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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
the third conformal mapping parameter
design vertical acceleration

total ship breadth

damping coefficients

sectional breadth or deck beam at x

half breadth of a section

breadth at one tenth of the design draught
structure impedance ratio

speed of sound for pure liquid
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the cosine part of the diffraction force component
the sine part of the diffraction force component
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transient force
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freeboard
acceleration of gravity

moment of inertia

ship draught at station where the slamming may occur
ratio of the half breadth to the draught

vertical distance from waterline to load point

dimensional constant depending upon section shape

free surface coefficient of added mass
2

(0]
wave number =—
g

pressure coefficient for slamming pressure (nondimensional K -value)
longitudinal pressure distribution factor

dispersion coefficient (factor)

ship length

length of cross structure [inch]

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

generalised mass
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mass of ship

real part (cosine part) of the total exciting moment
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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.
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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
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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)

39



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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