U[xM] (2.51)
L
Ay == xMydx + = [Nydx (2.52)
L O')G L
B,, = — [ xNydx — U[Mydx + U[xM,] (2.53)
L L
Cy; =—pg[xB(x)dx + U[xNy] (2.54)
L

where:
B(x) : sectional breadth

g :  acceleration of gravity
M, : sectional added mass
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[M,] : added mass per unit length for the end part

Ny : sectional damping coefficient

[N,] : damping coefficient per unit length for the end part
19} :  ship speed

P :  water density.

the first subscript corresponds to the oscillation mode and the second one represents the
direction.

2.5 EXCITATION FORCE AND MOMENT DUE TO WAVES FROM
ARBITRARY DIRECTION

Wave excitation forces are derived from the hydrodynamic pressure due to
incident and diffraction wave potentials. Hence two-dimensional exciting forces are
obtained by diffraction force due to wave diffracted from the body and Froude-Krylov
force due to the incident wave. The summation of these two forces gives the total force
acting on a cross-section which can be integrated over the length of the hull, to obtain the
excitation forces acting on the ship.

2.5.1 Froude-Krylov force and moment components

The excitation force on the right hand side of the equation due to the incident
wave is represented by the cosine part and the sine part. The cosine part of Froude-
Krylov force and moment components in heave and pitch directions are written as:

B/2

FIX =2pg{ [Cosk’x [e™*Cos(kySiny)dy.dx (2.55)
L 0
B/2
My =-2pg{ [xCosk'x [e™Cos(kySing)dy.dx (2.56)
L 0
where:
FIX . cosine part of Froude-Krylov force component
MY @ cosine part of Froude-Krylov moment component
k : wave number
¢ :  wave amplitude
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X : wave direction.

and the sine part of Froude-Krylov force and moment components are given by the

following equations:
B/2
o' =-2pg{ [Sink’x [e™Cos(kySiny)dy.dx 2.57)
L 0
B/2
My =2pg{ [xSink’x [e™**Cos(kySing)dy.dx (2.58)
L 0
~ where:
F . the sine part of Froude-Krylov force component
M{X . the sine part of Froude-Krylov moment component

here the cosine part and the sine part of Froude-Krylov forces are given in heave and pitch
directions only.

2.5.2 Diffraction force and moment components

The cosine part of diffraction force and moment components in heave and pitch
directions are written as:

Fi, = { we™={[ N, Sink"xdx — @, [ M, Coskxdx
L L

_U[M,{smk‘x]-mE[NHCosk'x]} (2.59)

M, = { 0™~ ([ xN,Sink xdx + @, [ xMCosk"xdx
L L
—UJ M, Sink "xdx — (oij N Cosk "xdx
L e L

+U[xM,,smk'x]+w1[xNHccsk‘x]} (2.60)

where:
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F¢ : the cosine part of the diffraction force component
M : the cosine part of the diffraction moment component

The sine part of the diffraction force and moment components in heave and pitch
directions can be given by:

F;, = { we™™= {[ Ny, Cosk"xdx + @, | M,,Sink"xdx
L L

-U[MHCosk‘x]+m£[NHsmk‘x]} 2.61)

e

M; = C.a)e'"" {-I xN,Cosk "xdx — a)eijHSink°xdx
L L

~U [ M, Cosk"xdx + v | NySink"xdx
L ('oc L

+U[xMHCosk‘x]—EU-[XNHSink'x]} (2.62)
where:
F¢ : sine part of the diffraction force component
M;  : sine part of the diffraction moment component

Hence the total force which is superposition of Froude-Krylov and diffraction
force is written as:

F,=F. +F® (2.63)

or
F,. = { we™™{[N,Sink'xdx - @, | MCosk "xdx
L L
_U[M,Sink’x] - mE[NHCosk‘x]}
B/2 ‘
+2pg{ [ Cosk™x [e™*Cos(kySing)dy.dx (2.64)
L 0

where:
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F : the cosine part of the total exciting force

and the sine part of the total exciting force is written as:

F,=F +FX (2.65)
or
F, = { we™"{| N, Cosk'xdx + @, [ M, Sink"xdx
L L
—UM, Cosk’x]+ ;U-[NHSink'x]}
B/2 ¢
—2pg¢_ [Sink'x [€™Cos(kySing)dy.dx (2.66)
L 0
where:
F, : the sine part of the total exciting force

and the wave number is written as:
k™ =kCosy (2.67)
The cosine part of the exciting moment is written as:
M, =M. + ME (2.68)
or
M, = e™~{— [ xN,Sink'xdx + @, [ M Cosk"xdx
L L
U M Sink"xdx ~ — [ N, Cosk'xdx
L (l)e L
+U[XM,Sink’x] + mﬂ[xNHcOsk‘x]}

B/2

-2pg{_ [xCosk’x [e™*Cos(kySing)dy.dx (2.69)
L 0
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where:
M, : thecosine part of the total exciting moment

The sine part of the exciting moment is written as:

M,, = MS, + M (2.70)
or
M, ={ we™" {~[xNyCosk'xdx - @, [ xM,Sink "xdx
L L
~U| My Cosk’xdx + - [ N, Sink xdx
L (De L
+U[xM,,Cosk'x] - f—[xNHSink‘x]}
B/2 ‘
+2pg{ [ xSink'x [e™*Cos(kySiny)dy.dx 2.71)
L 0
where:
M, : thesine part of the total exciting moment

The procedure for mathematical calculation of the sectional added mass My and
damping coefficients N, which are functions of the free surface coefficient of added

mass K, and heave amplitude ratio Ay, are detailed in the Appendix.

Predicted numerical computation results of non-dimensionalised free surface
coefficients K, are given in Figs. 2.20 to 2.30 for each station along the ship. As shown
in these results there is good correlation between the present method and that of Tasai
(1959) and Bishop and Price (1979). There are some discrepancies in the case of fine
section shape but in general the correlation is good for full section shapes. Some
discrepancies take place place because of the difference in the input data for the present

sections and those data obtained from the geometries given by Tasai (1959) and Bishop
and Price (1979).
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For heave amplitude ratio Au, numerical computation of non-dimensionalised
results are shown in Figs. 2.31 to 2.41 for each station along the ship. Comparison of
the present results, with those given by the geometries of Tasai (195) and Bishop and
Price (1979), are found to be in good agreement except of the small difference which are
due to the difference in the input data.

2.6 SOLUTION OF MOTION EQUATION
The exciting forces and moments in equations (2.63), (2.65), (2.68) and (2.70)
can be expressed in complex form in order to facilitate the algebraic solution. The

exciting functions are harmonic, hence the solution for the equations (2.41) and (2.42)
. can be assumed harmonic according to Korvin-Kroukovsky (1955) and to be of the form:

(2.72)
0 =8 (2.73)
where z and 0 are complex amplitudes given by the following equations:
z=1ze¢ 2.74)
0=0,.c" (2.75)
where:

heave complex amplitude
heave amplitude

N NI

pitch complex amplitude
pitch amplitude

heave phase angle
pitch phase angle.

m O D Dl

The forcing function is given in complex form as follows:

F=F_" (2.76)
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M=Mze" 2.77)

g
=
4
o

complex amplitude of the total exciting force
amplitude of the total exciting force

complex amplitude of the total exciting moment
amplitude of the total exciting moment

phase angle of the total exciting force

o azg mm

phase angle of the total exciting moment

. The amplitude of the exciting force, which is superposition of Froude-Krylov and
diffraction force, is written as follows:

F, =\FL +F (2.78)

and ¢ the phase angle of the exciting force is written as:

o =amtan(-££) 2.79)

zc

The amplitude of the exciting moment is given by:

M, =Me+M;, o o | (2.30)

and 1 the phase angle of the exciting moment is written as:

_ M.
T= arctan(Mec ) (2.81)

From equation (2.41) and (2.42), one can introduce the complex forms by the
coefficients:

P=-M, +A,)®? +iB,,0, + C,, (2.82)

Q=-A,0! +iB,0, +C,, (2.83)
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S=—(I, + Ags)®; +iBs;m, + Css (2.84)
R =-A,,0} +iB,,0, + C (2.85)
‘i’ represents the complex quantity v—1.

Hence if we insert in the equations (2.41) and (2.42) the quantities given in equation
(2.74) to (2.77) and (2.82) to (2.85), the equations of motions become as follows:

Pz+QB=F (2.86)
S6+Rz=M (2.87)

Solving each equation for z and 8, we arrive at the solution for complex heave and pitch:

2=%§_’—§2 (2.88)
5= Zl; — 1\;;’ (2.89)

This is the final solution of the motion equations. Having found amplitudes and phase
angles for heave and pitch motions, we can express the two motions in their final forms
as:

z=2z.¢® =z (cosd+isind) (2.90)
0=0,¢" =0, (cose +ising) (2.91)

The steps, which have been taken for the calculation of coupled heave and pitch
motions, are summarised as follows:

« divide the ship into a finite number of sections to represent the hull form.

« derive the hydrodynamic coefficients by using new strip method which takes
the end effect into account and integrate this coefficients along the ship length.

« calculate the exciting force and moment from Froude-Krylov and diffraction
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components.

. use the complex solution to calculate heave and pitch response for a given
seaway.

Fig. 2.42 shows a comparison of non-dimensionalised heave amplitude results
obtained from New Strip Method calculation with those obtained from Ship Motion
software package SHIPMO-PC (1992). For Froude number 0.275, the comparison is in
good agreement. The effect of the end term is noticeable where a shift in the peak is
taking place in the frequency range of 1.5< mJL_/g <2.0. For the same Froude number,
non-dimensionalised pitch amplitude results are also compared, as shown in Fig. 2.43,
with those results obtained from the same program.

As a double check, results of heave and pitch motions in Figs. 2.46 and 2.47
respectively are compared with those obtained from the Ship Motion software package by
neglecting the effect of the end term. The comparison is in good agreement except for
slight differences.

2.7 VERTICAL RELATIVE MOTION

Seakeeping studies often require assessments of motions experienced at some
particular point of the marine vehicle, such as the vertical relative motion exceeding its
threshold value in slamming or deck wetness events. These two events are mainly
dependent on the quantity of the vertical relative motion. Moreover, if this quantity
- exceeds the local draught, slamming is imminent and if it exceeds the freeboard deck -
wetness may occur. The severity of slamming and deck wetness depends mainly on the
vertical relative motion.

The vertical relative motion is given by Lloyd (1989 b) as the superposition of the
absolute motion and the wave elevation, that is to say:

r=s-{ (2.92)
where:
r . vertical relative motion
S : absolute motion
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¢ :  wave elevation

‘s’ the absolute motion is a combination of heave and pitch motions at different positions
along the ship’s hull and is given as:

s=z+&O (2.93)
where:
€ : the distance from the location of the centre of gravity of the body to the station
in consideration.

‘€’ is the wave elevation which is defined by:
=, sin(k§ -, t)e™ (2.94)

The final equation of the vertical relative motion, given in terms of heave, pitch
and wave elevation, is given as:

r=z+§0-( (2.95)
and it is also expressed as:

r(t)=r,cos(@,t+3,) | S (2.96)
T, : amplitude of the vertical relative motion
9, : relative motion phase angle

According to Price et al (1974) the relative motion is the quantity which may
define the occurrence of the event of slamming and deck wetness. This vertical relative
motion increases if the distance between the centre of gravity and the station considered
increases.

Fig. 2.44 shows non-dimensionalised vertical relative motion for Froude number

0.275 at station 8 1/2. This vertical relative motion is larger in the range of
20< a)\/L / g £2.5 and that is where slamming may occur.
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2.8  VERTICAL RELATIVE VELOCITY

Among the conditions related to slamming occurrence are bow emergence and a
certain magnitude of the vertical relative velocity which is referred to as threshold the
velocity. As detailed by Bishop et al (1974), this threshold velocity has been established
by Ochi from model tests as 12.0 ft/s for a 520 ft ship. Ochi et al (1973) suggested the
following Froude scaling law for the threshold velocity:

V., =0.093,/gL (2.97)
where:
V. : threshold vertical velocity (critical velocity)
g acceleration of gravity
L : length of ship

In reality, the meaning of threshold velocity is still obscure and more
investigations need to be carried out in this field to clarify this obscurity.

The vertical relative velocity is the first derivative of the vertical relative motion
with respect to time, i.e:

_dr ~
V.()= 5 (2.98)
or
V. () =wr(t) (2.99)

where:
V. (t) : vertical relative velocity
and the amplitude of the vertical relative velocity is expressed as:

V.=, ©(2.100)
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where:

V. : amplitude of vertical relative velocity

Since slamming pressure is approximately proportional to the square of the
relative velocity at the moment of impact, it is meaningful to approximate the impact
relative velocity by the amplitude of relative velocity. As the amplitude of the relative
velocity is somewhat larger than the impact velocity, it does not influence the prediction of
the impact pressure and that is why, to a certain extent, in most of the cases the predicted
value of pressure due to slamming is greater than the magnitude of the measured value.

The computed vertical relative velocity is given in Fig. 2.45 for Froude number
0.275. In the frequency range of 2.0 < wJL—/g <2.5, Ochi’s condition is satisfied and
if the vertical relative velocity exceeds its threshold value, as given in equation (2.97),
bottom slamming is imminent.

2.9 CONCLUSIONS

In the present investigation it is appropriate to calculate the hydrodynamic
coefficients by using the conformal mapping parameter in the multipole expansion
method. To get reasonable and accurate prediction of the hydrodynamic coefficients for
input into the equations of motions, it is usual to truncate the mapped section to two
parameters only from the point of numerical accuracy. The end effect terms play an
important role in the prediction of ship motions.

For numerical prediction of the coefficient a least square method is adopted and
these results are compared with those of Tasai (1959) and Bishop and Price (1979). For
nearly the same conditions, one can notice that the present method, Tasai’s (1959) and
Bishop and Price’s (1979) methods match very well as in Figs. 2.20 to 2.41. However
some differences took place in the free surface coefficient of added mass and amplitude
ratio which are due to the difference in the input data.

Using this analogy the results of the motions obtained by the present method,
New Strip Method, and by SHIPMO package are as in Figs. 2.42 to 2.43. Especially for
the lower frequency range one can notice the shift in the peak and an increase in the
magnitude of the heave motion which results in large motions of the ship and which in
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turn may cause slamming and/or deck wetness. As a double check, results of heave and
pitch motions are compared with those obtained from the SHIPMO package by neglecting
the effect of the end term.
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Fig. 2.2 Comparison of mapped section 1 to the real

geometry of ship section 1 using two parameter
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Fig. 23 Comparison of mapped section 2 to the real

geometry of ship section 2 using two parameter
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Fig. 2.11 Comparison of mapped section 1 to the real
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CHAPTER 3
BOTTOM SLAMMING

3.1 INTRODUCTION

Bottom slamming phenomenon is an event associated with extreme motions of
ship in waves. At certain speeds in rough seas the fore-foot of a ship emerges from the
water. As the fore-foot re-enters the water surface with a high vertical velocity between

ship and local wave profile, a large impact load occurs, it is called impact pressure due to
bottom slamming.

Investigation of this repeated dynamic load, caused by bottom slamming, is very
important, and is a major problem which fine ships, such as warships and container ships
are subjected to, in rough weather, if the forward speed is maintained. The response
behaviour of a hull varies according to the type of ship.

The physical understanding of response to a slam is located in the energy

absorbed by a local area which can be damaged by the peak pressure of very short
duration. ‘

3.2 PREDICTION OF IMPACT PRESSURE DUE TO BOTTOM
SLAMMING -

Impulse loads with high pressure peaks occur during impact between two bodies;
in the case of marine vehicles the impact takes place between the marine vehicle body and
the water. Specifically, the phenomenon is known as slamming when the body hits the
water surface with a high velocity. The impact pressure due to slamming can be found by
two methods, experimentally and theoretically. Theoretically, there are two approaches to
predict the magnitude of a given slam. The first approach is called Tmpact Slamming' or
‘Wagner’ theory, it evaluates the magnitude of a slam at the instant when the hull strikes
the wave profile for a short duration and the impact pressure depends on the vertical
relative velocity at the instant of re-entry. The second approach is called 'Momentum
Slamming' or ‘Von Karman’ theory; it describes the variation of the pressure after initial
entry as the hull penetrates the water. Aertssen (1978) mentioned that this theory is
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adequate for description of flare slamming.

It was Von Karman (1929) who first proceeded to calculate the impact pressure
(force) by application of the momentum theorem. He derived the impact formula by
considering a horizontal cylindrical body with wedge-shaped as it strikes a horizontal
surface of water from momentum changes caused by entry of a seaplane into the water,
which is a related problem. Details of the calculations are also given by Faltinsen (1990).
Bishop et al (1978) concluded that the time history of the transient force is related to the
rate of change of momentum of the surrounding fluid and the instantaneous buoyancy,
that is to say: -

d d
F(x,t) = -[a{m(x, t)ar(x. D} - pgS(x,1)] 3.1
where:

F(x,t) : transient force
m(x,t) : instantancous added mass

r(x,t) : relative motion for a given location at given time

P :  fluid density

g :  acceleration of gravity

S(x,t) : instantaneous submerged area of the hull section as it re-enters the water.

As mentioned earlier, Aertssen (1978) suggested that the momentum slamming
~ theory would be more convenient for bow-flare slamming of a medium or fully-loaded
ship.

The main difference between bow-flare slamming and bottom slamming is that
the first process takes much longer duration than the second one. Bottom slamming, as it
is defined earlier, occurs when the emerged ship bottom strikes the water surface,
however the process of bow-flare slamming, according to Hwang et al (1983), takes
place when the bow-flare submerges in the water. When a ship is going in the water and
the wave is going upward, there is a rapid change in momentum of added mass and the
bow-flare impact forces can be obtained from the changes in the momentum of added
mass.
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As defined by Belik et al (1987), a slam produces a continuously varying action
on the hull, i.e as the bow re-enters the wave, the slam is described by three different
stages which are listed as follows:

« animpact slam at the first instant of contact between body and water surface

« immersion of each slamming section from keel to still water draught allowing
for rate of change of fluid momentum

. immersion of a bow section/deck as it plunges and re-emerges from the wave
until still water draught is reached and/or the steady state components begin to
dominate the fluid action. This involves contributions of fluid momentum
and buoyancy.

The first and second points are classified as bottom slamming, but the third one is known
as bow-flare slamming.

Belik et al (1979) assumed that the total transient loading during a slam, is the
sum of two loadings known as transient impact loading which will be detailed in this
chapter and transient momentum loading given in equation (3.1). It was also mentioned
that the total loading varies with time and depends on the relative velocity and acceleration
as well as the submerged volume of the ship.

3.2.1 Empirical Prediction of Impact Pressure due to Bottom Slamming

For design purposes the main parameter in determining the local scantlings as
given by Jones (1976), Fukasawa (1980) and Allen et al (1977) is the maximum pressure
arising from bottom slamming. Hence the emphasis is on the prediction of pressure due
to bottom slamming and Wagner theory will be used through the investigation.

Slamming pressure can be predicted by semi-empirical formulae. The flow-
chart, presented in Fig. 3.1, explains the occurrence of a slam when the vertical relative
motion exceeds a certain level. This causes the vertical relative velocity to exceed its
threshold value, and this is an indication that bottom slamming is taking place.

A complete prediction of a slamming event is a complex task which is beyond the

scope of any existing theory. The sea conditions with associated ship motions and ship
hull form are prime factors to be considered for information needed to evaluate slamming
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pressure at the initial stage of ship design. However, from a number of experiments
slamming pressure is assumed by Ochi (1973) to be proportional to the square of the
vertical relative velocity between the hull and wave at the instant of impact. In other
words, the pressure is expressed by:

P =KV{ (3.2)

or
1 2

pmn = Epklvr (33)
where:
P density of water
K dimensional constant depending upon section shape
k, nondimensional K-value.
V, S & % is the vertical relative velocity obtained from the first derivative of the

vertical relative motion with respect to time as it is given in equation (2.98).

Here the nondimensional constant k, represents the factor of the ship hull form which can
be determined from experimental tests such as model test and drop test or can be obtained
from theoretical investigation such as conformal mapping method. Moreover, the vertical
relative velocity V, ‘is result of superposition of ship motions associated with sea
conditions. '

It is important to note that the vertical relative velocity V, in equation (3.2) or
(3.3) is at the moment of impact. This impact velocity is approximated by the amplitude
of the vertical relative velocity and can be obtained by applying the threshold crossing
problem. Hamoudi et al (1992 b) mentioned that as the vertical relative velocity is a
sinusoidal function and in order to obtain the maximum vertical relative velocity it is
appropriate to take the amplitude of the relative velocity for the pressure prediction due to
bottom slamming. (Ql‘mgs is also the reason for the predicted impact pressure to be greater
than the measured valu )
1‘ N Y S T ~SU noke w2 of
RN
—_—
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Lloyd (1989) described that the amplitude of the vertical relative velocity can be
obtained from equation (2.100) by multiplying the vertical relative motion amplitude by
the encounter frequency. In the same equation the amplitude of the vertical relative
motion can be calculated from theory or measured from model tests.

Stavovy and Chuang (1976) stated that slamming of a ship at high speed results
in pressures acting normal to the hull bottom in the slamming area, may be separated into
two components:

« The impact pressure due to the normal component to wave surface of the
relative velocity between the impact surface and the wave.

« The planing pressure due to tangential component to wave surface of the
relative velocity between the impact surface and the wave.

They concluded that the planing pressures obtained from tangential velocities are small
and less than one percent when compared with impact pressures.

3.2.2 Pressure Coefficient

As stated in earlier sections, the pressure coefficient k, depends on the shape of
the bottom of the partial emerged keel of the hull. This constant can be determined by
several methods, namely drop tests of two or three-dimensional models, full seakeeping
experiments as stated by Chan et al (1992) and also by conformal mapping parameter as
~ stated by Hamoudi et al (1992 b). All these methods show significant variations in the
value of k,. From the majority of the methods presented, the method which is widely
used to determine value of this constant is the one determined by Ochi and Motter (1973)
and (1971).

3.2.2.1 Conformal Mapping Prediction Technique for Pressure
Coefficient

The pressure coefficient or the form coefficient of slamming pressure is one of
the important factors to be used for evaluating the impact pressure due to slamming
besides the vertical relative velocity. This constant nondimensional factor called k,
depends on the shape of section’s bottom. The value of k, is function of the hull section
shape only, and particularly for the region below one tenth of the design draught as used
by Ochi et al (1971).
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From a set of seakeeping tests, it was revealed that the critical portion of the
impact process is over when the bottom of the section has submerged to a depth of one
tenth of the local draught; and if the bottom section is below or above the base line, the
distance between water line and the bottom is substituted by the draught.

Multiple regression analysis is performed by Ochi and Motter (1971) to establish
the best regression equation for the form coefficient for slamming pressure on the
variables called conformal mapping parameters. At an early stage of ship design, it is
convenient to evaluate the pressure coefficient using two or three parameters even if some
discrepancies are involved in the evaluation. Furthermore, Ochi and Motter prepared a
~ chart which gives a quick estimation of the pressure coefficient value with reasonable
accuracy as in Fig. 3.2. In this figure results are given for three different series of lines
together with parameters necessary for evaluation, such as breadth to draught ratio,
sectional area at one tenth of the design draught.

3.2.2.2 Three Parameter Pressure Coefficient Prediction Technique

As mentioned earlier, the pressure coefficient k, can be determined by the
conformal mapping parameter (ship lines) for the bottom portion below one tenth of the
design draught. The expression by which the pressure coefficient can be estimated is
widely used and is given by Ochi et al (1971) as follows:

k, = exp(1.377 +2.419a, —0.873a, +9.624a,) - (3.4)

as said earlier, the conformal mapping parameter a,, a, and a, are calculated by using the
transformation method by mapping a section of ship to unit semi-circle. These parameters
are function of the breadth, draught, sectional area and centre of gravity of the sectional
area. The coefficients a, and a, are given in equation (2.32) and (2.33) respectively and
are as follows:

3.5)

2(
dl/lO

and
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a,=—to—-1 (3.6)

The coefficients H, and M are function of breadth, draught and sectional area as it was
1710

used by Hamoudi et al (1992 b), whereas the coefficient a, is assumed as some value and
thereafter determined by iteration. The value of a,, iterated by a computer program
developed for this purpose must satisfy the conditions given in equations (2.35), (2.36)
and (2.37). Having found many values by this method and having satisfied the previous
conditions, the correct value is the one which satisfies the condition of the centre of
. gravity given in equation (2.38).

This method can be adopted for any arbitrary section where bottom slamming
may occur. Two computer programs were used for this purpose. The first program is
Ochi’s (1971) which requires as an input data of half breadth at one tenth of the design
draught, design draught, eleven offsets read at equal intervals starting on and continuing
below one tenth of the design draught, equal spacing between the intervals and half
breadth of ship. The second computer program requires the area at one tenth of the
design draught, centre of gravity of this area, half breadth and the draught at one tenth of
the design draught. This computer program is developed in FORTRAN 77 and consists
of the calculation of the area, moment of the area and centre of gravity of the area for the
section under consideration. It also iterates the a5 value and the parameters a, and a; can
pressure coefficient k, for station 8 1/2 of the container ship, using the regression
equation.

Table 3.1 gives a comparison of the computed pressure coefficient by two
methods and a good agreement can be seen from the results obtained. Comparison of the
pressure coefficient values in Table 3.1 with the experimental results published by
Kawakami et al (1980) as shown in Fig. 3.9 show good agreement at station 8 1/2.

3.2.2.3 Two Parameter Pressure Coefficient Prediction Technique

The two parameter pressure coefficient prediction technique is used for a quick
and simple method for the estimation of the pressure coefficient by Hamoudi et al
(1992 a). This method can be used if the input data for a given station lacks in the
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information of the centre of gravity of the station under consideration. This is an
important parameter to be used in the three parameter prediction technique. The third
parameter a; explains only 0.63 per cent of the variance according to Hamoudi et al
(1992 a). Hence a use of two parameter a, and a, is required. This method is a useful
tool for the initial stage design prediction of slamming pressure, and it is rather convenient
to evaluate.

By equating the third parameter a to zero, the equation (3.4) becomes as
follows:

k, =exp(1.377+2.419a, — 0.873a,) 3.7

The two parameter method shows some discrepancies when it is employed as in
Table 3.2, and this means that incorporation of the third constant a is important as it has
a valuable contribution for the prediction of the slamming pressure.

Table 3.2 represents a value of the pressure coefficient k, calculated by two and
three parameter. The two parameter method is 24.1% lower than the three parameter
method.

3.2.2.4 Deadrise Angle Prediction Technique for Pressure qufficient
Another method used for the pressure coefficient prediction is the deadrise angle.
Lewison (1970 b) predicted an expression to evaluate the value of k, by the effective

deadrise angle of the bottom of the section. This relationship has been confirmed by
number of experiments, and it is given as follows:

”2
k, = 1+Tcot2 B (3.8)

where:
B : deadrise angle.

The form factor of the impact pressure due to bottom slamming estimated using equation
(3.8) is likely to be too high if no account is being taken of the effect of the air trapped
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between the keel and the water surface during the impact.

In the case when the bottom of the ship is flat and the deadrise angle B is zero,
the form factor of the impact pressure is infinitely large and which is not true in practice if
equation (3.8) is used. Fig. 3.3 explains clearly the variation of the pressure coefficient
with deadrise angle by using the above equation.

From a number of experiments, it has been been realised that the air layer
between the body and the water surface plays an important role in determining the peak
pressure which occurs during flat impact. More investigations conducted by Chuang
(1966) and Lewison (1968) have shown that air escape from under the flat bottom is not
~ complete and therefore a large bubble provides a cushion to the impact.

From a set of drop tests on slamming of wedge-shaped rigid bodies, Chuang
(1967) obtained a linear relationship between deadrise angle and pressure due impact,
these relationships are summarised here as follows:

1. For flat bottom at keel and away from keel:

P =4.5V, 3.9)
2. Deadrise angle =1 degree
a) at kecl:

Prea =3.15V}* (3.10)

b) away from keel

Poax = 315V (3.11)
3. Deadrise angle 8 =3 degree
a) at keel:

Proy = 104V - (3.12)
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b)

a)

)

a)

b)

b)

away from keel:

Prne =411V

Deadrise angle =6 degree
at keel:

n

1
pkeel = -2_pv2 ﬂ
away from keel:
Poae = 0.87V?

Deadrise angle 8 =10 degree
at keel:

Prea = %PVzg-

away from keel:

Prae =0.42V?2

Deadrise angle =15 degree

at keel:

n

1 2
=—pV
Pieat 2P B

away from keel:

Posx = 0.24V?

(3.13)

(3.14)

(3.15)

- (3.16)

3.17)

(3.18)
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7. Deadrise angle 8 =18 degree and above

a) at keel:
Proa =2pV?E (3.19)
keel 2 B .
b) away from keel
~Lovpe 2 (3.20)
pmn 2 p 4 ﬂz ¢
where:
v, : impact velocity at instant of impact [fps]
v : impact velocity at time ‘t’ [fps]
Pwa : impact pressure at keel [psi]
Pmx © Maximum impact pressure |psi]

p :  mass density of fluid [1b-sec?/ft4].

in equations (3.13), (3.15), (3.17), (3.19) and (3.20) the deadrise angle B is in radians.
For sea water slamming problem, a correction factor which is the ratio of the mass density
of sea water to the one of fresh water is taken. V,_ in the above equation is used to
calculate the maximum pressure at the instant of impact, and V is used for the impact at
any time ‘t’.

3.2.2.5 Impact Angle Prediction Technique for Pressure Coefficient

The pressure coefficient k, is also approximated, using the impact angle called
&. This angle is called effective impact angle on a plane normal to wave surface and
impact surface on hull bottom measured from wave surface to impact surface of hull
bottom as explained by Stavovy and Chuang (1976). The relationship between the
pressure coefficient and different impact angle is presented by Chuang (1967) and
modified Stavovy and Chuang (1976) and Chuang (1973), as:
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For 0 < £ <2.2 degrees :
k, =0.37£/2.2+0.5 (3.21)
For 2.2 < & <11 degrees:

k, = 2.1820894 — 0.9451815¢ +0.2037541¢>
~0.0233896&° +0.0013578&* — 0.00003132¢° (3.22)

For 11 <& <20 degrees:

k, = 4.748742 — 1.3450284¢ + 0.1576516£2
-0.0092976&° +0.0002735&* — 0.0000319864£° (3.23)

For 20degree< & :

k, =(1+2.4674 / tan® £)0.76856471/ 288 . ‘ (3.24.a)

Equation (3.24.a) has been modified slightly by Umeda et al (1993) and is rewritten as:

k, = (1+2.4674 / tan® &)cos* £ / 288 (3.24.b)

the impact angle takes the form :-

where:

B,

tan& =cosf, tan(t+a—06,) +sinf,, tanf_ (3.25)

Buttock angle _

Angle on wave surface measured from forward longitudinal direction to the
plane normal to wave surface and impact surface on hull bottom ata
considered point

Angle on transverse plane normal to wave surface and measured from impact
surface on hull bottom to wave surface

Wave slope
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T : Trim angle.

the angle B, and B_ can be calculated by the following equations:

tan 8
A0 Pa = 32
e sin(7 -6, ) +tanacos(7 - 6,) (3.26)
tan B
- 2
" cos(t-6,)-tanasin(7-6,) @.27)
where:
B : deadrise angle.

6, the wave slope can be calculated by multiplying the wave amplitude by the wave
number, that is to say:

6, (t) = { ksin(kx + @,t) (3.28)
where:
¢, wave amplitude
k wave number
X longitudinal location of station considered from centre of gravity
o, frequency of encounter. - ' o '

3.2.2.6 Pressure Coefficient Prediction Technique Employing Breadth
and Draught

Prediction of pressure coefficient using breadth and draught at one tenth of the
design draught is simple and a straight method which does not require any complications,
as according to Kawakami et al (1980) the mapping coefficient can be generally expressed
as ai equals to 10 a3 and 20 times as. Hence the main influencing parameter can be said
to be the coefficient a;. Kawakami et al (1980) obtained an estimation of slamming
impact pressure coefficient by using only the breadth and the draught at one tenth of the
design draught. This method is used by Hamoudi et al (1993) and takes the following
form:
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k, =exp(1.26 +3.3757) (3.29)

where:

Zl/lo _1

y= %_ (3.30)
1/10 +1

dl/lO
where:
b0 : breadth atone tenth of the design draught
d,,, : draughtatone tenth of the design draught.

‘b, and ‘d,,,,’ are presented in Fig. 3.4 showing a bottom of a section at one tenth of
the design draught.

The nondimensional coefficient k, in equation (3.29) increases if the section’s bottom is
flat and vice versa. Fig. 3.5 shows variation of the pressure coefficient along the fore
region of the S175 container ship. The method given above is in good agreement with the
three parameter prediction technique given by Ochi in equation (3.4).

3.2.2.7 Experimental Prediction Technique for Pressure Coefficient

The pressure coefficient k, depends mainly on the bottom portion of the ship
section as mentioned earlier, starting and continuing below one tenth of the design
draught (the design draught taken from the loaded water line to the bottom of the section,
because for some sections the bottom is above or below the base line). The constant k,
can be obtained from seakeeping tests by measuring the pressure and the amplitude of the
relative velocity at the instant of impact, obtained from the measured relative motion.
From the following equation the pressure coefficient can be calculated as:

k. = Dmax_ (3.31)
1 -1- V2
5PV:

where: -
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Pm . the maximum impact pressure

\A :  vertical relative velocity
p : mass density of fluid.

It is convenient to average the value of the pressure coefficient if it is obtained
from seakeeping tests in order to minimise the error accumulated from the experiment and
the nonlinearities, such as air cushioning.

3.2.3 Distribution of Slamming Pressure over the Section’s Bottom

Bishop et al (1978) assumed that the pressure due to bottom slamming varies
over the girth of the section at one tenth of the design draught. This pressure is zero at
one tenth of the design draught and is a maximum at the keel. Fig. 3.6 shows the
distribution of the slamming pressure over the region of one tenth of the design draught.
This means at and above the region of one tenth there is no pressure due to slamming, and
there is only the so-called dynamic pressure. This statement requires more investigation
by placing a number of pressure transducers over the girth at equal intervals and to carry
out a seakeeping test for validation purposes. The distribution of the slamming pressure
is given by the following equation:

6
P(8) = o (L 20) (3.32)
dlllO
where:
d,c : one tenthof the design draught
p(6,) : distribution of the pressure over the girth
Pux - Mmeasured or calculated slamming pressure at the keel
y(6,) : 'y coordinate for conformal mapping
0, : conformal mapping angle

From the values in Fig. 3.6, obtained from equation (3.32) one may conclude
that the distribution of slamming pressure is uniform. In reality there are also other
variations that take place during impact, such as cushioning of air between the body and
water surface, shape of the bottom section and interference rolling motion, when
slamming is imminent.
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3.2.4 The Entrapped Air Between Body and Wave Surface during Impact

As mentioned in the 9th International Ship Structure Congress (1985), the
phenomenon of air trapped between a body and wave surface is a well known problem in
the fieid of slamming. This is a major factor from the point of view of impact of flat with
low deadrise bottoms. In most of the research carried out in the past by various
researchers, the effect of the presence of air was ignored. Chuang (1965) took high
speed motion pictures of his experiment and his photographs indicate what is apparently
air trapped in the top of water below the falling body just after contact between water and
body takes place. In another investigation by Chuang (1967), an electronic detection
method was used in an experimental attempt to detect the air trapped between a falling
~ impact surface of a flat bottom model and the water surface. It was concluded that at the
instant of impact of a flat bottom and 1 degree wedge trap a considerable amount of air
between the falling body and the water surface.

This brings the matter to the effect of deadrise angle in connection with the trapped air.
As said earlier, the impact pressure becomes very large for small deadrise angles
according to equation (3.8) for the pressure coefficient prediction. Chuang observed
(1970) in his experimental investigation that most of the air has not been trapped at the
instant of impact with a deadrise angle of 3 degrees and higher. The trapped air
phenomenon can be described as unstable with respect to the bottom shape (deadrise
angle) and time duration. He concluded that during the impact of a wedge with deadrise
angle of 3 degrees or greater, most of the air is pushed aside by the wedge before the keel
pierces the water surface. o ' R

Sellars (1976) concluded from his work that restricting air flow to two rather than
three dimensional condition reduces value of peak impact pressure and the pressure
reduction is greater for larger model.

Actually, the air bubbles in the water lead to reductions in pressures during the
impact, therefore one may conclude that the existing air between the hull and the water
surface plays a role of an amortisseur which reduces the severity of the peak pressure.
Furthermore, Lewison (1970 a) investigated in a set of experiments the reduction of
slamming pressure by reinforcing (ejecting) artificial air when slamming is imminent or
preventing the air which already exists from escaping by mean of flanges. Air ejection
reduced impact pressure by three times as given in Fig. 3.7. Hamoudi et al (1992 b)
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stated that this operation is costly to install in the ship. Equipment for injecting artificial
air in the bottom of ship needs an accurate technique for its use, moreover the flanges
increase the resistance.

Sellars (1976) stated in his investigation that air entrapment is one of the
phenomena not included in the scaling laws and may cause errors when extrapolating
model results of initial impact pressure to full scale. The reason proposed for such an
effect is that, since air escape is controlled by the speed of sound in air and this speed is
the same in model and ship scale, air entrapment will not scale. One may conclude from
this statement that the trapped air is expected to play an important role and that model
expcriménts will tend to overestimate impact pressure.

3.2.5 Threshold Velocity

The definition of threshold is the crossing phase for a certain state to change to
another/different state. In this context, threshold velocity can be defined as the value
beyond which slamming occurs and prediction of impact pressures due to bottom
slamming can be made. In other words it is the magnitude of vertical relative velocity
required for slamming impact to take place.

The phenomenon of slamming is associated with two conditions, according to
Price et al (1974), which can be listed as follows:

o the bow emerges

« acertain magnitude of the relative velocity between ship and wave measured
at bow, called threshold velocity, is exceeded.

these two conditions are sufficient for slamming to occur, therefore not every bow
emergence leads to slamming occurrence.

The magnitude of the threshold velocity was examined for five models having
different hull forms by Ochi (1964), and the results showed that the magnitude is nearly
constant for all form; this magnitude was evaluated by 12 fps (3.65 m/sec) for a 520 ft
vessel. Threshold velocity obtained empirically, as in equation (2.97) in chapter 2, obeys
Froude scaling and is given as:
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V., =0.093,gL (3.33)

where:

V., : threshold velocity (critical velocity)
g acceleration of gravity

L : length of ship

Fig. 3.8 shows the threshold velocity predicted by Ochi (1973), Tasai and
Ferdinande. According to Wilson (1992), the value of threshold velocity is still under
discussion as no physical explanation has yet been established. The problem with
threshold velocity can be fully explained by carrying out well designed experiments.

3.2.6 Vertical Acceleration

The relevance of vertical acceleration was considered to be important in
describing the severity of slamming phenomenon. Lewison (1970 b) reported that the
slamming event is observed when the vertical acceleration was of the order of 8.8 m/sec?
(double amplitude) for the cargo ships ‘Lukuga’ and ‘Jordaens’. Aertssen (1969)
proposed that events causing the double amplitude, of the deceleration of the bow of the
order of 8.8 m/sec2 should be called slams.

However, in the case of slamming occurring with bow emergence the relative
vertical velocity is important. When this exceeds a threshold value, slamming occurrs and
the pressures arising are proportional to vertical relative velocity. The vertical acceleration
has only a minor influence in this event.

3.3 CONCLUSIONS

Prediction of pressure due to bottom slamming is detailed and bottom slamming
is investigated by using the impact theory (Wagner theory).

The pressure due to bottom slamming is proportional to the square of the vertical
relative velocity and the constant of proportionality is obtained from the pressure
coefficient or factor of ship hull which depends mainly on the shape of the bottom portion
of the section under consideration.
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Pressure coefficient is investigated in this chapter and can be determined by
several methods, such as conformal mapping parameter (two or three parameter prediction
techniques), deadrise angle, impact angle, breadth and draught (at one tenth of the design
draught) prediction technique and experimental method. Comparison of the predicted
coefficient by different methods is given here and good correlation is found between these
methods. For example the pressure coefficient predicted by the three parameter technique
using an iteration program is 15.1 for station 8 1/2 for the S175 container ship and 15.35
using Ochi’s (1971) prediction technique. The method for predicting the pressure
coefficient by two parameter does not fully agree with that of the three parameter, but it
gives reliable results and for the same station the pressure coefficient is found to be
~ 11.46. Though various methods have been discussed in this chapter on the pressure
coefficient, emphasis has been placed on obtaining the pressure coefficient by conformal
mapping and breadth and draught formulae. Depending on the amount of input data
available one may need to adopt either of these methods. The accuracy however varies,
as for the case of two parameter conformal mapping technique the variation is 24% when
compared with the three parameter mapping technique. There is also good agreement
with the experimental pressure coefficient at station 8 1/2 obtained by Kawakami et al
(1980).

There are hardly any papers which give a detailed procedure for calculating the
third parameter a5 as even Kawakami et al (1980) used the relation that a; equals 10 times
a3 and a; also equals 20 times as for his calculation of slamming pressure coefficient.
The present prediction technique which incorporates the third parameter ag due to-
additional information of the centre of gravity of the station under consideration will
benefit designers to obtain similar pressure coefficient without having to make
approximations.

Distribution of the pressure due bottom slamming over the girth is given, it is
maximum at the centre of the girth and zero at one tenth of the design draught. Hence if
the maximum impact pressure is obtained through experiments or calculations, the
distribution can be obtained. This distribution will be explained in the next chapter.

Also one may conclude that the trapped air is expected to play an important role in

reducing the pressure due bottom slamming. But air entrapment is not included in the
scaling laws and may cause errors when extrapolating model results of initial impact
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pressure to full scale.
The meaning of the threshold velocity is still vague as not enough investigations

have been carried out to interpret its physical meaning. Hence a wide use of Ochi’s
(1964) postulation for the threshold velocity is employed.
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Table 3.1 Comparison of pressure coefficient using

iteration program and Ochi's program
Iteration program Ochi's program
Pressure coefficient 15.1 15.35

Table 3.2 Comparison of pressure coefficient using

two and three parameter prediction

Two parameter

Iteration program

Pressure coefficient

11.46

15.1
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CHAPTER 4
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CHAPTER 4
EXPERIMENTAL ANALYSIS OF BOTTOM SLAMMING

4.1 INTRODUCTION

Experimental investigation is a verification of the effectiveness of the theoretical
prediction. Faulkner (1994) mentioned in his public lecture, any behaviour can be
understood and clarified through this process.

In some cases there are discrepancies between theoretical and experimental results
and which are due to the assumptions incorporated in the theoretical method and also due
to the nonlinearities which are not included in the modelling.

In order to investigate a semi-theoretical approach on bottom slamming using the
impact theory, experiments were conducted on a monohull container ship model S175.

4.2 CHOICE OF MODEL

As introduced earlier, bottom slamming is a major problem which fine ship
forms, such as container ships and warships, are subjected to, in rough weather if the
forward speed is maintained. The response of the hull to a repeated dynamic load caused
by bottom slamming varies according to the type of the ship.

Nakamura (1980) mentioned that the main characteristics of a container ship are
high speed and large size. For these two important reasons the container ship S175 has
been chosen for experimental investigation of bottom slamming as it is most likely to
occur at high speed and in rough weather. Investigation on this type of ship is
recommended by the seakeeping committee of the International Towing tank Conference

(1978). A comparative study has been made for this ship for ship motion and loads
between different towing tanks.

Full details of the hull form and the specification of the ship are given from
Murdey’s paper (1978). Table 4.1 presents principal particulars of the S175 container
ship, Table 4.2 gives the parameters of the sections and Table 4.3 shows the offset table
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of the hull.

Over a period of years, container ships have been subjected to a number of
investigations carried out by many researchers in the field, including towing tank model
experiments, structural model tests and finite element analysis. For example, on the
structural side, Elbatouti et al (1976) performed a finite element static analysis of a model
of container ship and compared it with test results. Stiansen et al (1979) also presented
their results on an extensive correlation study for the SL-7 container ship in which the
total structural responses due to hull girder and local loads measured at sea were
compared with analytically predicted values.

In the classic paper of Boylston et al (1974) description of the performance of
SL-7 container ships in the combined fields of hydrodynamics, hull structure and
vibration were presented.

Fukasawa and Yamamoto (1980) proposed, in their investigations, guides for
bow-form design and ship handling in rough seas by taking into consideration bow form
and handling of fast cargo/container ships from the viewpoint of slamming.

In particular, the S175 container ship was subjected to many hydrodynamic
investigations over a period of years. Son et al (1981) studied the coupled motion of
steering and rolling of a high speed container ship. Fukuda et al (1983) investigated the
speed loss of a container ship on different routes in the north pacific ocean in winter.
Furthermore, Yoshifumi et al (1971) studied, theoretically and experimentally, the
motions of a high speed container ship with a single screw and in oblique waves.

The container ship S175 represents a modern type of ship and is appropriate for
relatively higher speed. Also as these ships have a large bow flare, they encounter severe
slamming problems. Hence from the view point of design such aspects should be taken
into consideration.

4.2.1 Calculation of Ballast Draught
The effect of draught is significant on the occurrence of slamming. Slamming is

more severe in the ballast condition than in the loaded condition. Ochi (1958) concluded
that increasing the draught of a ship generally leads to a decrease in slamming pressure.
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Also an increase in draught (decrease of freeboard) leads to a decrease in slamming
pressure, and this in turn gives rise to deck wetness as it is most likely to take place at low
freeboard. This event of deck wetness will be treated in a later chapter.

Ballast draught is one of the important parameters to be determined in order to
quantify the occurrence of slamming events and the magnitude of impact pressure
variation. The full displacement of the ship is given along with the design loaded draught
in Table 4.1. This displacement is a summation of the light ship mass and the
deadweight. Once the light ship mass is determined the ballast draught can be
determined. The light ship mass is composed of the steel mass, outfit mass and mass of
the engine plant as given by Chatterjee (1982). Using this method of calculation, the

ballast draught is found to be 3.15 metres.

4.2.2 Model Preparation and Blockage Phenomenon

The model of the high speed container ship S175 has been built in the workshop
of the Hydrodynamic Laboratory of the University of Glasgow. As described by
Hamoudi (1992 a), the model was made of glass rcihforccd plastic (GRP) to a ratio of
1/70. This ratio has been chosen with respect to the dimensions of the towing tank. Four
layers of glass reinforced plastic were used for model construction in order to withstand
any extreme load which may result from slamming impact.

Fig. 4.1, given in Murdey’s report (1978), represents the body plan for the S175
container ship below the water line as well as the shape of the above water line part.

Full care of the choice of the model ratio has been taken in order to run the test, at
the frequency and speed required, without creating any blockage phenomenon. Hence a
computer program called FREQ was developed to calculate the frequency at which the
tank wall interference is avoided according to the 15th ITTC (1978) report (Seakeeping
Committee). Fig. 4.2 shows the blockage phenomenorf, the horizontal axis represents the
breadth of the tank divided by the model length and the vertical axis represents Froude
number (the forward speed) times the maximum frequency (at which tank wall
interference may occur) times the square root of the ratio of the model length divided by
the acceleration of gravity.

The question of the choice of the model along with the speed and the range of the
frequencies depends mainly on the dimensions of the towing tank and the instruments
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available to perform a standard test and minimise the errors which may result from an
unexpected source.

4.3 THE TOWING TANK

The tank in the Hydrodynamics Laboratory is 77 metres long, 4.6 metres wide
and 2.7 metres deep. The tank is equipped with an electro-hydraulic plunger type wave-
maker fitted across the width at one end of the tank which generates regular waves of
frequency 0.4-1.4 Hz. The maximum wave height which can be generated in the towing
tank is in the order of 22 cm as given in Table 4.4. At the other end of the tank, an
inclined mesh beach is fitted to absorb the energy of the oncoming waves. The tank is
- also equipped with an electronically controlled towing carriage with observation platform
which enables any towed model to travel with a speed up to 6.4 m/sec.

4.4 INSTRUMENTATION SETUP

As the slamming phenomenon occurs in the fore region of the ships, therefore
most of the measuring devices are placed in the fore region. Fig. 4.3 represents the set up
of the equipment on the model in order to investigate the slamming phenomenon.

4.4.1 Wave Probes and Calibration Procedure

In order to measure the undisturbed wave heights, three resistance type wave
probes fixed to a bridge were placed across the tank width at a distance of about 5 metres
in front of the wave-maker and the spreading of the wave probes were B/2, B/3 and B/4
from the tank side wall, and in this case B is the tank width. These wave probes induce
electrical signals whose strength varies with the varying wave height. These signals are
recorded in a chart recorder for wave height measurements purpose. From the calibration
process, taken every morning before the tests, the wave height was determined by
multiplying the measured value in the chart recorder by the calibration factor. The
calibration factor was obtained by lifting the wave probes bridge by 5 cm and recording
the corresponding analogue signal in the chart recorder. In order to avoid any
uncertainties in the measurement procedure, three values of the wave height were
measured from the three wave probes and the average value was taken.
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Other resistance wave probes of the same type were fixed to the model at station
8 1/2 port and starboard in order to measure the motion response (vertical relative motion)
due to excitation forces and moments. The wave induced electric signals are amplified
and recorded in the wave monitoring systems which include amplifiers and filters. Fang
(1994) found that there are some disadvantages in using these resistance type wave
probes. As the model is running in medium or high forward speeds (Froude number) the
wave probe will be bent significantly in the wave direction by the water current load and
this may lead to an error in the measurement of the wave height. As this error is assumed
to be small it is neglected during the analysis of the experiments.

4.4.2 Selspot System and Light-Emitting Diodes

The selspot system is a new method for measure the coordinates of multiple
points. Small light-emitting diodes are used to identify the selected points. A versatile
optoelectronic camera detects the position of the diodes for registration and analysis of
static as well as dynamic processes in real time as described by the Selspot System
(1977). This device is a specially developed photodetector with four electrodes, and
when the infrared light from a light-emitting diode (LED) is focused on the detector
surface, a photocurrent will occur. These LEDs can be used to measure either vertical or
horizontal oscillations.

The aim of using light-emitting diodes, in this type of experiments, is to measure
the heave and pitch oscillations of the model. They were positioned on the deck of the
model at station 8 1/2 and at the after perpendxcular on the starboard side. These LED
were mounted on a vertical slidy rod for ease of calibration of the selspot cameras. The
longitudinal distance between the LED:s is the same distance between the selspot cameras
and this is about 2.125 metres. This distance is important for pitch oscillations
calculation. Hence using the recorded data from the selspot cameras during the
experiments heave and pitch amplitudes are calculated using the following identities:

1) Heave:
Sp —S§ .
- s 4.1
2= @4.1)
2) Pitch



4.2)
X
where:
Sp : bow vertical displacement
S, : stern vertical displacement
X distance between LEDs = 2.125 metres
z : heave response
6 pitch response.

All relations for calibration of the selspot system with the LEDs are converted to
linear motion responses.

4.4.3 Pressure Transducers, Location and Measurement

The pressure transducer used for this test is called Mediamate. This transducer is
a bonded semiconductor strain gage pressure transducer which has been fully
compensated and calibrated. The pressure port of the Mediamate is a brazed assembly of
302, 304, or 310 stainless steel, depending on the range. The range of this pressure

transducer used for the slamming test is in the range of 0 to 15 (psi) pound per square
inch.

The purpose of using this pressure transducer is to measure the impact pressure
due to bottom slamming at a discrete location in the bottom of the model of the S175
container ship. The measurement of slamming impact pressure on the bottom of the
model was taken at two positions in the bow region where frequent slamming
phenomenon was expected to occur. According to Belik et al (1982) the maximum length
of hull to leave the water during the course of the slam is 0.3L from the bow, and where
L is the length between perpendiculars. For this reason, two pressure transducers were
placed at station 8 and 8 1/2, or at distance of 0.2L and 0.15L from the forward
perpendicular. Due to the dimensions of the pressure transducer as given in Fig. 4.4, the
constraints on size of the model in the fore region, there was not enough space to insert
another pressure transducer beyond station 8 1/2 towards the fore end.
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Each pressure transducer was calibrated before the experiments. A hand gauge
device, called the Hand Held Test Pump Superb Instrumentation, was used for calibration
procedure. The pressure transducer was attached to the hand gauge, and the handle was
operated until a required pressure was reached and the reading was recorded. This
reading corresponds to a voltage which is keyed into the computer for calibration
purposes. This operation was repeated for different readings until all the output voltages
were linear and the calibration factor was determined.

4.4.4 Accelerometer

A gravity type accelerometer was used to measure the vertical bow acceleration at
~ aposition of 0.15 L from FP and this corresponds to station 8 1/2. The calibration of the
accelerometer was carried out before it was mounted on the deck of the transverse beam
of the model at station 8 1/2. The accelerometer was rotated 90 degrees and the position
of the pen corresponding to 9.81 m/sec? was marked on the chart recorder.

4.5 DATA ACQUISITION AND TEST PROCEDURE

During acquisition of the test data a software package called LabView was run on
Apple Macintosh IIICi terminal and this was mounted on the mobile carriage. The
electronic signals from the instrumentation were collected through an amplifier data
collecting system (32 channel analogue to digital convertor) and then stored in a 40 MByte
built in hard disc in the form of an ASCII code data file. Such Storage allows the data to
be released to another computer network, such as VAX-3100 workstation computer
system, for further test data analysis.

The data collected during each test has been automatically converted into the
corresponding unit of any measured mode. This was made possible by inputting the
calibration factors into the data acquisition software prior to the test. For further data
analysis, the magnitude of any response can be read directly from the recorded
measurements. Fig. 4.5 illustrates the electronic equipment on the mobile observation
platform.

The experimental data are sampled at a rate of two thousand (2000) samples per
second per channel. The length of each run was between 12 and 20 seconds depending
on forward speed. As mentioned by Hamoudi et al (1993 b), the aim behind the choice of
high number of samples is to pick up the transient impact loading during a slam, and as
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this occurs in a very small interval of time (between 20 and 100 milliseconds) according
to Gatzer et al (1992). The length of each run was taken as twelve seconds due to
limitation in the capacity of the micro computer system. The comparison study of results
between theory and experiments was carried out on Macintosh Plus micro computer.

The set up was for the ship moving in head sea condition, i.e when a train of
regular waves are incident on her. The model of the container ship S175 was run for
different forward speeds corresponding to Froude numbers namely 0.1, 0.15, 0.2, 0.278
and 0.3 respectively. Two draughts, ballast and loaded draught conditions were tested in
order to notice the effect of draught on the occurrence of bottom slamming. The model
was also tested for various frequencies and within the limit of those frequencies at which
. the tank wall interference are avoided as stated earlier. For the case of Fr=0.275, the runs
were repeated three times for the same conditions, frequencies, wave heights and loaded
draught, in order to investigate the occurrence of slamming and to evaluate the magnitude
of the impact pressure.

A wave of particular height which depends on frequency and voltage was
generated by the hydraulic type wave maker and its magnitude is measured by wave
probes. This wave height was carefully selected by inputting various voltages for
different frequencies in order to satisfy a rough weather for slamming occurrence and to
avoid damage of the equipment which may be caused by large and severe pitching of the
model and the set up of the equipment, specially when the model was restricted from
other degrees of freedom. The range of frequencies chosen were between 0.5 Hz and 1.0
Hz, and the voltage that was input in order to generate the wave height was in the interval
of 0.5 and 2.0 volts. Table 4.4 shows the range of wave amplitude; which can be
generated in the towing tank, as function of the frequency volts. In the case of ballast
draught the wave height was reduced in order to avoid any damage to the equipment due
to severity of the motions on the light model.

4.6 DATA ANALYSIS, RESULTS AND DISCUSSION
The analysis of the results were performed in the frequency domain with the Fast

Fourier Transform technique. As mentioned earlier, the data collected during the test is
automatically converted into the corresponding unit.
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4.6.1 Vertical Relative Motion

One of the conditions to satisfy the occurrence of slamming is bow emergence,
i.e when the vertical relative motion exceeds the local draught. Wave probes were fixed
to the model at station 8 1/2 port and starboard in order to measure the motion response
(vertical relative motion) in relation to the elevation of the incident wave. During the
analysis, the average of the two recorded values, namely relative motion on port and
starboard, was taken after the standard deviation was calculated. Figs. 4.14 and 4.15 are
a typical example of time history tracing the vertical relative motion, recorded during the
experiment, port and starboard side respectively.

The magnitude of the vertical relative motion response is measured with respect
to the amplitude of the incident wave.

4.6.1.1 Relative motion for Fr=0.1

Fig. 4.6 represents the nondimensional vertical relative motion v frequency
history at station 8 1/2 for the loaded draught condition and for Fr=0.1 on the port and
starboard side. The average of the two relative motions, port and starboard, is plotted.
The relative motion on the port side is higher than the starboard side due to the set up of
the model and also due to restriction from other degrees of freedom. The difference in the
two recorded relative motions, on the port and starboard side becomes higher if the trend
of the relative motion approaches the peak, and which is in the range of

2755w L <3.25. The difference in the peak is around 19%. The author also believes
g

that the model was tending to roll (heel) slightly towards the port side, which may be due
to the set up, as the values of the relative motion on the port side exceeds that of the
starboard side. Another possible reason for this difference is believed to be due to the
interaction between tank walls and model. This might, for example, be due to asymmetry
in the wave maker motion, which has been noticed elsewhere, i.e. Fig. 4.91.

Fig. 4.7 represents the vertical relative motion for ballast draught. The variation
in the peak value of the relative motion for the loaded and ballast draught conditions is of
57.4% as in Fig. 4.6 and 4.7. Also as in Fig. 4.7 the variation in the peak relative
motion for the port and starboard side is 15.4%. The peak of the vertical relative motion

takes place in the range of 2.25< w\[-l-“-— <2.5.
g
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4.6.1.2 Relative motion for Fr=0.15

Fig. 4.8 shows the trend of the vertical relative motion at station 8 1/2 for
conditions of loaded draught and Fr=0.15. It is clear from this figure that the vertical
relative motion increases with the forward speed.

The peak occurs in the range 2.75< wJE <3.25 and with a difference of 22.3% higher
g

on the port side than on the starboard side due to the asymmetric wave sent by the
wavemaker.

Fig. 4.9 represents the vertical relative motion at station 8 1/2 for ballast draught.
The relative motion in this case differs from the one in the loaded draught condition and
with a difference of 52% higher in ballast draught. There is also a difference of 6.5%
between the relative motion on the port and starboard side in the region of

2.25< w\[% <2.55 due to the asymmetric wave sent by the wavemaker.

4.6.1.3 Relative motion for Fr=0.2

Fig. 4.10 shows the vertical relative motion response at station 8 1/2 for loaded
draught and Fr=0.2. The peak occurs in the range of 2.5< w\[-g- <3.0 and with a
difference of 17.6% between the relative motion recorded on the ‘port and starboard side
due to the asymmetric wave sent by the wavemaker.

Fig. 4.11 represents the vertical relative motion at station 8 1/2 for ballast draught
and Fr=0.2. For ballast draught condition, the relative motion becomes 42.9% higher
than the loaded draught. The difference in the motion recorded on the port side is 7.1%

higher than the starboard side and the peak range is in the region of 2.2 < a)\l——lg: <2.5 due

to the asymmetric wave sent by the wavemaker.
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4.6.1.4 Relative motion for Fr=0.278

Fig. 4.12 represents the vertical relative motion at station 8 1/2 for loaded draught
and Fr=0.278. Two peaks appear in this figure. The first peak with a vertical relative

motion higher than 1.3 occurs in the region 2.0< a)\/E <2.25 and corresponds to
g
resonance of heave mode as given in Fig. 4.24, while the second peak of 1.9 occurs in
the region 2.25< co\/E <2.5 and can be associated with pitch resonance. The relative
g

motion recorded on the port side is 18.4% higher than the starboard side due to the
asymmetric wave sent by the wavemaker.

Fig. 4.13 gives the vertical relative motion at station 8 1/2 for ballast draught and
Fr=0.278. In this case the peak approaches the value of 4.3 for a nondimensional
frequency of 2.02 and the difference between the relative motion recorded on port side is
only 5% higher than that on the starboard side.

The variation of the peak value of the relative motion for loaded and ballast
draughts are as in Fig. 4.12 and 4.13 is 56%.

4.6.1.5 Relative motion for Fr=0.3
Fig. 4.16 represents the vertical relative motion at station 8 1/2 for loaded draught
and Fr=0.3. The peak value of the vertical relative motion is 1.72 and occurs in the range

of 2.0< w‘]E <2.25. There is also a difference of nearly 19% between the recorded
g

relative motion on port and starboard side due to the asymmetric wave sent by the
wavemaker.

Fig. 4.17 shows the vertical relative motion at station 8 1/2 for ballast draught
and Fr=0.3. The difference between the relative motion on port and starboard side is

around 25% and the peak occurs in the region of 2.0< w\{F $2.25.
g

The difference between the peak of the relative motion is 65% higher at ballast
draught conditions.
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The main reason for the differences between the port and starboard relative
motion measurements is due to the asymmetric wave pattern sent by the wave maker.
Fig. 4.91 shows the discrepancy of the wave height measured by the three wave probes
which were distributed across the tank.

4.6.2 Heave and pitch Motion

Heave and pitch amplitude are calculated using equations (4.1) and (4.2)
respectively. Figs. 4.68 and 4.69 give a typical response of the fore and the aft vertical
relative motion, using the above equations. Heave amplitude was nondimensionalised by
the magnitude of the wave amplitude generated in the towing tank and pitch amplitude
- was nondimensionalised by the product of wave amplitude and the wave number.

Fig. 4.18 represents nondimensional heave response for loaded draught and
Fr=0.1. The response in frequency domain is uncertain, and this is probably due to low
forward speed and restriction of the model from other degrees of motion.

The heave responses in ballast draught and Fr=0.1 are as in Fig. 4.19. The
variation in heave responses are good with the exception of the nondimensional frequency

w\lE =2.02, where the values should have been higher and this is probably due to
g

restriction of the model motions and some errors in the testing process.

The heave responses in loaded and ballast draught for Fr=0.15 are as in Fig.
420 and 4.21. In both cases, i.e the loaded and ballast draught, the trend of the curve is
consistent.

Fig. 4.22 and 4.23 represent the nondimensional heave amplitudes for Fr=0.2 at
loaded and ballast draughts respectively. One can notice that the trend of both curves is
consistent except for some odd points and which are due to errors resulting from
experiments.

Fig. 4.24 gives a comparison of the nondimensional heave response between the
present set of experiments for the loaded draught condition with those of ITTC’78 for
Fr=0.278 and 0.275 respectively. The trend of the two curves is good and the difference
can be attributed to two main factors, i.e the slight difference in the forward speed and
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restriction of the model motions during experiments. Results represented by the
International Towing Tank Conference (1978) were obtained from model tests carried out
with frce-ruhning model, whereas for this investigation only heave and pitch were
allowed, and the difference in the results between the present investigation and those of
ITTC (1978) is due to in the different equipment and test procedures used in different
carriages (i.c bow and/or stern restrain mechanism).

Fig. 4.25 shows nondimensional heave amplitude, for ballast draught and
Fr=0.278. The heave response are higher for the lower range of frequencies and they
gradually decrease as the nondimensional frequency values increases.

Figs. 4.26 and 4.27 give the nondimensional heave amplitude response for
Fr=0.3 at loaded and ballast draughts respectively.

Figs. 4.28 and 4.29 show a scatter behaviour of nondimensional pitch amplitude
in frequency domain for Fr=0.1 at loaded and ballast draught conditions respectively.
The behaviour of the pitch amplitude at low frequencies is the same as in the heave mode.
In ballast draught, the model pitches very heavily.

Figs. 4.30 and 4.31 represent nondimensional pitch amplitude for loaded and
ballast draught respectively at Fr=0.15. Large pitch amplitude is noticeable for ballast
draught.

The pitch responses at loaded and ballast draught and Fr=0.2 are as in Figs. 4.32
and 4.33. On comparison of the loaded draught condition with the ballast draught
condition it is noticed that the pitch amplitude is greater in the case of ballast draught, and
this which is due to lightness of the model in response to undulations of head waves.

Fig. 4.34 gives a comparison of the nondimensional pitch between the present set
of experiment for loaded draught condition with those of ITTC’78 for Fr=0.278 and
0.275 respectively. There is good agreement for high frequency range, but for lower
frequencies the discrepancy is large and this may be attributed to restriction of the model
motions. Fig. 4.35 shows nondimensional pitch amplitude for ballast draught at
Fr=0.278.
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Figs. 4.36 and 4.37 illustrate nondimensional pitch amplitude in frequency
domain for Fr=0.3 for loaded and ballast draughts respectively. Although the trend is the
same in both cases, the response at ballast draught is much higher than the loaded draught
condition.

4.6.3 Vertical acceleration

Lewison (1970) reported that the slamming event can be observed when the
vertical acceleration is of the order of 8.8 m/sec2, in the case of Cargo ships named
‘Lukuga’ and ‘Jordaens’ of length 136 m and 146.15 m respectively. If one may
associate the same order of magnitude for the vertical acceleration 8.8 m/sec2 to the
- present container ship S175, and using kinematic similarity, the vertical acceleration
becomes 0.36g for a model scale of 1:70. This value may be called the threshold vertical
acceleration. The above reasoning was used as a basis for placing an accelerometer on the
deck, to measure vertical acceleration.

Fig. 4.38 represents the vertical acceleration for Fr=0.1 and for loaded draught
condition. In this particular case no appreciable vertical acceleration was recorded.
However, Fig. 4.39 gives the vertical acceleration for ballast draught and at the same
Froude number. The vertical acceleration exceeding its threshold value lies in the range

24< a)E <3.0 and with a maximum value of 0.47g.

At Fr=0.15, the vertical acceleration is presented in Fig. 4.40 for the loaded
draught condition . For this case also there is no appreciable vertical acceleration which
may cause slam. Fig. 4.41 shows the vertical acceleration for Fr=0.15 and for ballast

draught condition. In the range of frequency 2.75< w\/% <3.0 the vertical acceleration

exceeds the threshold value and the peak value recorded during model tests is of the order
of 0.43g.

As shown in Fig. 4.42 and 4.43, for Fr=0.2 the vertical acceleration for loaded
and ballast draught conditions are 0.4g and 0.39g respectively.
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Increasing the forward speed means an increase in the probability of slamming
occurrence. Fig. 4.44 is a good example of an increase in the vertical acceleration, as a
result of increasing forward speed. For loaded draught and for Fr=0.278 the maximum
vertical acceleration recorded during model test is 0.53g. Furthermore, Fig. 4.45 shows
the vertical acceleration for ballast draught at the same Froude number. As the curve
fluctuates, it is not possible to make any conclusive statement.

Fig. 4.46 is another example of a case where the vertical acceleration exceeds the
threshold value, for the case of loaded draught and for Fr=0.3. The peak value of the
vertical acceleration in this case is 0.46g. As in Fig. 4.47 the peak value for the ballast
draught is lower than the loaded draught condition.

From the above results, we may conclude that there were more cases when the
vertical acceleration exceeded the threshold value, for the case of loaded draught
condition, than that of the ballast draught condition.

4.6.4 Impact pressure due bottom slamming
4.6.4.1 Impact pressure magnitude and occurrence

Lewison (1970) reported that if a pressure on the bottom plating is of the order of
0.098 MN/m?2, as in the case of cargo ships ‘Lukuga’ and ‘Jordaens’ of length 136 m and
146.15 respectively, there is occurrence of slam. If one scales down this magnitude of
pressure to model scale using the ratio of the present investigation, one can get 1.39
kN/m2, and this can be called threshold value for model test.

Figs. 4.48.a, b and c give a time variation of hydrodynamic pressure followed by
an impact at station 8 1/2 for frequency 0.95 Hz and for Fr=0.275. The impact pressure
recorded for this run, during model experiment, is of the order of 1.53 kN/m2 (0.221 psi)
and beyond the threshold value which Lewison reported. Fig. 4.49.a, b and ¢ represent
another example of impact pressure recorded during experiments, and in this case the
pressure is of the order of 6.73 kN/m2 (0.975 psi).

Equation (3.4) and (3.7) are used to obtain the pressure coefficient by three and
two parameter conformal mapping technique. The impact pressure obtained by the
theoretical process is compared with the measured experimental value. This pressure
coefficient is employed in equation (3.3) to predict the impact pressure due to bottom
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slamming. Fig. 4.50 represents the measured and calculated impact pressure by the two
methods i.e two and three parameter at station 8 1/2 for loaded draught and for Fr=0.1.
The calculated pressure in the above result is higher than the measured value. Also as the
vertical velocity increases the calculated pressure increases. The two parameter prediction
technique also predicts higher values than the measured pressure.

For Fr=0.2 and loaded draught condition, Fig. 4.51 gives the measured impact
pressure and the calculated pressure at station 8 1/2, using the above method. For a
higher vertical relative velocity, the impact pressure is overpredicted. The measured
impact pressure is always lower than the calculated value, and this may be the cause of
cdmpressibility of water and air and cushioning effect of air which are ignored in the
calculation. The maximum impact pressure calculated by three parameter is of the order
of 5.4 kN/m2 and by two parameter it is of the order of 4.02 kN/m2, these pressures
correspond to vertical relative velocity of the order of 0.84 m/sec. However, for the same
conditions the maximum impact pressure measured at station 8 1/2 is about 0.57 kN/m2.
This value is lower than the threshold magnitude assumed by Lewison, and corresponds
to a vertical relative velocity of 0.78 m/sec which is higher than threshold value.

A comparison of measured and calculated pressure using two and three parameter
conformal mapping technique is shown in Fig. 4.52 for loaded draught and for Fr=0.278
at station 8 1/2. The maximum pressure measured is 0.78 kN/m2 (lower than threshold
magnitude given by Lewison). This corresponds to a maximum vertical acceleration of
0.53g (higher than the threshold value) and vertical relative velocity of 0.61 m/sec (higher
than its threshold value). The maximum impact pressure calculated by three parameter is -
7.42 kN/m2 and 5.53 kN/m2 by two parameter, both these pressures correspond to a
vertical relative velocity of 0.98 m/sec. ‘

A comparison of measured and calculated pressure using two and three parameter
conformal mapping technique is also shown in Fig. 4.53 for loaded draught and Fr=0.3
at station 8 1/2. The maximum pressure measured is 0.59 kN/m2 (lower than threshold
magnitude given by Lewison). This corresponds to a vertical acceleration of 0.41 m/sec2
(higher than its threshold value) and vertical relative velocity of 0.51 m/sec (higher than
its threshold value). The maximum impact pressure calculated by three parameter is
6.24 kN/m2 and 4.65 kN/m2 by two parameter, both these pressures correspond to a
vertical relative velocity of 0.9 m/sec.
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For ballast draught the comparison has been made only between measured and
calculated pressure by three parameter. For example, Fig. 4.54 represents measured and
calculated impact pressure by three parameter method at station 8 1/2 for Fr=0.1 and
ballast draught condition. It is noticed in the results that the calculated pressure is always
higher than the measured pressure except in the case where the vertical relative velocity is
lower than the threshold value. The maximum impact pressure measured, for these
conditions, is 0.91 kN/m2 (less than its threshold magnitude) and this corresponds to a
vertical acceleration of 0.39g and vertical relative velocity of 0.81 m/sec. The maximum
impact pressure calculated by three parameter method is 4.98 kN/m2, and this
corresponds to a vertical acceleration of 0.39g and vertical relative velocity of 0.8 m/sec.
The measured pressure in this case is much lower than the calculated pressure by a ratio
of more than 5. For the same conditions where Froude number is increased to 0.15 as
- shown in Fig. 4.55, the maximum impact measured at station 8 1/2 is about 0.69 kN/m2
(less than threshold magnitude) and corresponds to vertical acceleration of 0.39g (higher
than threshold value) and vertical relative velocity of 0.78 m/sec (higher than threshold
value). However, the maximum impact pressure calculated by three parameter is of the
order of 6.3 kN/m2 and corresponds to vertical relative velocity of 0.91 m/sec and
acceleration of 0.43g. This calculated pressure is about 9 times higher than the measured
pressure.

Fig. 4.56 shows a comparison of calculated (using three parameter method) and
measured impact pressure for ballast draught at station 8 1/2 and for Fr=0.2. In this case
the maximum impact pressure measured is 1.27 kN/m2, corresponding to a vertical
acceleration 0.33g and relative velocity of 0.6 m/sec. The maximum impact pressure
and vertical relative velocity of 0.92 m/sec. The maximum calculated pressure is 5 times
higher than the maximum measured pressure. For Fr=0.278 as shown in Fig. 4.57, the
maximum measured impact pressure is 0.9 kN/m2 and this corresponds to an acceleration
of 0.34g and vertical velocity of 0.86 m/sec. The scatter in the data of calculated pressure
is quite large, and the increase in pressure with respect to increase of vertical velocity is
clear. For this case the maximum impact pressure calculated is 8.38 kN/m2 for a vertical
velocity of 1.04 m/sec. The same explanation follows for the case of Fr=0.3 as shown in
Fig. 4.58. The maximum pressure recorded from this test is about 1.07 kN/m2, for an
acceleration of 0.33g and vertical velocity of 0.56 m/sec. The maximum calculated
pressure is of the order of 8.73 kN/m2 for a vertical velocity of 1.07 m/sec.

109



On the basis of the above discussion, one may conclude that the measured
pressure is always lower than the calculated one. The results do not correlate very well,
except for few points in the lower range of the vertical relative velocity, and this is due to
the non-linearities, layer of air underneath the bottom of the investigated body and also
some errors, which will be detailed in later section, resulting from the calibration or
guides which restrict motions other than heave and pitch. Though the wide use of the
empirical prediction of the impact pressure, due to bottom slamming is made, this
empirical prediction is expected to give an approximate results.

The other reason for the difference between the calculated and measured impact
pressure, due to bottom slamming, is due to the interaction between wave and model
~ particularly at high frequencies. '

According to Radev (1990), slamming pressure increases towards the fore part .
Figs. 4.59 to 4.67 show a comparison of impact pressure at station 8 1/2 and station 8 for
loaded and ballast draught for Fr 0.1, 0.15, 0.2,0.278 and 0.3 respectively. The
pressure recorded at station 8 1/2 is always higher than the one recorded at station 8,
except for few minor points and which may due to some errors in measurements. From
this we can conclude that the stations in the fore part are subjected to severe slamming
phenomenon. The pressure recorded at ballast draughts is much higher, and sometimes
twice that of the loaded draught cases.

For the case when Fr=0.275, and as mentioned earlier, the runs were repeated
three times for the same conditions, for different frequencies, forward speed, wave
hcights, loaded draught and set up of the model. In this case the set up of the model was
different than the first set of test and the model was free to surge. Fig. 4.70 represents
nondimensional heave amplitude for loaded draught and for Fr=0.275. For high

frequencies range, i.e w‘j% > 2.5, the amplitude is almost the same but for low

frequencies range, i.e w\[?- < 2.5, there were some discrepancies although the testing
g .
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conditions were exactly the same. This can only be explained by two factors, i.e due to
the error in calibration and also due to different wave heights generated by the wavemaker
for the same frequency and voltage. Results are the same for pitch amplitude and are as
shown in Fig. 4.72.

Fig. 4.71 shows comparison of the heave amplitude obtained from test results
and of results from the International Towing Tank Conference (1978). Results agree very
well at high frequencies, however there are significant discrepancies at the low frequency
range, due to the set up of the model and the restriction of the motions. The model had a
limited range of motion for heave and pitch motions in order to avoid the damage of the
equipment when motions were large, whereas results represented by the International
- Towing Tank Conference (1978) were obtained from model tests carried out with free-
running model. Error effects can be attributed to the instrumentation errors and the errors
due to the procedure and experiment conditions. The same explanation can be given to
the comparison of pitch amplitude as given in Fig. 4.73.

Fig. 4.74 illustrates nondimensional vertical relative motion amplitude, at station
8 1/2, for the three attempts performed during the experiments. The trend of the relative
motion is the same for the three tests with some small variations in the amplitudes due to
the asymmetric wave sent by the wavemaker. These variations are large when the
amplitudes of the relative motion are high.

The relative velocity is obtained by differentiating the relative motion with respect
to time. The amplitude of the vertical relative velocity is obtained by multiplying the
measured amplitude of vertical relative motion with the frequency of encounter of the ship
with the waves, and the results are as in Fig. 4.75. Also any error in the relative motion
measurements will influence the relative velocity. Itis clear in this figure that in the range

of wJE >2.45 the vertical relative velocity exceeds its threshold velocity (0.46 m/sec,
g
model test) for slamming occurrence except for test 1 where the amplitude is around 0.45

m/sec (less than its threshold value).

The maximum vertical acceleration recorded during the three tests is around
0.89g as shown in Fig. 4.76. In this figure most of the accelerations, recorded during the
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three tests, exceed the threshold value for slamming occurrence except for wJ—E 23.0.
g

Fig. 4.77 to 4.79 show the dependence of the impact pressure on the vertical
relative velocity at station 8 1/2 for loaded draught and for Fr=0.275. It is very
interesting to observe the behaviour of slamming pressure as a function of the vertical
relative velocity, derived from the corresponding relative motion elevation, of the test
results. In some case though the velocity is lower than its threshold value (0.46 m/sec) ,
the measured impact pressure exceeds its threshold magnitude (1.39 kN/m2). For
example, in Fig. 4.77 (test 1) the vertical velocity recorded is about 0.112 m/sec and the
pressure is of the order of 1.48 kN/m2. For the same conditions, as in Fig. 4.78 (test 2),
- the vertical velocity is 0.14 m/sec and this corresponds to an impact pressure of
2.297 kN/m2. Furthermore, for test 3 presented in Fig. 4.79, the velocity and the
pressure are recorded as 0.196 m/sec and 1.166 kN/m2 respectively, and are less than
their threshold values. It is difficult to draw a final conclusion from model test as some of
the conclusions may eliminate some prediction methods.

It is also very interesting to observe the occurrence of some discrepancies in the
occurrence of slamming, even when the conditions are the same. Fig. 4.80 shows the
impact pressure for three repeated tests at station 8 1/2. As mentioned earlier, the
conditions of wave frequency, loaded draught, forward speed, wave height and the same
set-up technique for the model are the same. Although the tests were repeated three times,
the occurrences of slamming were different, as also the magnitude of the slamming

pressure. In certain cases the variation in the magnitude of the slamming pressure wasas'

high as twice.

Fig. 4.81 to 4.83 give a comparison of the measured and calculated impact
pressure for loaded draught at station 8 1/2 and for Fr=0.275. One can notice that for the
low range of vertical relative velocity the measured pressure is higher than the calculated
one, but for the high vertical relative velocity range the calculated pressure is higher than
the recorded pressure. Although there are discrepancies in the comparison, the magnitude
of the measured and calculated are reasonable. '

The nondimensional pressure coefficient at station 8 1/2 calculated by the three

parameter and two parameter methods are of the order of 15.10 and 11.5 respectively.
This nondimensional coefficient is calculated by dividing the measured impact pressure by
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the vertical relative velocity derived from the vertical relative motion and the results are as
in Fig. 4.84. This coefficient for station 8 1/2 should be constant for the frequencies, as

it is not frequency or speed dependant, and it is a function of the bottom shape of the
section under consideration.

4.6.4.2 Distribution of impact pressure

Equation (3.32) gives the distribution of the slamming pressure over the girth of
the section at one tenth of the design draught. This pressure is zero at one tenth of the
design draught and is a maximum at the keel. Figs. 4.85 to 4.90 give the pressure
distribution over the girth of the section at 8 and 8 1/2 and at one tenth of the design
~ draught, for different frequencies and for Fr=0.275. The magnitude of the pressures
given in these figures are obtained from test results during the experimental investigation
and represent the maximum pressure at the keel. For example, Fig. 4.85 represents the
impact pressure of the order of 0.478 psi at the keel and equation (3.32) can be used to
calculate the pressure at any point over the girth and the pressure at one tenth of the design
draught is zero.

4.6.4.3 Time interval of an impact pressure

From Ochi’s (1973) investigation, it was found that the gifle, which is the
transient response due to bottom slamming, of an impact pressure is of triangular shape,
and the time duration of pressure at any location is 0.1 seconds (100 milliseconds) as an
average for 520 ft vessel. Using Froude scaling law, the duration time at any point for a
ship of length L (in feet) may be given by:

T .
t= 0.11/-— 4.3
520 “-3)

According to this assumﬁtion, the duration time for the S175 container ship (full
scale) is approximately 105 milliseconds, and the model is about 12.5 milliseconds.

From the present ixivestigation, the expression which assumes the duration time
of an impact, is not valid and the interval time of an impact is found by Hamoudi (1993 a)
and (1993 b) to lie between 1 and 10 milliseconds. Hence, the average time can be
assumed as 5.5 milliseconds for the model of S175 container ship of 2.5 metres length.
These results confirm that more research needs to be done in this field.
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4.6.5 Relative Motion and Swell-Up

The swell-up is in fact the effect of water being pushed around the bow higher
than can be accounted for by considering heave, pitch and wave fluctuations alone.
Swell-up is an important parameter on shipping of water. Lloyd (1989) mentioned that as
the hull dips into the water the increasing submerged volume causes a local swell-up of
the water surface and as the hull rises this effect disappears. Block et al (1983) mentioned
in their investigation that the swell-up coefficient is usually of the order of 1.1 to 1.5 and

if one supposes there is no occurrence of swell-up this factor reduces to unity.

Swell-up coefficient is defined by Lloyd (1989) as follows:

_actual relative motion amplitude
* notional relative motion amplitude

4.4)

Swell-up is a function of the relative motion, ship speed and hull shape. Blok et
al (1983) found that swell-up coefficients show very little frequency dependency and is
still the subject of research. '

For the present investigation comparison is made for the vertical relative motion
predicted by the NSM program and results obtained from measurements of the three
repeated tests as shown in Fig. 4.92. The calculated vertical relative motion is higher than

the measured one in the frequency range of w\l-lz < 2.5, this may due to the shift in the
g

heave response, as given in Fig. 2.42 in chapter 2, caused by the end effect, and also

some experimental errors, however in the range of the frequency where Q\E >2.5 the

measured vertical relative motion is higher than the calculated one which is due to the
exclusion of the swell-up effect. There are also other factors such as the asymmetric
wave heights sent by the wave maker, restriction of the model from other degrees of
freedom and also some errors in the measurements. These factors have some influence
on the swell-up coefficient as given in Fig. 4.93.
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4.7. ERROR EFFECT

The effect of errors is an important factor to be looked at in all fields of
theoretical or experimental investigations. The magnitude of errors differs depending
upon the source, therefore it is important to determine the magnitude as well as the source
of the error in order to introduce a correction factor.

The performance committee of the 15th International Towing Tank Conference
(1978) has attempted to determine precisely the magnitude of the different sources of
errors. It was found that the sources of errors can be classified as model test errors (these
errors result from instrumentation errors and procedure and experiment conditions
errors), prediction method errors (these errors result from approximate assumptions) and
sea trial error (including instrumentation errors and other errors such as influence of sea

water, temperature propeller cavitation etc..).

In the present investigation, it is possible to perform some error investigation for
the three repeated tests. To start with, the main experimental error, which should be taken
into account in every stép of this investigation, is due to the asymmetric wave sent by the
wavemaker, the set up of the model and also the restriction of the model from other
degrees of freedom.

The error, for heave, pitch, vertical relative motion and measured impact
pressure, is calculated as follows:

iTesti

Mean = =l 4.5)
n

i=1, 2 and 3 (1 for test 1, 2 for test 2 and 3 for test 3)

n : number of tests

Mean : average of n values

Error, = Mean — Test, (4.6)
Mean
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Error; : error fortesti

Y. Error,

Mean error = isL—— 4.7
n

Mean error is the mean value of the errors obtained from the n tests.

For example, Table 4.5 represents the error for heave amplitude where the
maximum is about 22.5% and the minimum is 0.7%, for pitch amplitl'xde the error is
represented in Table 4.6 and one can notice that the maximum error is 19.5% and the
- minimum is 0.3%. Furthermore, the error for vertical relative motion is also represented
in Table 4.7 with a maximum of 20.5% and a minimum of 0.2%. The impact pressure
measurements are also affected by the error effect as given in Table 4.8, the maximum
error calculated from the three repeated tests is nearly 40% and the minimum error is 1.4.
One can notice that the maximum error in the measured impact pressure is the highest one
more than the one obtained from heave amplitude, pitch amplitude and vertical relative
motion; this is due to the nonlinearities in the vicinity of the pressure transducers
measuring the impact pressure.

4.8 CONCLUSIONS

Experimental investigation to predict the occurrence of slamming and its pressure
magnitude has been reported in order to study this phenomenon on a high speed vehicle

type.

A model of the S175 container ship was used in the present study.
Characteristics associated with slamming phenomenon were also investigated by taking
their measurements from model tests for different conditions, such as draught, forward

speed and wave frequency.

Vertical relative motion was measured and its differentiation with respect to time
was taken, in order to obtain vertical relative velocity. Using this vertical relative
~ velocity, calculation of the impact pressure was performed. The measurement of impact
pressure was first made by using pressure transducers located at station 8 and 8 1/2 on the
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bottom of the model. These measurements were repeated three times in order to gather a
big population of scatter.

The pressures recorded at ballast draught are much higher, and sometimes twice
that of the loaded draught cases. '

Though the vertical relative velocity and vertical acceleration are lower than
predicted threshold values but slamming occurs. The magnitude of the slamming
pressure and its occurrence was different for the three tests. This difference is believed to
be due to some nonlinearities which were ignored during the investigation, such as
compressibility of water and air and the cushioning effect of air (air boundary layer,
depression of the water surface just before impact), due to the limitations of the degrees of
freedom and also due to the error resulting from experiments. The other reason for this
difference is the interaction between the wave and model which may cause the pressure
transducer to measure only a partial impact pressure and one has to bear in mind that the
empirical prediction of the impact pressure due to bottom slamming is only an
approximate method and not a universal established method. The maximum measured
magnitude of impact pressure due to bottom slamming is found to be 3.476 kIN/m2 for the
S1735 container ship model, this corresponds to a vertical relative velocity of 0.724 m/sec
and a vertical acceleration of 0.63g for loaded draught and for Fr=0.275. The maximum
impact pressure calculated by three parameter is 7.42 kN/m2 and by two parameter it is
5.53 kN/m2, these pressures correspond to vertical relative velocity of 0.84 m/sec for
loaded draught.

As the measured impact values are lower than the calculated values, three
repetitive tests were conducted for the same set of conditions. However when the
calculated pressures were compared with the measured pressures for the three test cases,
it is noticed there was not much consistency, but results were believable. From this one
can conclude that it is more appropriate to use the theoretical three parameter prediction
method, due to consistency of the results.

Heave and pitch motions results agree very well for high frequencies, however
there are discrepancies at the low frequency range, due to the set up of the model. The
model had a limited range of motion for heave and pitch motions in order to avoid the
damage of the equipment when motions were large, whereas results represented by the
International Towing Tank Conference (1978) were obtained from model tests carried out
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with free-running model.

The calculated pressure coefficient for station 81/2 is 15.1 by using conformal
mapping (three parameter), but some measured values, for the same relative velocity at the
instant of impact, are approximately 4 times higher than the calculated values and this is
attributed to the errors obtained from the experimental measurements.

The average time interval of an impact is found to be 5.5 milliseconds for the 2.5
metre length model of the S175 container ship. The impact time interval is compared with
the experimental measurements of Verhagen (1967) and is in a good agreement.

The vertical relative motion, by which the vertical relative velocity is calculated to
predict the impact pressure due to bottom slamming, is affected by the so-called swell-up
coefficient, therefore for a well designed experiment this coefficient can be determined
and incorporated in the prediction of the vertical relative motion.

One has to take into account the error effects resulted from the present
investigation particularly for the measurement of the impact pressure due to bottom
slamming where the maximum error is approaching 40% which is significant.

Results of the present investigation will be useful for development of further
study on ship slamming for high speed marine vehicles. Setting up a data bank, of the
measured results will be useful in the near future for enhancement of the present method.

It must also be noted that in towing tanks, the conditions of rough weather cannot
be satisfied because of the following reasons:

« motions are limited by the set up of the equipments (guides),
« avoid damage of the equipment,

« slam may not occur during very limited time of the run length, which is 12
seconds on an average.

118



Table 4.1 Principle particulars of S175 ship

Ship S175

Lpp (m) 175.000
B (m) 25.400
D (m) 15.400
T (m) 9.500
Displacement (t) 24742.000
L/B 6.890
B/T 2.670
LCB (%Lpp) 1.417
CB 0.572
Cox 0.970
KM (m) 10.520
GM (m) 1.000
Kyy/Lpp 0.240
Kxx/B 0.328
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Light emitting diodes
*Vertical rods

Wave Probes Pressure Transducers
Carriage-
Accelerometre
L.ED

Seispot Cameras

Fig. 4.3 Model set-up and measurement devices
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DIMENSIONS

/2’ Hex
1/8-27 (12.7)
- Signal
- Signal - Supply
.187(4.7)
75, .88
19) ~ 222) 1
@ us 25 (6.4)
(47.6) 25 (6.4) XICX.
(XXJOQ-mm

Note: 3/8*-24UNf-9/18 'Fex pressure port
with O-nng seel opbonat on S000 and 7100 psi

Mediamate

172" Hex
63 square -
(12.7) (16)

v im / Mating
connector is
Hirscnmann

%
vent note GAWIF

PIN CODE -
-signal

- Sucorv

- signal

< oL N —

- suoniv

Fig. 4.4 Mediamate pressure transducer



Fig. 4.5 Electronic equipment on the carriage
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] Nondim. Rel Mot.

Nondim. ReL. Mot. Port

(6] Nondim. Rel. MOLS larboard
0o 0.75
1.5 1.75 2.25 2.5 2.75
W*SQRT(L/g;
Fig. 4.6 Nondimensionai relative motion at
station 8 1/2 for loaded draught, Fr=0.1
3.5
3.
eg 2.75-
O Nondim. Relative Motion
O Nondim. Rel. Mot. Port
1.75-
(0] Nondim. Rel. MoLStarboard
o 1.25-
0.75-
1.5 1.75 225 US 175 3 325 38

W*SQRT(L/g)

Fig. 4.7 Nondimensionai relative motion at
station 8 1/2 for ballast draught, Fr=0.1
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Nondim. Relative Motion

Motion

Nondim. Relative

1.75-

1.5-

1-25 -

0.75-

0.5 -

0.25

1.

RN NNUUS Y NS T S
5 1.75 2 2.25 2.5 2.75 3 3.25
W*SQRT(L/g)

Fig. -t.8 Nondimensionai relative moucn it

4.25

3.25-

1.25-

0.25

station 8 1/2 for ioaded draught. Fr=0.15

1.5 1.75 2225 Z5 2.75 3 3.25

W*SQRT(L/g)

Fig. 4.9 Nondiniensionai relative motion at
station 8 1/2 for ballast draught. Fr=0.15

O

Nondim. Relative Motion
Nondim. Rel. MoL Port

Nondim. Rel. MoLStarboard

Nondim. Relative Motion
Nondim. Rel. MoL Port

Nondim. Rel. MoLStarboard
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Nondim. Relative Motion

Nondim. Relative Motion

2J

0.75-

W*SQRT(Ug)

Fig. -1.10 Nondimensionai relative motion it

3.75-

3-
2.75-

1.75-

station S 1/2 for loaded draught. Fr=0.2

1.5 1.75 2J25 2] 2.75 3 3.25
W*SQRT(L/g)

Rg. 4.11 Nondimensionai relative motion at
station 8 1/2 for ballast draught, Fr=0.2

Nondim. Relative Motion
Nondim. Rel. Mot. Port

Nondim. Rel. MoLStarboard

Nondim. Relative Motion
Nondim. Rel. MoL Port

Nondim. Rel. MoLStarboard
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Nondim. Relative Motion

Motion

Nondim. Relative

225

1.75 -

1.5-

1.25-

0.75-

45 -

O

(o)

(o)

| I I ; l: l: 1 !

1.5 1.75 2 2.25 2.5 2.75 3 3.25

W*SQRT(Ug)

rig. 4.12 Nondimensionai relative motion at
station 8 1/2 for loaded draught, Fr=0.278

W#*SQRT(L/g)

Fig. 4.13 Nondimensionai relative motion at
station 8 1/2 for ballast draught, Fr=0.278

Nondim. Relative Motion
Nondim. Rel. Mot. Port

Nondim. Rel. MoLStarboard

Nondim. Relative Motion
Nondim. Rel. MoL Port

Nondim. Rel. MoLStarboard
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TIME (SIC.

Fig. 4.14 Time history of vertical relative motion at starboard
side at station 8 1/2 for f=0.95 Hz and Fr=0.275

Fig. 4.15 Time history of vertical relative motion at port side at
station 8 1/2 for £=0.95 Hz and Fr=0.275
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1.75
c
0
*a
0
Sg Nondim. Reladve Motion
*a Nondim. Rel. Mot. Port
"
& .

1.25- Nondim. Rel. Mot.Starboard
Z 1-

0.75 H T r

15 1.75

W*SQRT(L/g)

Fig. 4.16 Nondimensionai reianve motion at station 3 |,/
for loaded draught. Fr=0.3

5.5

=

=

e

= . . .

ul Nondim. Relative Motion

z

% o Nondim. ReL. Mot Port
~

E‘ (0] Nondim. Rel. Mot.Starboard
=

=

°

4

1.5 1.75 2 225 US 2.75 3 3.25
W#*SQRT(L/g)

Fig. 4 17 Nondimensionai reladve modon at station 8 1/2
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Fig. 4.34 Comparison of nondimensionai oucn imoiimde
obtained from experiment for loaded draught at Fr=0.278
and results given in ilTC 78 for Fr=0.275
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Fig. 4.48.a 10 second time trace of an impact pressure due to bottom
slamming at 8 1/2 station for =0.95 Hz and Fr=0.275

Fig. 4.48.b 1 second time trace of an impact pressure due to bottom
slamming at 8 1/2 station for f=0.95 Hz and Fr=0.275
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Fig. 4.48.C Typical impaa peak due to bottom slamming at station 8 1/2
for £=0.95 Hz and Fr=0.275
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Fig. 4.49.a 10 second dme trace of an impact pressure due to bottom
slamming at 8 station for =0.95 Hz and Fr=4).275

Fig. 4.49.b 1 second time trace of an impact pressure due to bottom
slamming at 8 station for £=0.95 Hz and Fr=0.275
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Fig. 4.49.c Typical impact peak due to bottom slamming at station 8 tor
=0.95 Hz and Fr=0.275
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Fig. 4.68 Time history of the forward vetical motion for t=0.95 Hz and Fr=0~

Fig. 4.69 Time history of the aftward vetical motion for =0.95 Hz and Fr=0.275
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Fig. 4.85 Distribution of slamming pressure over the bottom on one tenth of the design
draught, pressure=0.478 psi at the centre of station 8 1/2 for Fr=0.275 and =0.85 Hz

Fig. 4.86 Distribution of slamming pressure over the bottom on one tenth of the design
draught, pressure=0.438 psi at the centre of station 8 for Fr=0.275 and =0.85 Hz



Fig. 4.87 Distribution of slamming pressure over the bottom on one tenth of the design
draught, pressure=0.504 psi at the centre of station 8 1/2 for F*=0.275 and {=0.S75 Hz
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Fig. 4.38 Distribution of slamming pressure over the bottom on one tenth of the design
draught. pressure=0.417 psi at the centre of station 3 for Fr=0.275 and =0.875 Hz
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Fig. 4.39 Distribution of slamming pressure over the bottom on one tentn of the design
draught. pressure”).214 psi at the centre of station 8 1/2 for Fr=0.275 and =0.55 Hz
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Fig. 4.90 Distribution of slamming pressure over the bottom on one tenth of the design
draught. prcssure=0.333 psi at the centre of station 8 1/2 for Fr=0.275 and f=0.5 Hz
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Fig. 4.91 Discrepancy in the wave height sent by the wavemaker
(Run Nr. 25812, £=0.933 Hz, V=1.5 Volts)

184



relative motion

Non-dim.

SweU-up Coefficient

m Relative motion measured (test 1)
* Relative motion measured (test 2)

m Relative motion measured (test 3)

3 - * Relatuive motion calculated (NSM)
2. o ¢ [
.................... "1
_I» M
%
w*SQRT(L/g)
Fig. 4.92 Comparison between calculated and
measured vertical relative motion for Fr=0.275
Swell-up Coefficient
1.9-
16 -
1.5-
1.4-

25 26 27 28 29 3 31 32
w*SQRT(IVg)

Fig. 4.93 Swell-up coefficient for the
S175 container ship at Fr=0.275

185



CHAPTER 5

PROBABILITY APPROACH AND DESIGN
SLAMMING PRESSURE



CHAPTER §

PROBABILITY APPROACH AND DESIGN SLAMMING PRESSURE

5.1 PROBABILITY APPROACH

It is meaningful to consider the probability approach as a useful tool for
predicting ship behaviour due to bottom slamming phenomenon. This chapter explains
the probability approach for the occurrence of bottom slamming event.

The two parameter spectrum recommended by the 12th LT.T.C. is given and is
used as a tool to predict the variance of the vertical relative motion and velocity which are
derived from heave, pitch and wave elevation for the S175 container ship using the
developed computer program on the basis of the New Strip Method (NSM) given in
chapter 2. These two variances are used for the prediction of probability of occurrence of
slamming event. Furthermore, the number of slamming impacts are calculated as a
function of ship operation time.

The ship designer is interested in the extreme pressure which may cause
significant damage to the bottom of the structure of the hull. This extreme pressure is
calculated for a given probability of occurrence, number of impacts and ship navigation
time.

Slamming is a phenomenon associated with extreme motions of a vessel due to
large amplitude of an incident waves. The moving vessel experiences an impact due to
slamming when the forefoot hits the water surface during a severe pitching motion. As
mentioned earlier, this impact is due to bottom slamming and it occurs if the vertical
relative velocity between ship and sea surface for the station under consideration is greater
than a critical velocity called the threshold velocity.

This phenomenon can be investigated by experiment and theory. Both methods
can be used in probabilistic and statistical analysis in order to predict the occurrence of the
event.
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Fig. 5.1 represents the Response Amplitude Operator (RAO) for the relative
motion which is calculated by superposition of heave, pitch and wave elevations for a
given ship speed, wave amplitude and wave direction.

Fig. 5.2 represents Response Amplitude Operator for the relative vertical velocity
which is the first derivative of the vertical relative motion with respect to time.

It is of great interest to know the occurrence of an event, such as a motion
exceeding a certain critical level. The above motions are calculated in the frequency
domain, as mentioned earlier, and can be easily used in probabilistic approach for
predicting the slamming behaviour (probability of occurrence, number of impact per unit
time and extreme magnitude of the pressure).

The spectrum (Bretschneider spectrum) in the two parameter form, with
significant wave height and characteristic period, is recommended by the 12th L.T.T.C..

This spectrum is presented in Fig. 5.3 and it is given by the following expression

as:
B
S(w) = A,c o G.1)
@
with
2
T (5.2)
691
T (5.3)
T
where:
§,s : significant wave height,
T, : characteristic wave period and
w :  wave frequency.
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It is necessary to transform the wave spectrum in terms of frequencies of
encounter instead of frequencies of the waves. As plotted in Fig. 5.4, the wave spectrum
as encountered by the ship is obtained as:

1

S(@,) =S(w) (5.4
© o U
[1-(—)cos 1"
g
where the frequency of encounter is given in term of the frequency of the wave:
»’U
D, =0- cosy 5.5)
g

where:
U forward speed of the ship
X angle of the incident wave
g : acceleration of gravity.

Fig. 5.5 and 5.6 represent the response spectrum for the vertical relative motion
and velocity respectively.

5.2 PROBABILITY OF SLAMMING OCCURRENCE

The occurrence of an impact, i.e Fig. 5.7, at a given location is a function of
vertical relative motion and velocity relative to wave elevations. The probability of
slamming impact can be evaluated by applying the following formula given by Ochi et al
(1973) as:

Pr{slam impact} =e¢ ™ (5.6)
where:
H ship draught at station where the slamming may occur
V., threshold velocity
R, twice variance of relative motion
R; :  twice variance of relative velocity.
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The variance of the relative motion and vertical velocity as referred by Djatmiko
(1992) is:

R, =2[(r/{,)S(w,)do, (5.7)
0
R, =2[(0,r/£,)S(w,)dw, (5.8)
0
r : relative motion amplitude
¢, :  wave amplitude

S(w,) : spectrum given in equation (5.4).

Table 5.1 lists the probability of impact occurrence as a function of characteristic
wave period and significant wave height for two draught conditions.

5.3 NUMBER OF IMPACTS

Marine vehicles are experiencing a number of slam impacts during their operation
time. The number of these impacts per unit time is as shown in Fig. 5.8 and can be
expressed by the following expression:

Hz

Vi
1 |R, §*x%°

—L

=R (5.9)

r

Furthermore the number of impacts (in hours) can be evaluated if the operation
time of ship is given, i.e:

N =3600TN, (5.10)
where:
T :  ship operation time (hours).

Table 5.1 presents the probability of occurrence for different characteristic wave
periods and for a different significant wave heights. On the basis of probabilistic results,
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it can be concluded that the high number of occurrence depends on high probability and
vice versa. For a characteristic wave period of 10 seconds and significant wave height of
10 m the probability of occurrence is 0.005 for loaded draught and 0.213 for ballast
draught conditions. This is also true in the real state.

If the ship maintains the same speed and the same environment the number of
impacts increase with ship operation time and the probability of occurrence is presented in
Table 5.2 and 5.3 .

5.4 EXTREME IMPACT PRESSURE

The extreme impact pressure is also of importance to the designer as it may
induce significant damage to the bottom structure of the ship, i.e Fig. 5.9. This extreme
pressure depends on the probability of exceedance and can be evaluated as:

1
p.(a)=p. —%pk, R, Infl - (1- )V 5.11)

the threshold slamming pressure given as:

p.= %pk,vi, (5.12)
where:
p :  density of water
k, : slamming pressure coefficient, depends on the shape of the section.

In order to use the above formula to predict the extreme pressure, the designer
has to specify the probability of exceedance . The ship is more safe from experiencing
an extreme pressure if the value of the probability of exceedance « is smaller. Also the
extreme pressure depends on the number of slamming impacts which in turn is a function

of the operation time, and it increases with an increase in time of navigation for the same
environment.

Table 5.2 and 5.3 also presents the influence of the number of impacts per hour
on the extreme pressure. One of the conclusions that can be drawn from these results and
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also from Hamoudi (1994), is that the extreme pressure increases with increase in the
number of impact. Using Bretschneider spectrum the extreme pressure (with probability
of occurrence 0.025) exceeds 1540 kPa. This extreme pressure is predicted when the
significant wave height of 12.0 metres and the characteristic period of 10.0 seconds are

imposed. It can also be concluded that the extreme slamming pressure depends on the
environmental condition.

5.5 OTHER EMPIRICAL FORMULA FOR SLAMMING PRESSURE
PREDICTION

Various model tests and investigations in the same field led to different
approaches and empirical formulae to be used in the design and to predict the slamming
pressure. This prediction is important in order to implement the strength requirement for
the forward structure of the vessel. Some rules are generally revised annually and the
designer is advised to consult the latest version of these rules.

These predictions are listed in Djatmiko’s work (1992) and also in PANEL HS-2
(Impact Loading and Response) (1993) and are given as follows:

5.5.1 Sellars Method:

The pressure main equation is given bellow as:

pl[(1+c‘\i‘: 85) \I(“Cv 5 )2+4 ] (psi) O 5.13)

where
P, : absolute impact pressure
P absolute ambient pressure
C :  structure impedance ratio, given in Djatmiko’s work (1992)
V, : relative velocity at impact

- P

X
G, :  speed of sound for pure liquid
Po :  mass density for pure liquid
0, :  liquid-air mixture volumetric impedance ratio (=0.0236).
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5.5.2 Allen and Jones Method:

This method is based on theoretical and experimental data. The design limit
pressure is given, as the average pressure over the impact reference area, by the following

equation:
3= —Nz“fMO) (psi) (5.14)
R
N, :  impact load factor or maximum amplitude vertical acceleration
A :  full load displacement in long tons
Ay  : impact reference area (in2).

the impact reference area can be determined as:

Ag = 355‘1(144) (5.15)

where d is the full load static draught in feet.

The maximum pressure (p,,) over the reference area can be calculated from the
following equations:

P oy |
Pn=g17 O (5.16)

The structural design pressure (pp,) is then determined by the following equation:

Po =P.FKp (psi) (5.17)
where:
F : longitudinal pressure distribution factor
K, :  pressure reduction coefficient
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5.5.3 Det norske Veritas (DnV):

This method estimates the design slamming pressure on flat cross structure as the
greater of the following:

A H
=2.6k (—)"%a_(1-—= kPa 5.18
P. '(A) ( 0.07[‘) (kPa) (5.18)
and
L
p, =125+— (kPa) (5.19)
2.6 '
where
k, longitudinal pressure distribution factor
A fully loaded displacement (tonnes)
A =2.5s%, design load area and not to be taken less than 0.0024 / T
s : load factor
T service draught
a design vertical acceleration
H, vertical distance from waterline to load point (m)
L ship length.

According to DnV Classification and Registry of Shipping [(1978), the
magnitude of impact pressure and the duration time depends on several factors, and which
are cited as follows:

« Liquid density

. Relative velocity between panel and the liquid surface
« Angle between the panel and the liquid surface

o The panel flexibility.

The impact pressure due to slamming is taken by DnV is not as the peak pressure
but the impact tail pressure (the following portion of the pressure and as is shown in
Fig. 5.7). This decision has been taken on basis of the very short duration of the peak.
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Under-estimating the peak pressure and taking the tail pressure only is a very
serious matter. Perhaps the decision taken by DnV, is valid for a certain type of structure,
and construction. Hence this may not be valid for other structures which differ in the type
of construction. Furthermore, the magnitude of slamming pressure is proportional to the
amplitude of the vertical relative velocity at the instant of impact (at the time of the peak)
and not at the time which follows the impact (tail portion of the pressure).

5.5.4 American Bureau of Shipping (ABS):

The american bureau of shipping adopts the same formulation used by Allen and
Jones, and this formulation is given as follows:

_ 2240N,A

= Si 5.20
where:
N, . impact load factor (or acceleration due to impact)
A limiting displacement for strength (long tons)
A, =0.06L_B, reference area (in2)
L. : length of cross structure (in)
B total ship breadth (in).

5.5.5 Lloyd’s Register of Shipping

The equivalent slamming pressure is expressed as a head of water and calculated
from the following expressions:

1) 65<L<169 m:
h_ =10VLF m (5.21)
2) 169<L <180 m:

h_,,=130F m (5.22)
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3) L2180 m:

h,, =130Fe 50180 oy (5.23)
where:
TFB 0.2
F=5.95-10. S(T) (5.24)
e : base of natural logarithm
L : distance from the forward side of the stem to the after side of rudder post
T minimum draught forward between 0.01L and 0.045L.

Besides these there are other empirical formulae used for the prediction of impact
pressure due to slamming for design purposes. These formulae vary with variation of the
type of the vessel.

5.6 DESIGN SLAMMING PRESSURE

As the pressure due to bottom slamming may damage the structure subjected to
the transient impact, it is important to determine this slamming load which is referred to as
design slamming pressure.

In open literature, the information on impact pressure due to bottom slamming is
limited due to lack of measurement of full scale. The only information available is
described as below.

Lewison (1970) reported in his paper that Aertssen attempted to measure the
highest impact pressure due to slamming of the Jordaens ship which is 146.15 metres.
This pressure was in the order of 175 kPa (25.4 psi).

Bledsoe et al (1960) reported from their seakeeping trials, conducted under the
joint sponsorship of the Royal Netherlands and the United States Navies, that the
maximum impact pressure recorded was of the order of 48 psi (331.2 kPa) for a
Destroyer ship of 2988 tons and length 112 metres at speed of 25 knots. These impact
pressures were measured using pressure gauge (Dynisco gauge with capacity of 500 psi).
In other words, the recorded pressures were measured on the reference area of the
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pressure gauge.

It is good practice to apply some of the empirical formulae given by different
classification rules in order to compare the data obtained from the application of these
rules, the measured data taken from the open literature and the present investigation.

Using Allen and Jones method the design pressure calculated for a flat panel size
of an area of 30x100 in2 (0.76x2.54 m2), located at the bottom of the S175 container ship
(24742 tons) is found to be 30.35 psi (209.4 kPa). The design pressure is calculated for
the same panel using Det norske Veritas and found to be of the order of 27.87 psi (192
kPa). Moreover if one applies Lloyd’s Register of Shipping method, the maximum
pressure will be of the order of 16 psi (110.4 kPa).

As given in Table 4.4 the methods by Allen and Jones and Det norske Veritas
correlate well and the difference is only 8% higher in Allen and Jones prediction.
However the Lloyd’s Register of Shipping prediction method gives a design pressure of
16 psi (110.4 kPa), this pressure is 47% lower than Allen and Jones prediction method
and 43% lower than Det norske Veritas prediction method.

As there is no restriction given by Allen and Jones method for the determination
of the design pressure, one may apply it to model scale for the S175 container ship. The
design pressure for the model of the S175, for the same reference area scaled down to
model scale, is found to be 1.285 psi (8.865 kPa). This pressure magnitude is not far
from the measured pressures if the reference area is not taken into account. For example,
the maximum pressure measured, on an area of the pressure transducer with the
dimensions given in Fig. 4.4, for the S175 container ship model is found to be 0.503 psi
(3.476 kPa) for loaded draught condition and Fr=0.275 when the model was underway in
a head sea condition and the maximum impact pressure calculated by three and two
parameter conformal mapping technique are 1.075 psi (7.42 kPa) and 0.801 psi
(5.53 kPa) respectively, for loaded draught condition and Fr=0.278. According to
Ohkusu and Hamoudi (1993) that the pressure transducer picks the average pressure
applied on all over the area of the device. One may conclude that the design pressures
calculated by Allen and Jones method for model scale which is 1.285 psi (8.865 kPa) and
the maximum impact pressure calculated by three parameter which is 1.075 psi (7.42
kPa), for loaded draught condition and Fr=0.278, are in good agreement.
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One may also determine the scale factor for the pressure between model scale and
full scale for the S175 container ship by applying Allen and Jones method for both ship
and model. By using this method the pressure scale factor can be obtained and is found
to be 23.62 approximately. Further, all the measured data, from model test, of the impact
pressure may be scaled up to ship scale.

5.7 CONCLUSIONS

This investigation can be used for better assessment of the performance of ship in
a given seaway. The investigation has been focused on the probabilistic approach of
slamming and design pressure. The main points of interest and which may be required by
ship designer during the design stage are:

The probability of occurrence of §lamming event depends mainly on motion
response of the ship and the sea environment. The highest probability of occurrence of
slamming for Fr=0.275 and a significant wave height of 4 m and characteristic wave
period of 10 seconds is 0.188. For a characteristic wave period of 10 seconds and
significant wave height of 10 m the probability of occurrence is 0.005 for loaded draught
and 0.213 for ballast draught conditions.

The number of slamming impacts depend on the probability of occurrence and
ship operation time. The highest value for the probability of occurrence occurs in the
longest navigation time and results in a large number of impacts.

The extreme pressure depends mainly on the probability of occurrence, the
number of impact and the ship operation time. The extreme pressure (with probability of
occurrence 0.025) exceeds 1540 kPa. This extreme pressure is predicted when the
significant wave height of 12.0 metres and the characteristic period of 10.0 seconds are
imposed.

The design pressure by the Allen and Jones method for the model of the S175
container ship is found to be 1.285 psi (8.865 kN/m2). This pressure magnitude is not
far from the measured pressures given in chapter 4, if the reference area is not taken into
account. The maximum pressure measured for the S175 container ship model is 0.503
psi (3.476 kN/m?2) for loaded draught condition and Fr=0.275 when the model was
underway in a head sea condition and the corresponding maximum impact pressure
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calculated by the three and two parameter conformal mapping technique are 1.075 psi
(7.42 kN/m2) and 0.801 psi (5.53 kN/m2) respectively. One may conclude that the
design pressures calculated by the Allen and Jones method for model and the maximum
impact pressure calculated by three parameter for loaded draught condition and Fr=0.278,
are in a good agreement.

The equivalent full scale pressures would be 23.62 times as great. This scaling
factor is determined by applying Allen and Jones method for the ship and model.

198



Table 5.1 Probability of occurrence for different significant wave
heights and characteristic wave periods at loaded and ballast draughts

Pr.=Probability of occurrence
H1/3 (m) T (sec.) H1=9.5m H2 =3.15m
6 " "
4 3 . .
10 * *
12 0.0001
6 x “
6 8 * 0.0009
0 ‘ ).014
12 * 0.012
6 * *
8 8 * 0.019
10 0.0003 0.09
12 0.0004 0.082
6 * *
10 8 0.0001 008 |
10 0.005 0.213
12 0.0065 0.202
6 * *
12 8 0.001 0.172
10 0.025 0.342
12 0.03 0.33
H1/3 Significant wave height
T Characteristic wave period
Hl loaded draught
H2 ballast draught

no slamming occurrence
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Table 5.2 Extreme pressure as function of number of impacts and ship
operation time for different significant wave heights and periods

[(sec.)| Probability | Operation time (Hour) | Nr. impacts| Extreme pressure (KN/m"2)
1.0 * -
5.0 «
6.0 * 10.0 * -
15.0 *
20.0 * -
) 24.0 * )
! | ) L 397,37
| 3.0 | 0.00i 469.90
8.0 * 10.0 0.001 501.27
15.0 0.002 519.57
20.0 0.002 532.56
L 24.0 0.002 540.79
1.0 0.114 532.67
50 0.571 642.28
10.0 | 0.0003 100 1.143 ~ 689.51
15.0 1.714 717.14
20.0 2.285 736.74
24.0 2.742 749.16
1.0 0.16 494.02
5.0 0.801 594.92
12.0 | 0.0004 10.0 1.603 638.4
15.0 2.404 663.83
20.0 3.205 681.87
24.0 3.846 693.31

Conditions: H1/3=8.0 m, Fr=0.275, loaded draught




Table 5.3 Extreme pressure as function of number of impacts and ship
operation time for different significant wave heights and periods

T(sec.)| Probability |Operation time (Hour)| Nr. impacts | Extreme pressure (KN/m*2)
1.0 * -
5.0 . -
6.0 * 10.0 * -
13.0 «
20.0 * -
24.0 *
1.0 0.546 750.64
3.0 2.73 914.03
3.0 0.001 -0.0 3.46 ’ 984,42
5.0 3.19 | 1025.6
20.0 10.92 1054.8
24.0 13.105 1073.3
1.0 11.505 1053.2
5.0 57.524 1299.8
10.0 0.025 10.0 115.05 1406.1
150 1257 | 14683
20.0 230.1 1512.36
24.0 276.12 1540.3
1.0 12.75 966
50 63.72 1193.1
12.0 0.03 10.0 127.45 1290.88
15.0 191.17 1348.1
20.0 254.9 1388.7
24.0 3.587 14144

Conditions: H1/3=12.0 m, Fr=0.275, loaded draught
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CHAPTER 6

DECK WETNESS PHENOMENON



The qualitative and quantitative data collected by Lloyd are very useful for the
given ship (the narrow beam LEANDER), but deck wetness is a common event for other
ships and in particular for high speed vessels. Besides these other conditions for ship
navigation also need to be taken into account.

In order to investigate the complex phenomenon of shipping water on deck
Mizoguchi (1988) measured the impact pressure acting on water breaker and carried out
numerical simulation on a model of S-175 container ship in regular head waves. In this
investigation the impact pressure acting on water breaker is predicted using the empirical
equation for impact pressure due to water jet. The conclusions from the measured wave
height contours indicate that at the beginning of shipping of water, the flow is similar to a
dam break water. For the case when the wave height is high the water is concentrated in
the forepart of the fore castle deck and it crashes against the aft water breaker. For the
lower wave height case, the water is concentrated in the forepart of the fore castle deck
and it spreads in all directions. It was also found that the wave height and the deck area
are the most important parameters related to shipping water on deck.

In the above numerical simulation, ship motions were not taken into
consideration. However in reality ship motions play a vital role in predicting the deck
wetness phenomenon and it is also known that the deck wetness phenomenon occurs
when the relative motion exceeds the freeboard of the vessel.

A technique to evaluate the duration of threshold crossing of a random process
was applied for the first time to shipping of green water by Oliver (1981). This technique
predicts the probability of occurrence of deck wetness event. Unlike Mizoguchi, Oliver
has taken into account the relative motion of the vessel with respect to the sea surface.
The amplitude of threshold crossing was evaluated by Rayleigh distribution.
Furthermore, the volume of shipping water on deck and the total pressure on the deck
was also calculated.

Edward and Todd (1938-39) reported that deck wetness is one of the factors
which determine seakindliness or seaworthiness. Three models were tested with forward
freeboards of 11.75 ft, 8.5 ft and 11.75 ft respectively. The tests in regular waves
showed the importance of sufficient forward freeboard. The second model sank, whilst
the first and the third remained nearly dry. However, these conclusions are not
significant, as they did not mention the speed at which the models were run.

\
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The present chapter investigates a set of experiments in regular waves with the
$175 container ship model for different forward speeds. Deck wetness was quantified by
measuring the forces in the longitudinal direction and by collecting the mass of water
shipped on deck.

6.2 EXPERIMENTAL INVESTIGATION ON DECK WETNESS

6.2.1 Model

The event of deck wetness occurs mostly with high speed vessels. For this
~ reason the chosen model is S175 high speed container ship and is made of glass
reinforced plastic (GRP) to a ratio of 1/70. This is also the same model used for
slamming tests. The ratio between freeboard and ship length for stations FP, 9 1/2 and 9
are given in Table 6.1. Main dimensions and offset table for the container ship S175 are
given in detail in Tables 4.1 and 4.2 of chapter 4.

6.2.2 Instrumentation Setup and Calibration

While carrying out slamming tests, investigation on deck wetness was also
carried out. As both of these phenomena occur in the fore region of the vessel under
consideration, most of the measurement apparatus was concentrated in this region of the
model.

6.2.2.1 VWave‘ Probes

As stated for slamming test, the undisturbed wave heights were measured with
three resistance type wave probes fixed to a bridge across the tank width at distance of
about 5 metres in front of the wave-maker. The calibration process is the same as in the
case of slamming tests. The average of these wave heights was taken for analysis.

Another resistance wave probe of the same type was fixed at the bow in order to
measure the relative bow motion. This wave probe was inclined by an angle of more than
50 degrees in order to take the same shape of the bow, therefore any measurement from
the wave probe must be multiplied by a correction factor which is the cosine of this angle
to give the vertical relative motion. The calibration process of the wave probe in the fore
region of the ship was the same as that of the wave probe at station 8 1/2, used for
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slamming tests.
6.2.2.2 Load cells

The wetness impact forces (longitudinal forces or impact pressures) were
measured using nine square plates mounted in a array over the deck at station 9 1/2 and is
as in Fig. 6.1. Each plate is mounted on a load cell (Sensotec 'D’ series, range 0.5 1bs).
As three load cells failed before the set of experiments commenced, the runs were
conducted with the remaining six load cells only. Fig. 6.2 represents load measurement
device (load cells) located at station 9 1/2 on the deck of container ship model S175.

The nine load cells were individually calibrated before assembly by applying
different weights from 100 grams to 1000 grams, with an incremental step of 100 grams.
Six of the nine load cells behaved similarly while three failed. Fig. 6.3 shows the
response of the load cells which is linear and within the range of calibration. Once the
load cells were calibrated, they were built into plates mounted in an array and positioned
in the desired orientation on the deck to receive (measure) the longitudinal force due to the
incoming water on deck.

Lloyd et al (1985) mentioned in their paper that an impact due to wetness is
accepted as true wetting if: '

. it was recorded on at least two pressure transducers
. itexceeded a threshold pressure (10 kN/m?2 full scale)
« itoccurred at least 4 seconds (full scale) after the previous impact.

It was also recommended by Lloyd et al (1985) that the most frequent freeboard
exceedance occurs between the forward perpendicular and station 9 if the ship is divided
into 10 stations, and for this reason the plates were mounted at station 9 1/2.
6.2.2.3 Accelerometer

As shown in Fig. 6.1 this device was installed on the deck to measure the deck

acceleration. This device is a gravity type accelerometer. The calibration procedure is
given in section 4.4.4 of chapter 4.
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6.2.2.4 Selspot System and Light-Emitting Diodes

Selspot system and light-emitting diodes were used to measure heave and pitch
oscillations of the model using equation (4.1) and (4.2).

6.2.2.5 Water Container

As water was expected to be shipped on deck, a water container was placed
inside the model (at the centre of gravity) and linked to the forecastle deck side line by
tube. A pump was used to pump the water out from the container to avoid any effect on
the motions and the quantity of water was weighed after each test.

6.2.3 Test Procedure and Data Acquisition system

A set of experiments were carried out in the Hydrodynamics Laboratory of Naval
Architecture and Ocean Engineering, University of Glasgow. The model of the container
ship was run in ballast and loaded draught conditions in regular head waves and at zero
trim. All the running conditions are similar to the bottom slamming tests. Heave and
pitch are the only degrees of freedom allowed during the test.

As mentioned earlier, the model was run for different Froude number, namely
0.1, 0.15, 0.2, 0.278 and 0.3 and for different wave frequencies. The range of these
frequencies are calculated using Hamoudi’s (1992 a) computer program developed to

determine the frequencies at which the tank wall interferences (blockage phenomenon) are

avoided, and also in accordance to the 15th ITTC recommendations (Seakeeping
Committee) (1978).

The runs were recorded by a Panasonic MC20 VHS type video camera. All the
signals are collected by the Data Collecting System (32 channel analogue to digital
converter) and recorded into Macintosh-2CLA micro computer system. The experimental
data are sampled at the rate of two thousands (2000) samples per second per channel and
for 20 seconds. For higher speeds the running time was 12 seconds because of the length
of the tank. Fig. 4.5 illustrates the electronic equipment on the moving platform.

All relations of calibration data converted from induced voltage to actual
responses or loads are linear. All experimental data acquired by Macintosh-2CLA
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computer are analysed in frequency domain, using the Fast Fourier Transform technique
on the VAX-3100 workstation computer system and also in time domain on the
VAX/VMS computer system.

The data collected during the test are automatically converted into the
corresponding unit of magnitude recorded by using the calibration factor determined from
the calibration process.

6.3 ANALYSIS TECHNIQUE FOR DECK WETNESS

The analysis was done in the frequency domain and no deck wetness was
encountered for ballast draught condition (high freeboard). The vertical relative motions,
vertical deck acceleration and the impact pressure (impact force in the longitudinal
direction on the area of the plate) recorded during the experiments are plotted against
nondimensionalised frequency.

6.3.1 Threshold Vertical Relative Motion

In the case of green seas, threshold vertical relative motion is the limit of the
relative motion at which deck wetness phenomenon may occur. This relative motion is
compared with the freeboard value to determine the occurrence of deck wetness.
Freeboard value for the S175 container ship model is 9.975 cm at the forward
perpendicular station (FP).

wave amplitude (6 cm in amplitude) at the bow for Fr=0.1. For this case the recorded

vertical motion exceeds the freeboard value except for w\{z <2.0. In this region the
g

relative motion measured is far less than the value of the freeboard but for w\/% >2.0
the relative motion is higher than the value of the freeboard. The highest relative motion

recorded for Fr=0.1 is recorded for nondimensional frequency of w\[z =2.02.
g

Fig. 6.6 illustrates the bow vertical relative motion for Fr=0.15. In this case the
relative motion exceeds the freeboard at FP and shipping of water on deck takes place in
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the frequency range 2.0 < w\lz <2.8. The highest vertical relative motion at the bow
g

for this case is recorded for a)\/E =2.5.
g

L
Fig. 6.7 shows the\/;:ordcd vertical relative motion at the bow for Fr=0.2,

where the highest value is recorded for cu\/E = 2.5 and this relative motion exceeds the
g

freeboard in the nondimensional frequency range 2.0 < a)\/E <2.5.
g

Fig. 6.8 represents the bow vertical relative motion recorded for Fr=0.278. The
freeboard exceedance occurs when the relative motion exceeds its threshold value at the

bow in the nondimensional frequency range 2.0 < w\lg <2.5 and the highest value
g

occurred at a)\/E =2.1.
g

Fig. 6.9 illustrates the relative motion for Fr=0.3. The freeboard exceedance

occurs also in the nondimensional frequency range 2.0 < w\lz < 2.5 and the highest
g

relative motion occurred at a)\jE =2.26.
g

The effect of forward speed on freeboard exceedance is consistent, as explained
in the above figures of bow vertical relative motion, this effect is consistent except for
some vagaries resulting from the setup of the model or the calibration of the
instrumentations used during the experimental investigations. For example at Fr=0.2 and

nondimensional frequency wJE = 2.26 the nondimensional relative motion recorded is
g

more than 1.5 and for the same frequency and Fr=0.278 the relative motion recorded is
less than 1.5. However for Fr=0.3 the relative motion is more than 1.5.

6.3.2 Heave and Pitch Motion

Heave was obtained by using equation (4.1). Figs. 4.34, 4.36, 4.38, 4.40 and
4.42 represent the nondimensional heave amplitude response for Fr=0.1, 0.15, 0.2,
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0.278 and 0.3 respectively and for loaded draught at which the deck wetness
phenomenon is more likely to occur.

Pitch was obtained by using equation (4.2). Figs. 4.44, 4.46, 4.48, 4.50 and
4.52 represent the nondimensional heave amplitude response for Fr=0.1, 0.15, 0.2,
0.278 and 0.3 respectively and for loaded draught at which the deck wetness
phenomenon is more likely to occur.

The bow vertical relative motion of the model is affected by heave and pitch
motions. As the model was restricted from other motion, the recorded relative motion
values may have been affected slightly.

6.3.3 Measured Force in the Longitudinal Direction

For most of the runs in the loaded draught conditions, water was shipped on
deck and was impinging the load cells.

All the loads recorded during deck wetness tests are presented in figures,
including the loads which did not exceed the pressure (10 kN/m? full scale) reported by
Lloyd (1982). Figs. 6.10 to 6.19 represent the measured impact forces (impact pressure)
on top and bottom row of plates for different Froude number, i.e Fr=0.1, 0.15, 0.2,
0.278 and 0.3 respectively. Also Table 6.2 represents the impact pressures scaled to full
scale values by using linear dynamical similarities. These impact pressures follow the
same trend as the bow vertical relative motion except for some points which are believed
to be vagaries of the experiments.

In most of the cases the magnitude of the impact pressures recorded on the
bottom row of plates are higher than the one recorded on the top row of plates. Among
the bottom plates the middle load cell recorded the highest impact as shown in the Fig.
6.10 to 6.19. For Fr=0.2 plate S in the centre of the bottom row recorded more than
1.945 kN/m2 model scale (i.e more than 136 kN/m2 full scale) and plate 2 which is in the
centre of the upper row recorded 0.418 kN/m? (29.4 kN/m? full scale), this load is not
far the design load given by Lloyd’s Register of Shipping (1982). On comparison of the
results between the top and bottom row of plates, one can say that there is a good
agreement between the present set of experimental results and those by Lloyd (1982).
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Increasing the forward speed also makes remarkable changes in the magnitude of
the pressures recorded on the plates, particularly the load cell which is in the centre of the
bottom row.

The impact pressures recorded on the top row of plates were in most cases
lower, but were not far to be unbelievable from those recorded on the bottom row of
plates. Also for certain Froude number plate 1 on the starboard side of the top row
recorded a higher pressure than plate 3 on the port side. As concluded by Hamoudi
(1993 a), heave and pitch were the only two degrees of freedom allowed during
experiments and to a certain extent experimental results show that the recorded results of
these plates are symmetrical in regular waves, except for some odd points which are
believed to be caused by restriction of the model from other degrees of freedom.

6.3.4 Shipping of Water on Deck

As mentioned earlier, a pump was used to pump the incoming water out from the
model. Fig. 6.20 represents the weighed mass of water shipped on deck for different
speeds (Froude number) and various frequencies. The total mass shipped on deck
depends mainly on forward speed of the model and the relative motion exceeding the
freeboard. In the case of high speeds, deck wetness occurred more frequently and
violently as more water was shipped on deck. The water was not only coming from the
fore part of the vessel but also from the sides.

For Fr=0.3 and frequency 4.48 rad/sec, the mass of water collected is more than

42 kg, in this case the nondimensional relative motion recorded exceeded the value of 1.5
and the model nearly sank.

6.3.5 Vertical Acceleration

Vertical deck acceleration increases by increasing forward speed, as in Figs.
4.54, 4.56, 4.48, 4.60 and 4.62 respectively. For example, the peak acceleration
recorded during the set of experiments, for Froude number 0.278, is 5.189 m/sec2
(0.53 g). This is more than half the acceleration of gravity, and as a result of this, the
nondimensional relative motion exceeding the freeboard recorded is more than 1.5, and a
huge mass of water (12.4 kg) was shipped on deck.
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6.4 PREDICTION OF THE IMPACT FORCE (PRESSURE) IN THE
LONGITUDINAL DIRECTION

Deck wetness phenomenon can be very severe and may cause serious damage on
the deck level. This makes the crew's task on the wet deck difficult and may be
impossible to handle. The performance and effectiveness of the vehicle will be degraded
as result of this event and her mission will not be completed in good condition.

The severity of deck wetness event can be decreased by slowing down the speed
of the marine vehicle if moving or changing the heading angle until the storm is over.
This decision affects the operational effectiveness.

Conclusions given by Lloyd (1983, 1985) and Bales (1979) state that the main
parameters which influence this event is the freeboard (the above water-line structure)
and to a certain extent the forward speed Fukuda (1983).

6.4.1 Definition

The impact force in the longitudinal direction is the force due to the mass of
water hitting the vertically positioned equipment. The mass of water is randomly
distributed in space after the occurrence of deck wetness.

6.4.2 Formulation of the Impact Force

As in Fig. 6.21, the relative vertical motion exceeds the freeboard, and as a
result of which deck wetness occurs and an undefined mass of water, in its quantity,
which has high velocity, comes on deck and impacts the superstructure or any equipment
mounted on deck such as gun ... etc.. This force is a variable, and it is a function of the
velocity of the undefined mass of water, the forward speed of the marine vehicle and the
level of the relative vertical motion exceeding the freeboard.

It is a very complex task to predict the volume of mass shipped on deck, but
some assumptions have to be made in order to linearise the complexity of the problem.

Because the vessel is navigating in head seas with a certain forward speed if any,
the mass of the water is moving in the opposite direction with a certain velocity and
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which is the wave velocity plus the forward speed of the vehicle.

The mass of the water is estimated from the water shipped on deck and it can be
calculated from the volume of water as follows:

m=pV 6.1)
where:
P water density and
\% . volume of water.

The volume of water as given by Oliver (1981) is the summation of parallel
sectional elements as follows:

L
V= j A(x)dx 6.2)
0

where:
A(x) = B(x)Z(x) 6.3)

B(x) : deckbeamatx
Z(x) : longitudinal wave shape function.

The phenomenon is very complex and highly disturbed and for this reason the
volume calculated in equation (6.2) consists of a mixture of water and air. A dispersion

factor is incorporated in the above equation, and the volume of water can be rewritten as
follows:

L
V= j kA (x)dx (6.4)
0

where:

0<k<10
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The dispersion coefficient k depends on how homogenous the mass is, which is
a mixture of water and air. It can be chosen by intuition and/or can be calculated from
experiments as is the case in this investigation. Moreover, this coefficient can be
predicted approximately by comparing the calculated and the measured forces.

If the water is crossing a certain distance called the wetted length ‘L', this length
can be easily identified by specifying at which station the impact force is going to be
exerted, and from each reference point in the fore end, from where the water is coming.
It is assumed by Hamoudi et al (1994) that the crossing time can be approximated by
dividing the crossed length by the velocity of the mass of the water. The approximate
expression for the impact force in the longitudinal direction is then written as follows:

2
F= mw 6.5)
L
The force in the longitudinal direction can then be rewritten as follows:
2
F= pv(U_*I:Q_ (6.6)

The calculated force in the longitudinal direction in equation (6.6) is predicted
under some strongly idealistic assumptions and which are cited as follows:

» mass of water does not vary along the crossed length

. mass célléctéd in the catch tank did hit the vertical wall without any water
coming from other directions

 mass of water has got a constant energy till it hits the obstacle

« crossed length reference starts from the very end of the overhang

« mass of water moves in the longitudinal direction only.

Equation (6.6) can be interpreted as the force exerted in the longitudinal direction
to be inversely proportional to the crossed length of the mass of water under
consideration. In other words, if the vertical wall (superstructure, appendages, deck
mounted equipment, guns...etc.) is at a larger distance from where the water is getting
shipped, the impact force applied decreases. These conclusions also agree with the
results presented by Oliver (1981). Fig. 6.22 presents the impact force per unit mass as
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a function of the crossed length, and it increases for decreased crossed length.

The mass of water, while moving, is varying in its quantity and shape before
hitting the vertical wall. This mass of water, which will be shipped on deck, after hitting
the wall, depends on the shape of the forebody of different type of ships (freeboard, flare
angle...etc). Furthermore, the knowledge of quantifying the mass of water is still at its
formative stage. For example, Mizoguchi (1988) found that the water heights on the
triangular deck form with narrower deck area, are higher than that of the semi-circle deck
form with wider deck area. And the speed of the water particle of the triangle deck form
are faster than that of the semi-circle deck form. Also Lloyd et al (1982) found from his
experimental investigation that the effect of deck shapes, bluntness or sharpness, are less

conclusive. He also noticed that for a speed of 17.5 knots of the narrow beam
' LEANDER frigate both blunt and sharp stems appear beneficial but sharpness has much
less effect at 20 knots.

I

6.4.3 Calculation of the Impact Force from the Experimental Data

Because of difficulties in the analytical approach of deck wetness, predictions of
wetness is often made directly by testing a model in regular or irregular waves, and
observing the phenomenon of shipping of water. A video tape records and catch tank
technique are often used to clarify the event.

In order to quantify theoretically the wetness impact force in the longitudinal
direction acting on a vertical wall, a catch tank technique was placed inside (at the centre
of grévity) of the model of S175 container ship, to collect the incoming water on deck.
The mass of water collected by the catch tank technique mentioned above was used as an
input data into equation (6.6) to predict the force in the longitudinal direction acting on a
vertical wall due to impingement of water. Table 6.2 presents the magnitude of the
impact force acting on vertical wall in the longitudinal direction converted to impact
pressure (impact load/plate area).

6.4.4 Dispersion Factor

The dispersion factor proposed by Oliver (1981) is calculated by dividing the
impact pressure obtained from experiment with the calculated pressure from equation
(6.6) and is as in Table 6.3. This dispersion factor lies between 0 and 1.0. It equals 0
when there is no force applied on the vertical wall, but is always lower than 1.0 due to
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non-homogeneousity of the mass of water. The dispersion factor can be calculated by
the following equation:

_ Measured Load
Calculated Load

6.7)

The dispersion factor presented in Table 6.3 may not be accurate at this stage,
due to the assumptions given above. However, it can be used as a first approximation of
design. For example the minimum value of the dispersion factor calculated in the present
research is 0.012 and the maximum value is around 0.94. The reason for large variation
in certain cases of the measured and calculated load can be attributed to the fact that water

was slipping from the sides, and top of the plates. The mass of water which is a good
" indicator in these calculations is represented in histogram format as in Fig. 6.20.

6.5 PROBABILITY APPROACH FOR DECK WETNESS

The probability of deck wetness occurrence depends mainly on relative motion
exceeding the freeboard. Furthermore, the occurrence of deck wetness depends on other
parameters, such as environmental conditions and to certain extent forward speed of the
marine vehicle.

6.5.1 Probability and Number of Deck Wetness Occurrence

Deck wetness can be predicted by using probability tool. The probability of
occurrence of the deck wetness process by Price et al (1974) is:

fz

Pr{wetnessoccurrence} =¢e *' (6.8)
where:
f . freeboard
R, . twice variance of the bow relative motion.

The variance of the bow vertical relative motion is calculated from equation (5.7)
using the spectrum given in equation (5.4).
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Bretschneider spectrum in the two parameter form, with significant wave height
and characteristic wave period, is used for the investigation of deck wetness.

The number of deck wetness per hour can be calculated from the following
expression given by Price et al (1974):

F!

N, = 26_@ 5’—6 R, (6.9)
2r \R,
where:
R; : twice variance of the bow relative velocity calculated from equation (5.8).

The measured bow vertical relative motion was used in order to determine the
probability of occurrence and number of wetness per hour. Fig. 6.23 to 6.82 represent
the probability of occurrence and number of impact per hour. These data were calculated
for different significant wave heights (represented as H in the figures) varying from
4 metres to 14 metres and for characteristic wave periods varying from 4 seconds to
14 seconds in intervals of 2 seconds (as recommended in the 12th ITTC (1969)).

From the result obtained, it appears that the highest probability of deck wetness
occurrence is 0.582 and the number of wetness is 228 per hour (model scale), i.e in the
region of F/L=0.053 (F is the freeboard and L is the length). These data were calculated
for significant wave height of 14 m, wave period 10 seconds and Fr=0.1. The
probability of deck wetness occurrence increases by increasing the significant wave
height. Increasing the characteristic wave period does not lead to an increase in the
probability of occurrence nor does it lead to an increase in the number of deck wetness
occurrence.

For a significant wave height of 6 m the highest probability of occurrence is
0.053 and the number of wetness is 20 wetting per hour. These results are for wave
period of 10 seconds, ratio of freeboard to length of 0.053 and for Fr=0.1. At the
forward perpendicular where F/L=0.057, the probability of occurrence is 0.034 and the
number of wetting is 13 per hour. The difference in the results is due to the differences
in the freeboard.
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Table 6.4 represents a comparison of wetting per hour from the present
investigation along with other results obtained from Lloyd et al (1982). The number of
wetting obtained by Lloyd is higher than the present result and this due to different
models used and also different forward speed. However, the results obtained here are
more or less consistent and one can notice the effect of freeboard, as the number of
wetting per hour decreases by increasing the freeboard level.

6.5.2 Significant Load

The impact force (pressure) in the longitudinal direction impacting the plates is
not a Gaussian process and is not linear with regular waves. An assumption has to be
made to calculate the significant load using spectrum analysis. This assumption is a
linearisation between the energy of the waves and the impact force in the longitudinal
direction resulting from exceedance of a certain level of motion (relative motion
exceeding the freeboard).

From equation (6.6) the force “F” is proportional to the square of the wave
velocity. The second order force can then be written as:

m, = | (—52-)2s2 (@,)do,do, 6.10)
where:
F : : forcein the longitudinal direction
S(w,) : spectrum given in equation (5.4)
a, : frequency of encounter
4 : wave amplitude

If the variance of the force is calculated by using the data obtained from the set of
experiments, then the significant load can then be obtained as:

F, =2.0,/m, (6.11)
3

F, : significant force (load).

wl
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Table 6.5, 6.6 and 6.7 illustrate a comparison of significant load with Lloyd’s
(1982) results for significant wave height of 6 metres and characteristic wave period of
11 seconds at the bottom row of plates (i.e plate 4, 5 and 6). The results are not far from
each other but there is some difference and which may be due to the different conditions
satisfied during the test.

6.6 CONCLUSIONS

This chapter has described model experiments to investigate the deck wetness
event. A set of experiments were carried out in ballast and loaded draught conditions in
~ regular waves. A model of S175 container ship was equipped with plates mounted on
load cells in order to quantify the impact pressure due to the force in the longitudinal
direction. The conclusions from this investigation are as follows:

Deck wetness occurs when the relative motions exceeds the freeboard. There is
no occurrence of deck wetness at the ballast draught condition except for some sprays,
but for the loaded draught condition the phenomenon was very violent. Hence this event
depends mainly on the freeboard.

The forward speed of the vessel plays an important role. At high speed (for
example Fr=0.3) deck wetness event becomes more violent. The force in the
longitudinal direction (impact pressures) follows the same trend as the vertical relative
motions. The impact pressures due to the impact forces recorded are larger at high
speeds (Fr=0.278 and 0.3).

The impact pressures on the bottom row of plates are higher than the top row of
plates. For example, at Fr=0.2 and for the frequency a)\/E =2.5, plate 5 in the middle
g

_ of the bottom row recorded 1.945 kN/m? ( corresponding 136 kN/m? for full scale) and
plate 2 in the middle of the upper row recorded 0.418 kN/m? (29.4 kN/m? for full scale),

this load can be compared with that of the design load which 24.6 kN/m? (full scale)
given by Lloyd’s Register of Shipping (1982).

The mass of water shipped on deck mainly depends on the forward speed of the
vessel the relative motion exceeding the freeboard. For example, at Fr=0.3 the highest
mass of water is more than 40 kg. The trend of the curve of mass of water collected is
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the same as the relative motion curve.

An approximate method, to predict load in the longitudinal direction on a vertical
superstructure or deck mounted equipment due to green water shipped on the deck of
floating bodies (ship, platforms) with /or without forward speed.

The force per unit mass in the longitudinal direction presented has only been
recently formulated and it is inversely proportional to the distance at which the vertical
wall is positioned from where the water is shipped.

The measured load is always lower than the calculated load, and that is why the
~ dispersion factor always lies in the range of 0.0 and 1.0. This is also clear from the fact
that not all the mass of water collected, did hit the load cells wall, for example at Fr=0.3
the collected mass of water is more than 40 kg. In other words, a certain quantity of
water comes from other directions, such as the sides and from above the wall. The
histogram of the mass of water shipped on the deck of the container ship model, serves
as a good design data for the dispersion factor. The minimum value of the dispersion
factor calculated in the present research is 0.13 and the maximum value is around 0.94.

The probability of deck wetness occurrence and number of wetting depends
mainly on the freeboard parameter. There are also other parameter such forward speed,
significant wave height and characteristic wave period. The number of wettings resulting
from this investigation differs from that of Lloyd et al (1982). The maximum number of
wettings obtained from the present investigation, for the ratio of freeboard to ship length -
of 0.05, Fr=0.1, significant wave height of 6 m and characteristic wave period of 11
seconds, is about 15 wetting per hour.

The results of significant loads compared with those of Lloyd et al (1982) are not
far from each other but there is some difference and this may be due to the different
conditions satisfied during the test.

The difference in the result obtained in the present research and that of Lloyd et
al (1982) investigation can be explained by one statement, i.e results of one type of ship
are not applicable to another type of ship. In other words a data bank should be prepared
for different high speed vessels, so that future researchers can make use of these data for
investigating loads on deck mounted equipment.
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Table 6.1 Ratio between freeboard and ship length
for statdon FP. 9 {/2and 9

Station | F/L |
FP ; 0.057 .
91/2 0.055 !
9 0.053
F: Freeboard
L: Ship Length
Overhang/Length Sharpness (deg.) | Flare Angle (deg.) | Rake Angle (deg.)
0.024 86.000 35.000 84.000




Table 6.2 Impact pressure (KN/m*2) measured from experiment

Fr Platel | Plate2 | Plate3 | Plate4 | Plate5 | Plate6
0.422 0.563 0.493 0.422 0.563 1.056

0.563 0.704 0.634 0.634 0.985 0.845

0.100| 1.197 1.478 1.126 0.985 1.197 0.985
1.689 1.126 1.408 0.915 1.549 1.197

1.549 1.126 1.478 1.337 1.337 2.041

3.871 4.646 5.350 6.194 8.658 5.702

0.845 0.845 0.774 1.830 2.745 1.830

3.590 4223 5.561 0.563 6.969 6.335

0.493 0.704 10.699 0.422 0.634 0.985

0.845 32.591 | 21.610 1.267 2.112 2.604

1.056 1.337 14.078 2.745 3.942 2.604

0.150 | 1.337 35.617 0.985 4.012 6.546 4.223
3.520 3.801 2.534 7.039 10.347 6.265

1.478 2.112 2.041 1.971 2.534 2.112

0.634 0.634 0.634 0.563 0.704 0.493

0.363 0.493 0.493 0.352 0.563 9.352

0.634 0.563 0.634 0.563 3.095 0.915

1.619 8.517 1.689 9.784 | 43.079 7.602

1.408 13.093 1.337 14.148 7.391 12.600

0.200 | 3.027 20.202 3.168 19.287 | 18.442 | 19.005
6.405 29.423 6.546 26.044 | 136.909 | 26.889

0.845 0.845 0.845 0.704 0.563 0.774

0.563 0.634 11.966 0.422 0.634 0.845

1.267 2.886 12.318 1.197 0.985 1.901

1.197 2112 1.549 1.619 | 46.176 2.041

3.308 22.173 3.449 57.790 | 16.894 | 20.624

5420 | 29.916 5420 | 22595 | 20.343 | 26.889

0.278 | 25.833 | 46.880 | 48.921 | 37.096 | 56.805 | 42.164
2745 17.809 2.886 16.964 | 10.629 | 16471

1.760 0.634 1.197 0.915 36.110 1.197

0.563 0.563 0.563 0.493 0.493 0.915

1.478 1.056 1.337 1.478 1.971 1.337

1.830 2.323 2.041 2.182 34.139 2.182

9.784 32.098 9.432 25.763 | 10981 | 28.719

12.881 | 30.831 9.995 26.044 | 11.262 | 28.367
10300 | 24.214 | 44627 | 24988 | 35.758 | 81.723 | 40.263
6.194 17.809 6.405 15.838 | 96.294 | 17.668

1.056 1.126 1.126° 0.774 0.774 0.704

0.493 0.634 0.704 0.422 5.279 0.563

0.845 0.704 0.845 0.493 0.704 0.493




Table 6.3

Calculation of the dispersion factor k (load in KN/m"2)

[ Fr_|w (rad/sec)]  Calculated Load Measured Load | Dispersion factor kK
~3.467 - 0.050 -
4.000 1.274 0.062 0.049
4.145 1.395 0.099 0.071

0.100{ 4.478 4.645 0.112 0.024
4.905 4.522 0.126 0.028
5.482 11.976 0.489 0.041
5.859 3.215 0.126 0.039
6.280 1.661 0.387 0.233
3.467 - 0.198 .
4.000 1.761 0.867 0.492
4.145 5.299 0.366 0.069

0.150| 4.478 8.549 0.749 0.088
4.905 9.293 0.476 0.051
5.482 8.311 0.174 0.021
5.859 - 0.052 -
6.280 - 0.040 -
3.467 - 0.162 -
4.000 48.044 1.027 0.021
4.145 51.113 0.710 0.014

0.200| 4.478 43.138 1.181 0.027
4.905 100.416 3.299 0.033
5.482 0.121 0.065 0.536
5.859 - 0.214 -
6.280 4.333 0.292 0.067
3.467 0.829 0.777 0.938
4.000 61.415 1.765 0.029
4.145 90.431 1.571 0.017

0.278] 4.478 278.210 3.661 0.013
4.905 54.605 0.959 0.018
5.482 4.148 0.594 0.143
5.859 - 0.051 -
6.280 0.156 0.123 0.786
3.467 5.455 0.635 0.116
4.000 118.870 1.659 0.014
4.145 102.528 1.696 0.017

0.300| 4.478 299.698 3.574 0.012
4.905 50.913 2.276 0.045
5.482 - 0.079 -
5.859 0.633 0.115 0.182
6.280 0.195 0.058 0.298
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Fig. 6.12 Impact pressure on the top plates for Fr=0.2
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Theoretical and experimental investigations on bottom slamming and deck
wetness were the aims of this research.

The hydrodynamic coefficients were calculated by using the conformal mapping
parameter in the multipole expansion method. To get reasonable and accurate predictions
of the hydrodynamic coefficients for input into the equations of motions, it is usual to
truncate the mapped section to two parameters only from the point of numerical accuracy.
The end effect terms play an important role in the prediction of ship motions.

For accurate numerical prediction of the coefficients a least square method is
adopted and these results are compared with those of Tasai (1959) and Bishop and
Price (1979). For nearly the same conditions, the present method and Tasai’s method
match very well as for example in Fig. 2.21. However, the differences in the free
surface coefficient of added mass as shown in Fig. 2.24 are due to the differences in input
conditions.

“The results of the motions obtained by the present method, the New Strip
Method, and by the SHIPMO package are as in Figs. 2.42 to 2.43 and Figs. 2.46
and 2.47. For the lower frequency range one can notice the shift in the peak and an
increase in the magnitude of the heave motion which results in large motions of the Ship
and which in turn may cause slamming and/or deck wetness.

Prediction of pressure due to bottom slamming is given. The momentum theory
or von Karman theory, is adequate for describing flare slamming, and bottom slamming
is investigated by using Wagner’s impact theory.

The pressure due to bottom slamming is proportional to the square of the vertical
relative velocity and the constant of proportionality is determined from the pressure
coefficient or factor of ship hull which depends mainly on the shape of the bottom portion
of the section under consideration.
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The pressure coefficient can be determined by several methods, such as
conformal mapping (two or three parameter prediction techniques), prediction based on
deadrise angle, impact angle, breadth and draught (at one tenth of the design draught) and
experimental methods. Comparisbn of the pressure coefficient by different methods is
given and good correlation is found between these methods. For example, the pressure
coefficient predicted by the three parameter technique using an iteration program is 15.1
for station 8 1/2 for the S175 container ship and 15.35 using Ochi’s (1971) prediction
technique. Predicting the pressure coefficient by two parameters does not fully agree with
that from three parameters, but it gives reliable results, and for the same station the
pressure coefficient is found to be 11.46, the variation is 24% when compared with the
three parameters mapping technique.

Though various methods have been discussed for determining the pressure
coefficient, emphasis has been placed on obtaining it by conformal mapping and breadth
and draught formulae. Depending on the amount of input data available one may need to
" adopt either of these methods. There is also good agreement with the experimental
pressure coefficient at station 8 1/2 obtained by Kawakami et al (1980).

There are hardly any open literature references which give a detailed procedure
for calculating the third parameter a5 as even Kawakami et al (1980) used the relation that
aj equals 10 times a3 and a; also equals 20 times ag for their calculations of the slamming
pressure coefficient. The present prediction technique, which incorporates the third
parameter as arising from additional information of the centre of gravity of the station -
under consideration, will benefit designers to obtain a more accurate pressure coefficient
without having to make approximations.

The distribution of pressure due bottom slamming over the girth is given and is a
maximum at the centre of the girth and zero at one tenth of the design draught. Hence if
the maximum impact pressure is obtained through experiments or calculations, the
distribution can be obtained.

The trapped air plays an important role in reducing the pressure due bottom
slamming. But air entrapment is not included in the scaling laws and may cause errors
when extrapolating model results of initial impact pressure to full scale.
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The interpretation of the threshold velocity is still vague as not enough
investigations have been carried out to interpret its physical meaning. Hence wide use of
Ochi’s (1964) postulation for the threshold velocity is employed.

A model of the S175 container ship was used in the present study.
Characteristics associated with slamming phenomenon were also investigated by taking
measurements from model tests for different conditions, such as draught, forward speed
and wave frequency.

The vertical relative motion was measured and its differentiation with respect to
time was taken, in order to obtain vertical relative velocity. Using this the impact pressure
was calculated. The measurement of impact pressure was first made by using pressure
transducers located at station 8 and 8 1/2 on the bottom of the model. These
measurements were repeated three times in order to gather a bigger population of scatter.

The pressures recorded at ballast draught are much higher, and sometimes twice
that of the loaded draught cases.

The vertical relative velocity and vertical acceleration at which slamming was
observed are lower than Ochi’s threshold values. The magnitude of the slamming
pressure and its occurrence are different for the three tests. This difference is believed to
be due to some nonlinearities which are ignored during the investigation, such as
compressibility of water and air and the cushioning effect of air (air boundary layer,
depression of the water surface just before impact) and due to the limitations of the
degrees of freedom and also due to the errors resulted from experiment. The maximum
measured magnitude of the impact pressure due to bottom slamming is found to be 3.476
kN/m? for the S175 container ship model, this corresponds to a vertical relative velocity
of 0.724 m/sec and a vertical acceleration of 0.63g for loaded draught and for Fr=0.275.
The maximum impact pressure calculated by the three parameter method is 7.42 kN/m2
and by two parameter it is 5.53 kN/m2, these pressures correspond to vertical relative
velocity of 0.84 m/sec. The equivalent full scale pressures would be 23.62 times as
great. This scaling factor is determined by applying Allen and Jones method for the ship
and model.

As the measured impact values are lower than the calculated values, three
repetitive tests were conducted for the same set of conditions. However when the
calculated pressures were compared with the measured pressures for the three test cases,
it is noticed that though there is consistency with the calculated data, in the case of the
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measured values there is not much consistency. From this one can conclude that it is
more appropriate to use the theoretical three parameter prediction method, due to
consistency of the results.

The calculated pressure coefficient for station 81/2 is 15.1, using conformal
mapping (three parameter), but some measured values for the same relative velocity at the
instant of impact, are approximately 4 times higher than the calculated values and this is
attributed to nonlinearities, possible errors of calibration and errors from experiment and
also interaction between the wave and the model.

The average time interval of an impact is found to be 5.5 milliseconds for the 2.5
metre length model of the S175 container ship. This is in good agreement with the
experimental measurements of Verhagen (1967).

The present results will be useful for developing further studies on ship
slamming for high speed marine vehicles. Setting up a data bank, of the measured results
will be useful in future to enhance the present method.

It must also be noted that in towing tanks, conditions of rough weather cannot be
satisfied because of the following reasons:

» motions are limited by the set up of the equipments (guides),

« avoid damage of the equipment,

. slam may not occur during the very limited time of the run length, which is 12
seconds on an average.

The probability of occurrence of slamming events depends mainly on motion
response of the ship and the sea environment. The highest probability of occurrence of
slamming for Fr=0.275 and a significant wave height of 4 m and characteristic wave
period of 10 seconds is 0.188. For a characteristic wave period of 10 seconds and
significant wave height of 10 m the probability of occurrence is 0.005 for loaded draught
and 0.213 for ballast draught conditions.

The number of slamming impacts depend on the probability of occhrrcnce and
ship operation time. The highest value for the probability of occurrence occurs with the
longest navigation time and results in a large number of impacts as given in Table 5.2.
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The extreme pressure depends mainly on the probability of occurrence, the
number of impacts and the ship operation time. The extreme pressure (with probability of
occurrence 0.025) exceeds 1540 kPa. This extreme pressure is predicted when the
significant wave height is 12.0 metres and the characteristic period is 10.0 seconds.

The design pressure by the Allen and Jones method for the model of the $S175
container ship is found to be 1.285 psi (8.865 kN/m2). The maximum pressure measured
for the S175 container ship model is 0.503 psi (3.476 kN/m2) for loaded draught
condition and Fr=0.275 when the model was underway in a head sea condition and the
corresponding maximum impact pressures calculated by the three and two parameter
conformal mapping techniques are 1.075 psi (7.42 kN/m2) and 0.801 psi (5.53 kN/m?2)
respectively. One may conclude that the design pressures calculated by the Allen and
Jones method for the model and the maximum impact pressure calculated by three
parameter, for loaded draught condition and for Fr=0.278, are in a good agreement.

The second part of this research has been experimental work to investigate deck
wetness. A set of experiments were carried out in ballast and loaded draught conditions
in regular waves. A model of the container ship S175 was equipped with plates mounted
on load cells in order to measure the impact pressure due to the force in the longitudinal
direction. This investigation leads to some conclusions, as described bellow.

Deck wetness occurs when the relative motions exceed the freeboard. Also, there
is no occurrence of deck wetness at the ballast draught condition except for some sprays,
but for the loaded draught condition the phenomenon was very violent. Hence this event
depends mainly on the freeboard.

The forward speed of the vessel plays an important role. At high speed (for
example Fr=0.3) deck wetness becomes more violent. The force in the longitudinal
direction (impact pressures) follows the same trend as the vertical relative motions.

The impact pressures on the bottom row of plates are higher than the top row of
plates. For example, when the model was underway in the head sea condition at Fr=0.2
and for the frequency w\jz =2.5, plate 5 which is in the centre of the bottom row

g

recorded 1.945 kN/m? (corresponding to 136 kN/m2 full scale). For the same conditions
plate 2 which is in the centre of the upper row recorded 0.418 kN/m? (29.4 kN/m? full
scale), this load acting on plate 2 is not far from the design load given by Lloyd’s Register
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of Shipping (1982), which is about 24 kN/m2(full scale). However the load acting on
plate 5 is more than 5.5 times higher than the design load which is due to the severeness
of the event.

The mass of water shipped on deck mainly depends on the forward speed of the
vessel and the relative motion exceeding the freeboard. For example, at Fr=0.3 the
highest mass of water is more than 40 kg. The trend of the curve of mass of water
collected is the same as the relative motion curve.

This thesis presents an approximate method to predict load in the longitudinal
direction on a vertical superstructure or deck mounted equipment due to green water
shipped on the deck of floating bodies (ship, platforms) with or without forward speed.

The force in the longitudinal direction presented has only recently been
formulated and it is inversely proportional to the distance at which the vertical wall is
positioned from where the water is shipped.

The measured load is always lower than the calculated load, and that is why the
dispersion factor always lies in the range of 0.0 and 1.0. This is also clear from the fact
that not all the mass of water collected, did hit the load cells wall, for example at Fr=0.3
the collected mass of water is more than 40 Kg. In other words, a certain quantity of
water comes from other directions, such as the sides and from above the wall. The
histogram of the mass of water shipped on the deck of the container ship model, serves
good design data for the dispersion factor. The minimum value of the dispersion factor
calculated in the present research is 0.13 and the maximum value is around 0.94.

The probability of deck wetness occurring and the number of wettings depends
mainly on the freeboard parameter. There are also other parameter, such forward speed,
significant wave height and characteristic wave period. The number of wettings resulting
from this investigation differs from that of Lloyd et al (1982) due to the different models
and set up. The maximum number of wettings obtained from the present investigation,
for the ratio of freeboard to ship length of 0.05, Fr=0.1, significant wave height of 6 m
and characteristic wave period of 11 seconds, is about 11 wettings per hour.

The results of significant loads compared with those of Lloyd et al (1982) are not

far from each other but there is some difference and this may be due to the different
conditions satisfied during the test.
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The difference in the result obtained in the present research and that of the Lloyd
et al (1982) investigation can be explained by one statement, i.e results of one type of ship
are not applicable to another type of ship. In other words a data bank should be prepared
for different high speed vessels, so that future researchers can make use of these data for
investigating loads on deck mounted equipment.

7.2 RECOMMENDATIONS

Due to the extensive time required to tackle a large number of experimental

conditions for predicting slamming and deck wetness some recommendations are made
for future work.

In the first part of the research on bottom slamming, more theoretical and
experimental investigations need to be carried out. Theoretically, one has to look
carefully at complicated nonlinearities, such as effect of air which reduces the impact
pressure. Experimentally, the model under investigation needs to be free from other
degrees of freedom (such as roll motion) and not just pitch and heave. More pressure
transducers need to be placed at the fore end (station 9, 9 1/2 and FP) and on different
levels around the girths. Furthermore, one has to know all the properties of the pressure

transducer used during the test, such as how fast a pressure transducer responds to an
impact.

Due to the limited length of the towing tank, it is a difficult to satisfy the
conditions for slamming to occur. If the length of a run is short sometimes slamming
may not take place. Hence investigation of bottom slamming in longer tanks is
recommended.

The second part of this investigation provides data on the deck wetness
phenomenon and present new method to predict load in the longitudinal direction.
Though the present set of data recorded are adequate from the point of view of
preliminary design, more data collected is also needed.

The load cell wall has to be placed at different stations in the fore end in order to

gather more data about shipping of water on deck. The relative motion also needs to be
measured at the fore station for comparison with the freeboard.
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The dispersion factor has to be looked into, because the present research places
emphasis on a particular type of vehicle navigating under certain conditions. However,
this dispersion factor may be used as a first guide for design purposes.

It is also recommended that the mass of water shipped on deck needs more
investigation of its geometric, kinematic and dynamic properties to enhance the new
method for the prediction of the force in the longitudinal direction. To achieve this, more
theoretical work validated by experiments needs to be carried out.
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APPENDIX

METHOD OF DETERMINING THE COEFFICIENTS OF
ADDED MASS K, AND AMPLITUDE RATIO Ax

It was Ursell (1949) who first analysed the hydrodynamic forces on 2D circular
cylinder. Conformal mapping is the process of transforming an arbitrary section shape to
a unit semi circle. It was professor Tasai of Kyushu University who first expanded
Ursell’s method and referred to as Ursell-Tasai method. The mapping function of

conformal mapping is as in Fig. A.2.1 and for ease of calculation we use the same
symbols

If we consider port and starboard symmetry we then have as follows:

Z=M[g+ia2..,g“"‘“’1 (A2.1)
P
and
x = M[rsin@ + g -D'a,,, E(f_::_‘l_l_)ﬁ] (A2.2.2)
y= M[rcdso + i.,(- 1)" ., cos(r221.+1)0] - - (A2.2.b)

Here ‘M’ is a contraction factor. The coefficient a,,, can be obtained by suitable
methods. If N=2 itis referred to as Lewis Form.

The x and y of equation (A2.2.a) and (A2.2.b) are introduced in equation (2.4) and
(2.5) in chapter 2 with different orientation of the angle. The waveless potential part only

is considered essential. The basis of Ursell-Tasai method is the use of the waveless
potential.
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1.3, Waveless Velocity Potential

Since we are considering the waveless velocity potential which satisfies the free
surface condition, equation of continuity (Laplace equation), it is sufficient to consider
the linearised free surface condition. The Laplace equation in [L], plane is:

2 2
‘; g’f gﬂf 0 (A23)

Therefore the physical representation is by using arbitrary constant, we have as:

P =zrlk{Akcosk9+ B, sink6) (A2.4)

k=l

Next let us consider about the free surface conditions in the Z plane and on y =0

d¢
: K¢=0 A2.5
—+K¢= ( )

and converting to ¢ plane it is exactly as follows and from equation (A2.2.a) and
(A2.2.b) we have:

% = Mlsin6 — nzt‘:(.l)“' a,,,(2n- )SE(ZT"LG] MA (A2.6.2)
%= M[cosO—g(J)"azn_l(Zn—l)M] MB (A2.6.b)
% = M(rcos@ + g(- )*'a, (2n— )c_w_(fo:l__llg] MC : (A2.6.c)
2 - M-rsing - g(-l)"az.,.(z n-p B0 - mp (A2.6.d)
Hence

39 _90x 03y 39 _203x 33
o oxor oyor 90 oxd0 dy o0
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and from which

ax oy|d¢| |d¢
Jr oJr|ox _|or
ox dy|d¢| |d¢
20 2619y| |06
therefore
ﬂ_ 99
9 _ N
ay M(AD BC) (A2.7)

For y =0 corresponds to 8= i% in equation (4.56). When 8= ig let us investigate

A to D and from equation (A2.6.a) and (A2.6.d), B and C become zero and from
equation (A2.6.b) and (A2.6.c) for y =0 we have as:

¢ ¢ A r
37',.0- aa/M[:tr:tZ(Zn -D3)at 6= :t2 (A2.8)

n=l

If we introduce this in equation (A2.5) the free surface equation in the mapped plane (¢
plane) at 6 = :g is as follows:

a¢+¢KM[r-2(2n Dely=0 (A2.9)

n=|

From above if we establish a relation of the coefficients such that equation (A2.4) satisfies
the equation of the free surface (A2.9). If we take the flow field as symmetrical flow,
from Fig. A.2.1 it is clear that it is sufficient to consider even function of 6 i.e cosk@
(using @ of Fig. A.2.1). Generally let us introduce equation (A2.4) in equation (A2.9).

Z[KM{r—z(Zn 1)“;;;} Zkik "]coske

n=l

+2[KM{r—Z(2n 1)333;}—;:k‘°‘+]smk9 =0

k=l o=l
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4L
0=t=
2

S KMie - 3 2n-1 s A4 2m Bimgiyy

anl
m=l n=]
£ 3 KMr- Y 2n- l)a—iﬁl—&iczp D2 =0
p=l a=|

Hence for 8 = -’25 we have in details as follows:

N

KM{r—Z(Zn—l)ﬁu}-—l-+4 KM{r—Z(Zn 1)a;—:,h}425+2%1
n=l a=l

—KM{r—Z(Zn 1)“3;;;;) 3—A4+KM{r-2(2n 1)“;;;;} ~ -4B—+ ..... =0
n=l n=l

if we arrange in terms of l it becomes as follows:
r

KMB, +%(A, ~KMA,) +;15-(-KMa,B, +2B, -KMB,)

+ rig(-KMa,Az -3A,+KMA)) +;14-(-KM3a3B, +KMa B, -4B, + KMB;)+.....=0
(A2.10)
similarly for @ = -izr- the above corresponding equation becomes:

1 1
~KMB, +~(A, ~KMA,) - = (-KMaB, + 2B, ~KMB,)

+ ris(lﬁ\lalA2 -3A,+KMA)) —;l;(—-KM3a,B, +KMa,B, - 4B, + KMBj)+.....=0
(A2.11)

therefore, if we arrange the free surface condition we must simultaneously arrange
equation (A2.10) and (A2.2.a) and(A2.2.b):

B, =0
4
2

-pA, +KMIA,,, - Y @n-1(-1)a,,_A,, . ;,]1=0 (A2.12.2)
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-mB, +KM[B,,, - zz’,(zn ~1)(-1)"a,,_B,,,2.]=0 (A2.12.b)

n=l

(p: odd number, m: even number)

Such a relation is important. As obvious from the above equation there is no relation
between A, and B,. It only demonstrates that cosk@ corresponds to symmetrical flow
field and sink@ terms corresponds to unsymmetrical flow field terms. But A, and B,
respectively follow equation (A2.12.a) and (A2.12.b). Next if we write the waveless
velocity potential from symmetrical flow field in detail we have from equation (A2.4) as:

—-coske Lcos(21-1)0+ 20 cos2mé
=2 YA = 2

k=l 1=l m-l

From (A2.12.a) and (A2.12.b) we have

1-1
ZIfMl —(A, - Z(Zn 1)(-1)"a,, A, _,.], and if we introduce this in the above

equation, we have

AZl—l

Ay
Zx “21 — roos(21 - )8
21-1)o . '

- KMZ oot 21)-1 2(2 =~ D(=1)"2y 1Ay 2.] : v (A2.13)

1=1 (21 1) a=l

The third term is:
cos(21-1)8

= -KM{(Z_I(-I)I'_”L-}l=2 (—a‘Az)

cos(21-1)6
_K:M{(21(—Tzl)"}l=3 (—a1A4 + 3a3A2)

cos(21-1)6
_KM{‘(TI(:I)——lm)_l‘}la( a, A, + 3a3 - 5asA2 )=....
_ cos(21 -1)@ cos(21 -1)0
=KM 2 —(21 D Az~ é—(ZI DA 234,02

cos(21-1)6
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2 cos(2k +1)0 KMZ cos(2k + 3)9

aA,, +....
&acrne i Mg i

3 2n-1)a,. , cos(2k +2n-1)@
= m A 1 n+l ( 2n—1
§ "‘,2.;( ) (2k +2n - r*e+2!

we can rewrite like this and if we introduce in equation (A2.13) and rearrange we have as:

N
A, [£52m0 cos@m-1)0 & . (@n-Da,  cos2m+2n-1)0
mz-l tal +EMl Q2m-1r="" * E( D (2m+2n — r2=+- |
(A2.14)

This the waveless potential in the ¢ plane. It is the varied form of the waveless velocity

potential in the Z plane of the earlier section (only one has to be careful about the notation
of r).

In similar way if we consider the unsymmetrical field for the waveless potential we have
from equation (A2.4):

ZJ-ska Z—Lsm2m9+2 st sin@1+ 10 (A2.15)

k=1 T m= T 1=l

when B, =00f equation (4.66) was considered, and from equation (4.66) we have the
following relation

[B2m+l 2(2“ 1)( l)na‘h-l 2m+l-2n]

n=]

and if we introduce in equation (A2.15) we have the following:

2—;,%sm(21+1)9+m2 2m+‘ —2mtlsin2m@
1=l ~2mr*®
2mo&
...KMZ s’znmm Y @0 -1)(-1)a,,_ By ize (A2.16)
m=l

Here we ought to be careful of B, =0and if we vary the 3rd term we have:
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- _KM{stmG}m-z( —a,B,)

sin2mé@

2mr’™

sin2mé

2mr™™

-KM{———}..;(—3,B; +3a,B,)

—m{ }m-‘( alB‘, + 3a3B5 - 5a5B3)- .....

- KMZ sin2m@ mz sin rjrma aB,

2m l 2|n—l
m-2 m=3

KMZsmszSas B, ~+...

sin2(m +1)8 sin2(m +2)8
= KMZ 2(m+ l)rz(m+1)al 2m+l 2 2m + 2)1‘2(""2) 333 21

m=| m=]

(2n-1)a,_ _,sin2(m+n)6
2(m + n)r*=*™

N
=KM) B,,,, Y, (-D™"

m=l n=l

If we introduce this in equation (A2.16) the waveless velocity potential for unsymmetrical
flow field becomes:

sm(2m+1)0 sm2m0 S, an(2n-1)a,  sin2(m+n)0
szmn[ T KM{ + 2 D™ 2(2 +ln)r2‘“‘*“’ 2

msl n=l

(A2. 17)

If we then_w_rite using the angle 0 as:

g=&+in
(E=rcos@, N=rsinf)

when we consider these coordinates for calculation purpose and use the relation
0= %-— @', we introduce this in equation (A2.14) and (A2.17) we arrive at the following

equation:

[cos 2mé sinCm-160 (2n-Da,_ _ sin(2m+2n-1)0
KM 2n-1
2 Al (2m Dre=-! 2 (2m+2n - 2=+t

1
(A2.18)

m=] n=l
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=§_;Bzm+1[°°s(f2: be _KM{strne 2.:,(2“ ;)(:“n; :‘;ﬁf,mf 19 11 (A2.19)

These equations also match with the equations in the Seakeeping Symposium (1969).

4.4. Ursell-Tasai Method

In connection with multipole expansion method let us analyse Ursell-Tasai
method. Just as in the case of the integral equation method, we will explain only for the
case of symmetric motion. In the case of unsymmetric motion the method is the same.
The waveless potential terms are as in the previous section and it is appropriate if we
replace it with equation (A2.14).

The unknown coefficients as explained in the integral equation method are to be
considered as complex numbers. The added mass and damping forces are ofcourse in

terms of the progressive wave coefficient Au the phase due to body motion &, (i.e
Kochin Function). It is convenient if the physical importance of the unknown coefficients
is established from the beginning. To fulfil this purpose first let us investigate the
velocity potential at far infinity. If we introduce N =2 this corresponds to Lewis form
section in the waveless potential equation we then have:

¢= Aot¢°.,+¢.°1+2Az...¢z.,. . (A2.20)
ms=]
Here
o +ig, = e coskx
n-*o k-K+iu

- J‘ kCOSkz’ - Kzsmky e~Hl g — jype-Ky-iKil
17K

cos2mé cos(2m-1)0 a, cos(2m+1)8 3a,cos(2m+ 3)0
¢2m = 2m + m{ - 2m-| + , 2m+] - 2 2m+3
r 2m-Dr Cm+Dr 2m+3)r

}

The contraction value % M when 6 = 12':- is introduced in equation (A2.2) becomes:
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B. w® B
KG)= “’?(3) =&, =KM(1+a, +a,) (A2.21)

The behaviour of equation (A2.20) at far infinity is harmonic as:

Q= A,[—im""m"] = in(K)e'K”“q"

it then becomes
A =-1 H*(K) = -—i-Kne“" (A2.22)
o T z ﬂK -

If the unknown coefficients are represented as above, Ar and &, can be obtained from

numerical solution. Once again if we introduce equation (A2.22) into (A2.20) we can
then write as follows:

_E

= DL OIS YCARE AR (a2.23)

mml

9

The velocity potential is normalised by unit velocity and it is done so that the body
boundary condition is satisfied.

9%

22- = » z-plane
an o "F
%P = g’; =M{(1+a,)cos 6 —3a,cos36}, g-plane (A2.29)

r=|

we arrive at solving the unknown coefficients Au, &, p,, and q,,. When solving the
integral equation and when performing the normal derivative the accuracy will become
bad. Generally using the stream function and in such way that it satisfies the body
boundary condition and the stream function corresponding to equation (A2.23) is:

K i(en—=) . - .
V’ = ;Ill(.e 2 [Wco + le + z(pZm + l(:12m)‘I,2m] (A2'25)

here
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- _ky .
V., +iw,, = lim [ S S2K
=0 k-K+iy

T ksinky + Kcosky _ —Ky-iKlx
=4[ RS ke e
0

_sin2m@

{ sin@m-16 _ a,sin@m+1)0 _3a,sin(2m +3)6
m o pm QCm-Dr*="  Cm+Dr*™ 2m+ )™

The body boundary condition in ¢ is as follows:
wim =—x| _, =-M{(1+a,)sin 6 —a,sin36} (A2.26)
and from equation (A2.25) and (A2.26) we have

: S : oDy, :
V’co + “Vlo + 2 (p2m + qum)wmn = %:—l.c 2 éBfo(e) = (po + 1q, )fo (9) (A2-27)

where

(1+a,)sin @ —a,sin30
1+a,+a,

£,(0)=

Ss =KM(1+a, +a,)

from equation (A2.27)
-
+
Po ™ (A2.28)
n -1 qo

and from equation (A2.27) the algebraic equation that we have to solve are:
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Wco = ZPmeZm (9)

m=0

- (A2.29)
Vuo = Zq2mf2m(e)
m=0

here

(1+a,)sinf-a,sin30 (m=0)
f,.(8)= 1+a, +a,

Yl -, (m#0)

How to go about solving the linear equation (A2.29) is a matter of numerical analysis. In

wave theory the method mostly used is the least square method. We will now procced to
solve the first equation of (A2.29):

N M
E= z[zpsz‘lm (6)- v, (6)F (A2.30)

i=l m=0

if we put E— =0 (n=0,L2,.....M) we arrive at the following equation:
2n

M N N
Y Poal D £2 (62, (0D} =Y, W, (6)f,,(6)) (A231)
m=0

i=l i=1

for n=0,1,2,.....

Here M is Coefficient of p, and N is the number of points which satisfy the body
boundary equation. We should take N greater than M and from equation (A2.31) if we
solve for p,_,even in terms of accuracy it is sufficient.

In this way we can establish p,, and q,_, then using them we go about solving the
added mass and damping forces, as follows:

The velocity potential normalised by unit velocity is obtained from equation (A2.23) and
from equation (A2.27) as:
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= o x .
An e _ _Bp 14, (A2.32)
nK 2 p, +q,

Making use of the following relation

¢c = ¢co +2P2m¢2m

M
¢|. = ¢co + Zq2m¢2m

m=l

and from equation (A2.23) we have
Bp, —iq, - -
¢= -Em('ﬁc +ig,) = _+ip,
that is
0. = B p,¢. +9.9,
© 2 pi+q;
(A2.33)
q’ = _E po¢: —qo¢c
"2 pi+q;
Let us do the calculation in detail. First the added mass using @,
dy ? 9%
My =- —=ds=- de A2.34
H ps!{‘Pc an zp‘l q’c ae - ( )

is as above. Here if we introduce % of equation (A2.6.c) and if we use the contraction

M and equation (A2.21) on the body r =1, we have as:

B
x__ Q) 1 6-3 6 A2.35
a—e-_m-a—a{( +a,)cos 8 - 3a,cos36) (A2.35.2)
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if we then introduce equation (A2.33) and (A2.35.a) into equation (A2.34) we have as
follows:

x

B.,
(E) 1 2
172 va, o +q§ {p‘,! ¢.{(1+a,)cos @ —3a,cos36}dO

My =2p
2

+q,] 8,{(1+2,)c0s6 - 32, cos36}d6)] (A2.35.b)
0

here

[ M
¢c = ¢oo|r.| + ZPZm ¢2m|r.|

M
) ¢l = ¢co|.-=| + 2q2m ¢2m|r=l

m=l

& {cos(2m -1)0 LA cos(2m+1)@ 3a,cos(2m + 3)6}
1+a,+a, 2m-1 2m+1 2m+3
(A2.36)

2al,., =COS2mO +

if we introduce in equation (A2.34) and if we perform the integration with respect to 8
we define the following symbols:

x

2
(1+a,+a,)M, = I 0| {(1+a,)cos @ —3a,cos360}d0
° .

r=l

x

+3 Pra | Bra), ., (1 +2,)c086 - 3a,c0536)d6 (A2.37)

m=l 0

3
(1+a,+a,)N, = I¢w|,.l {(1+a,)cos @ —3a,cos36}d0
0

M 2
+2q2mj 1), {(1+2,)cos @ —3a, cos36}d0 (A2.38)

m=l 0

here
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(_l)m-l
cos2mécos 8d@ = —;
4m”- -1

O by |0

3(-p*

cos2mécos36d0 = —
4m° -9

© temmmt | N

x

Z__p.lm_j cos(2m—1)8cos6dl =p, (—)

m-l

| (A2.39.a)

x

Pam - V1
22 2 j cos(2m — 1)@cos36d6 = (Z)

m=]

using the integral equation and solving the second term of equation (A2.37) and (A2.38)
we have as follows:

(1+a, +2,)M, = | 9] _ {1 +2,)cos 6 - 3a,cos36}d0

© by | 9

o1, 1+a 9a
DY ME I o P T (e aap —a)

m=|
(A2.39.b)

(1+a,+a,)N, = | ¢, | _ {(1+a,)cos@ - 3a,cos36}d0

© ey |

1 + a 9a &
i R g vy 2048 -aa,-29)
(A2.39.c)

+2q,.,,( U G

m=l

if we introduce the above results result in equation (A2.35.b) the added mass is written as
follows:

P.M, +q,N |
u =2p(= )2_0__0__0_ (A2.40)
P P +qo
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If we rearrange this equation with K, of free surface coefficient, it becomes convenient

1 B 1
M, = ’z'p”(;")z CoK,
_(1+a,)* +3a]
(1+a, +a,)’

0

> (A2.41)

-— 4poMo+quo (1+al+a3)2
T pi+q: (1+a,)’+3a]]

K,

Here C, is the added mass coefficient that is obtained when @ —» oo.

Next when we consider calculating the damping force the methodology is the same and
using ¢, of equation (A2.33) we can write

X

_ . _ o
Ny =po SL ¢.5n-ds-2pw1¢.%de

In

B.2
(2)
(1+a, +a,)(p’ +q2)

2
=2pw {q, [ 9.1(1+2,)cos 8 - 3a,cos36}d6
0

‘Poj¢.{(1 +a,)cos 6 - 3a, cos36)dé
0

we can write as above and using M, and N, we can write as follows:

B qM‘—pN‘
N. =2 m_Z oV lo ot 'o
H p (2) p:+q2

(A2.42)

Also as explained in the integral equation method the damping force is obtained using the

progressive wave coefficient An and using energy principals we can represent as below,
and from equation (A2.28) we have

L
_pg2 _pg ®  @'n B, , 0 Ba 3 .
Ny = B = o s V) =20y i (A2.43)

from equation (A2.42) and (A2.43) the calculation accuracy check is done by the
following relation:
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q,M, -p N, = ; =4.9348... (A2.44)

In this way even with multipole expansion method we can obtain similar calculation as
with integral equation method. We can say that the 2D steady motion theory is

established.
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Fig. A.2.1 Mapped ship section to semi circle bv two parameter
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Fig. A.2..2 Mapped ship section to semi circle by three parameter
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