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Abstract

“The problem of prediting the motions of planing craft is extremely difficult. The planing hull

mations in waves lead well iy

motion. A non- 3 degre of

predicting the vertical motions of  planing hull in regular head waves. Sinc the model is non-

linear, The model the non-

stip theory developed by Zamick (1975). The model can input variable deadrise angles to

account for hull geometry. 1t i assumed th

Length and the wave slopes are small. Wave input is rstricted to monochromatic lincar decp
water waves. The thrust and the friction drag forces are assumed to act through the centre of

eravity. The hullis divided into a seres of two-dimensional wedges. The forces and moments

length of the hull. This model can also predict the vertical aceclerations which are important

design criteri for planing hulls.

The numerical model is ver

with the expeimental model tet esults of Fridsma (1969),
Chi & Feino (1989),and Katayoma et al. (2000). The model has shown promising resuls in
predictng the heave and pith moions n semi-planing and plning regions of speed. For the
veryhigh secd vesel and to prict the ertical scseleratons, the e sl neds o nclde

exact slamming forces.




Experimental investigations have boen caried out with a 10° deadrise wedge varying the drop.

heights snd These

prdicing the maximun prssure cocfficent, The ansytcal predicton method developed by
Chusng (1975) is found to be an accurate ool for detcrmining maximum slamming pressurcs
Follow up experiments could be performed varying the deadis of the wedge and doing some
oblique drop tess to fthe vriy Chusng's (1973 prodicton method. Then this method could

be implemented in the numerical simulation of planing hulls.
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Chapter 1

Introduction

Seakeeping performance is one of the major concerns of a ship or foating structure

sea environments. The seskeeping analysis of the high specd planing hulls is morc

i

1.1 Planing Hull versus Displacement Hull
“The shape of the hull is an important facto in determining  ship's performance in calm

water and in waves. Displacement hul and planing hull are two of the basic hul types.

Other

called semi-displacement or semi-planing.
Displacement ships are generally slower than planing crafls. They are predominanly
supported by the weight of the water they displace (hydrostatic buoyancy force). As

speed increases, displacement hulls push through the water  without generating




. ¢ G

Planing crafts are high speed vessels with beam Froude numbers greatr than one. A
planing bost runs skimming across the water surface by developing dynamic lift at its
bottom, grealy reducing skin friction and wave making resistance [Payne (1988). The

planing hull weight is predominantly supported by hydrodynamic 1ft and the area of the

a shallow V-bottom with at least one chine. Such configuration helps these vessels to

produce required hydrodynamie lift o reach the planing mode.

Maost of the recreational boats and jetskis are of semi-planing or planing type. Such

), potrol boats, and rapid

response craft. They also have their commercial applications such as pilo craf, tenders,

inshore lifebos

. and offshore supply operation for ol industry.

12 Non-linearities associated with Planing Hull
The high speed planing crals in waves exhibit significant non-lincarites. A brief
description of the factors causing strong non-lincaritcs in planing hl is presented in the

following section

> Effectof Forward Speed

“The nonl atlow speed with increasing
forward specd [Fridsma (1969)]. With an increase in forward specd, the hull's wetted
surfsce is greatly reduced, thus reducing the buoyancy lift and increasing the

hydrodynamic 1f. The sinkage and trim also become significant at high forward speed,



. in tum, would

which causes reduction of wetted surface and submerged volume. Thi
cause a reduction of the fritional and wave making resistance. Thisis the basic concept
of planing hull design. Keuning (1994) discussed some of the results of Clement and

Blount (1963) and concluded that the absolute magnitude of the sinkage and trim varies

Tonger wavelengths athigh forward specds.

> Effectof Sinkage and Trim

either sinkage or

oh - Fri the influence of rim on

From his resuls, it is evident tha the effec of rim is significant at high forward specd,
espesially on the vertical accelerations.

The vertical accelerations are very important parameters for the prediction of the
perabilty of planing crafls in waves. Keuning (1994) mentioned that a computational
model excluding sinkage and tim is not justifisble for the predictions of planing crafl

mtions n waves

> Effectof Deadrise

specd increases, this effect becomes more significant. The high deadrise hullsis deeper

in the water with less trim. This reduction in trim will decrease the motions and




esve and pitch motions e drasticaly educed with inceasing deadrse at high speed
engih rtios. Th resonant motions become smallr and th tendency of the boa o fly
and Ieave the wate suface is reduced with higher deadrse. A igh specd-lengh ratios
the shaply tuned resonan psks in the motion and accleaton responses proibit

practical operatons, partcularly forlow deadrise boats.

> Large Relative Motions
Resonance ccurs when the ntural fregucncy ofthe moion i he same s he ncounier
frequency of the waves. When the planing crat moves thigh forward specds n waves,
resonance oceurs at relatively fonger and larger wavs, which resuls in lare relative
motons. These effcts associated with th larg relatve motions and the change in
et surface aong the length shoukd be comsidered to gt an accurate prediction of

13 Objectives of Study

Likewise, hipbridge simlatosar usd o s the crews ofage vessels. The ffcay
ofthis type oftining s resogaized by intemational standards and is ofen reguired by
regultons. A new spplicaton of simulation trining technoloy is being developed by
Virtal Marine Technology (VM) in co-operaton wih rescarhers at Memorial
Universty of Newfoundland. Specifclly, they have developed immersive tining
simulators for smal vessls, such s lifbonts and fast rescue craf. The simulated

environment is ideal for exposing trainces (0 safety critcal and dangerous operations ~



which are common in lifcboat evacuations and fast rescue crafl operations. To be.

effcive,
This reqires accurate mathemtial models of complex. phenomena, such s vessel
motions in a seaway. The present escarch dals with the modelig of plaing hulls in
regular waves tha could be extended for irregalar sea. 1 will then incorporate i in
simulation. environment where it il improve the rining. provided o mariners.

Ultmately. it should improve the safety of lfe at sea

1.4 Thesis outline

The present thesis s divided into five chapters. Chapter | preseats a preliminary

juction of plani dons of plan
I Chapter 2, a bref liteature review rlting to wedg impact, motion analyss of
planing hull by sirp theory, and other approaches and some signifcant experimental
research worksar prescnted, Chapter 3 discusses the mathematicl formulaton and the
numerical spprosches that have been appid to solve the mation cqutions n the tme
domain, Chaper 4 presents the validtin and veificaton of the umerical resuls with
the experimental model test esuls of Fridsma (1969), Chiu & Fujino (1989), and
Katayama e al. 2000). Summary and conclsions as wella recommendatons for ure

work ar presented in Chapter 5.




Chapter 2

Literature Review

shows considersble diversty in their approaches. A brief discussion of these various

modeling schemes is presented i this chapter.

2.1 Previous Research Relating to Wedge Impact

“The study of planing crafis closely related to the study of the fundamental water impact

surfuce.

“The firs attempt 1o model loads on a planing hull was made by Von Kirmin in 1929

with flouts. ldto

increasing interest in caleulations of the forces on their bottom while landing. Von
Kirmiin reduced the 3-D problem to 8 2-D and simplified the cross section of flots of
sea-planes 1o a wedge. According to Von Kirmén's momentum theory, when a body.

enters the water its original momentum is distrbuted between the body and the

of momentum



lat plate with same length and width, Therefore, for a cetain immersion the added mass

of the wedge is equal o the mass of water contained in a semi cylinder having a length

equal equal the wedge at
that immersion. Von Karman's work was applied t0 the maximal pressure estimation on

the floatsof hydroplanes during sea landings.

A

ilar study of two-dimensional water impact on solid bodies was conducted by Von

Herbert Wagner (1932). Instead of considering  wedge, Wagner reduced the problem o

water varies over

time. ‘Wagner and the Von Kirmin formulac in the

particular case of a wedge entering water. Water ise or splash-up was not considered by
‘Von Kirmin but Wagner took this into account reducing the problem to dropping a platc

and assuming tha th virtual plae width varis with time.

Payne (1981) claimed the original Von Kirmin's theory as superior than other later

refinements. amodel to pr s from.

the ke, which is an improvement on Von Kirmin's theory. Payne also validated his
prediction model with available pressure data from Chuang's (1967) experiments and

found the model 1o be in reasonable agreement.

S.L. Chuang (1973, 1976) developed a prediction method for determining slamming
waves. This method is based on the Wagner wedge

pressures ofa high specd vese
impact theory, thory nd




of

‘models in calm water and in waves. The experimenta results matched quite aceurately.

with the predicted resuls.

Zhao et al. (1996) presented a fully non-finear boundary element method and another

Wagner'

problem. The boundary clement method included flow separation and the extension of

‘Wagner's solution did not include flow separation. The numerical results were verified

Wa et al. (2004) analyzed 8 2-D wedge in free fll motion based on velocity potential
theory ignoring the gravity effect. They compared the similarty solution and time.

‘domain soluton with experimental drop test results.

Pescux et al. (2003) used the finte clement method 1o solve the highly non-lincar

po dyss for both rigid and

cone-shaped structures 10 validate the numerical results,

2.2 Numerical Works Based on Strip Theory

Martin (19754) studied the coupled heave and pitch instability of planing crafts in calm

lead o

porpoising in the surge, ptch, and heave directions for prismatic hulls. The same lincar



equatons of motions wer atr usd by him to model the heave and pich esponse
regular waves, Marin (1978b). The lincar model showed promising reuls for
detenmining the effets of arious parametes such s trim angle, deadrie,loading, and
specd on the damping, matural freqency, and incrized response in waves. However,

Martin. concluded that the

car frequency domain model could ot reproduce.
accelerations accurately and the accurate prediction of large motions and. pesk

aceelerations requires anon-linear analysis

domain analysis, which (e the same year by Zamick
(1978). The Zamick model became the basis of most of the lter developed simulation
codes including FASTSHIP by Keuning (1994), BOATID by Payne (1995), and

POWERSEA by Akers (1999),

E.E. Zamick (1978), following the work of Martn, developed a nonlinear mathematical

model stip theory for a hard chines

having a constant deadrise angle planing at high specd in regular head waves. It was.

‘assumed that the wavelengihs were large in comparison 10 the bot length and the wave,

- Wave inp »
I the simplified problem, Zemick assumed that the crafl was towed at constant sped
and the thrust and the friction drag forces were assumed 1o act through the centre of

gravity. The coefficients in the equation of motion by

D wedges.

‘The forces and momens acting on the crafl were calculated by modelling wedge impact



‘and integrating the result along the length of the hul. This model can also predict the

1 accelerations, which ion in i A

accelerations, p

Chiu and Fujino (1989) included an elasic parameter to Zamick's (197) theory by
considering the inertal effects. They ignored the second and higher order terms in the
cquations of motion and also ignored the cross-low drag associated with three-
dimensional effects acting on low aspet ratio bodies. The sectional hydrodynamic.
‘coeffcients were evaluated at an encounter frequency for the oscilltory motion and at
infnit requeney for the steady forward motion. They also conducted some model tests

h

“They verified their numerical prediction model with those model test results and the

results of Fridsma (1969). They also explained the huge sagging moment that oceurs at

Keuning (1994) extended Zamick's (1978) model to incorporate  formulation for the
sinkage and trim of the ship at high speeds. He also studied the hydrodynamic lift
distibution along the length of the ship with non-lncar added mass and wave exciting
forces in both regular and irregular waves. He added a semi-empirica tool for esimating

the calm water running atitude in order to determine correction factors o the dynamic.

o et

resuls carried out with the three parent models of the Delft Systematic Deadrise Serics



125, 25, and the 30 degrees deadrise, respectively. He used those model test
results and some of the results of Fridsma (1969) to check the capability of the.
‘computational model to predict non-linear behavior. He also coneluded that using linear
‘computational models for the prediction of the operability of fast monohulls in waves

may lead o cmoncous results. He suggested a computational model including the

Hicks ot l. (1995) expanded th fllnoliear frce and moment cqutions of Zamick
(1978) ina multi-variabl Taylorsris. They relacethe quations of moton by  set.
of highly coupled, ondinary diffretal equatons with constant coeficients, valid
{hrough third ordr. This expansion of the flid forces can predict the licar sabily
boundarics. They also idenified the reas ofaiica dynami response and the influcnce

of selected second order terms on porpoising.

Richard H. Akers (1999) summarized the semi-cmpircal method, tree dimensionl
panel method, and thir adantages and drawbacks dealng with planing hull mation
ansysis.He reviewed in detil the two-dimensionl low aspect ato sirp heory
deveoped by Zamick (1975). Akers modeled the added mass coefcents based on an
empirial formula that i @ fnction of deadise angle. The simulation resuls were
lidated it model tet resuls of Fridsma (1969, 1971 fr b rgolar and iregular
scas. The bucyaney and moment coefcents were adjusted to match Fridsma's 1969)
clm water resistance and rim. The algoritim predicted heave and pith motion and

added but the c were less accurate. The




theory was extended 1o predict hull panel pressures in imegular seas and the resuls

A thorough investigaton of the vertical plane motions of a planing craft operating in
calm wate and in waves s becn made by Bk (2000). He preseted a frequcncy
domainlinea mde based upon Marin (1975, 19785 and ound tha theinlusion of
time-dependent weted lengihs s required to improve the.predicton of the craf
peormanc, Then he presnted i domain nonlinear model and also investgaed
the frequency dependency of added mass and damping terms. The influcnce of the
variation of various design parametesis als ilustatod. One confguraion based on

Fridsma's (1969) 30° deadrise (configuration K) was constructed and tested in calm

e
“The variaion of the weted length of the crafl was also measured with the hlp of &
computer vision data cquision (CVDA) sysem. The performance of plaing craf in
il seas was inestgated wing an [TTCTS spctrum, He also conludd tht the

linear frequency domain approach s useful in quantifying stabilty boundarics and the

i the vertical plane.

in head scas, which s different from the classical Zamick's model in pre-calculation

scheme of hydrostatic and hydrodynamic coeflicients. He applied pre-calculated cross-




section geometry. his model

Later,
tests and. published model dta for the nar-transom pressur, and this reduced the
pressre near the stem gradually 0 zeo at the stem. This spprosch improved the
imultion of the plning hull in calm water and i head waves for medium and high

speed configurations with the beam Froude numbers, C, greater than 2.

Lewis et a. (2006) also descrbed the numerical moel developed by Blake (2000),
whicalso has s origin in the non-inar strip theory developed by Zamick (1978)
They valdated the modelat higher speods using mdel st data from two scle models
A wave picring rigid inflatble bot (RIB) and an Atlanic 21 RIB. The experiments
‘were conducted i a range of regular wave frequencies for three wave heighs ogether
with a esistic JONSWAP s spctrum, They found the umercal moelprdiced he
motions of th caf with arger magntude and suggested a f possbilics o improve

the accuracy of the model.

van Dayzen (2008) extended the original model developed by Zamick (1978) and later
extended by Keuning (1994) to thee degrees of freedom: surge, heave, and pitch motion

in both regular and irregular head seas. The simulations can be carried out with cither a




‘2 more accurate computational model.

2.3 Numerical Work Based on Other Approaches

Lai and Troesch (1995) used a three-dimensional planing theory that incorporates vortex

forces and o water st

high specds. A model was developed faking into account the issues associated with

development, and pancl shape. They also examined the model including the effect of

‘gravity in the near ield.

presented in L and Troesch (1996). The vorte latice pancs are distrbuted i the
computational suface of the hull and the jt region. The body boundary conditons are
satisfcd at the conrol points that ae located at th centoid of cach pancl. To solve the
boundary vl problem, the body boundary conditon,fee surface boundary condition,
veloity contnuiy on the chine, and Kutta conditon for the traling cdge have been
sutisied. I addition o common characaisics of VLM, thre specil festres have
bocn implemented i their vortex latice model: overlap panels hat ll start fom the keel

are used, subpanels with linear strength inside each regular panel are added, and the.

for



Zhao et l. (1997) demonstrated hydrodynamic analyss of planing craf in calm water

wsinga approach, which
three-dimensional free-surface conditions. They also included the flow separation from
theory can predict calm water

chines or spray ri

. The method based on potentiz
resistance, sinkage, and trim duc to pressure effects. The results were also verified with

Fali

(2005) has provided details of this approach in hs texthook.

Waves. One is based on the extension of Wagner's theory (1932) and the other two.
methods are based on the compulational fluid dynamics solver COMET, using the

Reynolds Averaged Navier Stokes equations (RANSE). For using the solver COMET,

they applied a The
fluid (VOF) method and turbulence was approximated using A~ ¢ model. They also.

Katayama et sl
(200 and found that simulations wing. COMET show beter agreements with
experimental resuls They achicved the siady sae soluton for regular waves afer
about 33 hours CPU time and his approsh for imegular waves was out of scope. They
s concludod that nonlinea simalations are the appropriste tool for prdicing the

motions of planing crafts in waves.

Ghassemi and Yu-min (2008) determined the hydrodynamic forces of a planing hull




T T

Inorder lif,

the body surface, on the fre surface, at the ster end, and at infinity. A boundary layer

the momentum was amployed o
detenmine th fictional resistanc. Finaly, an empirca tool based on Savisky (1964)
was appied in the regon of upwash gometry to detrmine spray resisance. Ther
combined method predicted well the presurs distibuton of the hull sufsce and it

length based

Froude numbers, Fn =3.35and Fin

0, respectively.

Another approach is the fiite pressure element method (FPEM). It was first applied by

o prismatic hulls. The crafthull was.
modeled by the equivalent rectangular pyramidl pressure clements. The double integral
quation i the Green functon was simplified o a single integral by the use of a special

function.
24 Experimental Works

Clement and Blount (1963) caried out a comprehensive set of model tests on @
systematic sries (TVB Series-62).In their experimens, they used a parent model with a

deadrise of 12.5 degrees h o©

beam over the chine),

the longi

the resistance, running trim, sinkage, and porpoising characterstics were investigated.




oi-taia . A e o

‘They found tha the sinkage and trim were dependent on hull geometry, forward specd

‘and the longitudinal position of the centre of gravity.

planing hull has been

(1964). He made a thorough investigation and developed  set of empirical planing

e drag, wetted area, center of
of planing surfaces depending on speed, tim, deadrise and loading basd his

experimenta data.

regimes: less th 25 Inthe

first regime, the hulls can be classified as “semi-displacement”. These hulls have.

seakeeping characterstics similar 1o displacement ships and the buoyant forces arc.

H the dynamic

planing ift forces predominate and the hull behavior is very much different from the

Savitsky & Brown (1976),  continuation of the work of Savitsky (1964),presented semmi-
empirical procedures for running attitude, power requirements and porpoising stability

Laboratory at the

Stevens Institute of Technology.



One of the first real drop tests with wedge-shaped models were conducted by Chuang.

(1967) flat bottom model and wedges

with deadrise angles of 1, 3, 6, 10 and 15 degrees respectively. The pressures were.
measured at the keel and away from the keel. The data from test results was used o

i spactpr

due o rigid 1t duded

neds t be taken in account for wedge angles between 0° and 3"

Engle & Lewis (2003) conducted experimental drop tests and made a comparison

between experimental results and several numerical methods relating to the maximum

H
conducted the two-dimensional wedge drop tests with controlled vertcal velociy, while

carlicr experiments involved the free fall water enry problem

Peterson et al. (1997) reported some drop test results of a 20° deadrise prismatic hull
‘model varying the drop height and weight and compared the results with a numerical

water impact code.

Yettou et al. (2005) presented the resuls of experimental investigations of the pressure.

distrib drop heigh, the deadrise:

angle and the mass of the wedge. Existing models that assumed a constant water cntry.




velocity of the wedge [Mei et al. (1999) and Zhao et al. (1996)] were compared with
experimental data. Then they proposed @ new model 1o predict the local maximum

pressure based on the analysis of the experimental data.

A thorough experimenta invstigation of the consant velocity water eniry problem has
been perfomed recently by Tveitnes et al. (2008). They provided some useful
information rlatin o weting facor, flow momentum drag and added mass based on

those experimental data analysis.

There is limited work available for planing crafl in waves Fridsma (1969) carried out
experiments on a seres of constant deadrise models in smooth water and regular head
Waves to define the effcts of deadrise, trim, loading, speed, and lengihvto-beam ratio as
well as wave. proportions on added resistance, heave and pitch motions and impact
accelerations. He found that the planing hull behaves much like a displacement ship at a
specd-length ratio of 2 with the buoyancy forces playing the major role. The boat began
o pl i the W buoyant forces

ae bothsigificnt, The hul was ully planing at 3 specd-Jngth ratio of 6 in which
condiion the buoyancy plays nly a o role. The aded resistance, moion responsc,
and scclertons were found o be nonincar functions of the wave hight exceptat
specdlengthrato of 2. At high spestlengh atios the sharply tuned resonat pecks n

the motion and aceeleration responses proved specd as a limiting factor in the design of

rough water pl s portant par A

high speeds the motions and accelerations became drasicaly reduced with increasing.



deadrise. Trim also was found as a significant facior at high speeds. The results of
Fridsma (1969) have been used by many researchers over the years: Martin (1978b),
Zamick (1978), Chiu & Fujino (1989), Keuning (1994), Akers (1999), Blake (2000),

Grame et al. (2003)and Singeton (2008,

Akers etal the

simulation results. A 7.62 m, 2003 kg, uility boat with twin outboard engines was used

transient data. two three:

‘axis accelerometers and a Watson inertial measurement unit. The testing was performed
both in calm water and in the Kelvin diverging wake generated by a 12,954 m, 28 ton

dive boat at 19 knots. The method was implemented in a computer program called

POWERSEA includi

wake waves. Afler modeling and simulatng the test boat in the POWERSEA program,
they found that the simulation results predicted well the minimum and maximum
accelerations at the sensor location in the hul,the pitch rate range and waveform shape,

and the actual pitch position of the tet boat.

Katayama t al. (2000) performed some model ess in calm watr and regular waves at
very high speed ranges (2.0 10 5.0). The motions were divided into some different
ypes: linear mion, non-linear motion with and without umping acconding 0 unning
conditons. They slso compared ther results with  smulation program developed using

motion cquations with experimental hydrodynamic coeffcients and theoretcal ones

based on potential theory. From the results, they concluded that non-

ar strip method




with appropriatly evalusied hydrodynamic forces can predit the vertical motions of a

planing craft accurately enough for practical purpose.

Thorill et al. 001 resened aseris of bare hull pecformed
the Cleanwater Toving Taak at the Ntionl Ressarch Council o Canad's Insiute for
Ocean Technology with 3 1/ scle model of an 118 m long planing craf. A seriesof
resitanc tests were performed. over a range of speeds and in 6 diffrent ballast

conditions. The tow f rim, sinkage, hull pressures, nd

results were found to show typical characteritics of planing hull identifying the “hump”
speed at which planing begins. The authors also identfied the porpoising threshold for

the model. Hul pressures were found to increase in the forward portion of the hul with

by taking into account the potential head due to depth of immersion, which is usually

omitted in simple- ol . P
hul surface was measured at the design ballast condition using a laser Doppler

velogimeter (LDV). The boundary layer thicknesses were found to.increase in the

direction of flow and to deerease as the model specd increases.

Grame et al. (2003) performed model tests with a prismaic transparent model based on
Fridsma's (1969) 30° deadrise model running in calm water and in regular waves at
different specds. The results were found to overestimate It in the transom arca. A fll

scale trial was also performed with the combat crat 90E at high speeds. Rigid body



motons were measured n all i degree offeedom in addiion t verieal aceleraion
at the centre of gravity and at the bow: The s were performd at several sa saes
with sigificant wave heights ranging from 0.4 10 1.5 m. The megular sa saes were
modelcd by Monte-Carlo simulation of 3 two-parameter ITTCTS spectrum. The
imulted results agreed very well for heave mion, vetcl velocity and ceelration,

but overestimated pitch motion.




Chapter 3

Computational Model

From the previous studies and experimental resuls it s evident that planing hull motion

in of

mation. This chapter describes the non-linear mathematical model tha is addressed to
solve the equations of motion in the time domain. The motions are restricted to vertical

plane motions

3.1 Coordinate System

Figure 3:1
A global fixed coordinate system has x,,= ~axes, with x—axis lying in the undisturbed

free surf forward =-axis positive

dovmwarts.
A body fixd coordinste system has &7, —axes, orginating at th cnte of graviy
(CG)of the crah with ¢ —sxi postiv i the diretion of mation and ¢ ~sxis positve
dowmards.

“Theroatonal itch motion (9) and e tim () ar defined s posiive for boweup

conditon.



Forward Velocity

Figure 3-1: Coondinate system

3.2 Equations of Motion

Assuming the vesselacts s  igid body, applying Newlon'ssecond law of mation
M= S,

M=SF,

1=YF, @

“The generalized forces and moments on the right hand side of cquation (3.1) can be.

separated Figure forces.



Figure 3-2: Equilibrium of forces

Considering the mations in the vertcal plane of the crafl, the motions are resrited to
surge (o), heave (2 ) and pitch (8). The equations of motion can be written 3,

Mic, =T, ~Nsin0 - Deos0 =T, + F, ~Dcosd

Mz, =T, ~Neos0+ Dsin +

T, +F, + Dsin0+ W

16N, ~ s, +Tx, =Ts, + Fy=Dx, 62
where M is mass of crat

1 s ptch moment f inria o crat

W is hydrodynamic normal force

D s ficton drag

W is weightof el

7, i thrust component in x direction

1, is thrust component i 2 direction



x ., force

x, i distance from CG to center of action for ficton drag force

x, is moment arm of thrust sbout CG

33 Linear Theory of Wave Excitation
In the present computational model, wave forces are obtained by neglecting diffraction

forces (only Froude-Kryloff forces are considered). It is also assumed that the wave

excitaion s caused
wave il

velocity at the srfsce v, . The iflunce of the horizonal component of wave orbital
velocity o boththe horzontal and vertcal mations s neglected, because this velosity i

the erat g

“The normal velocity ¥ and the velocity component paralel t0 the keel U can be writien

as functions of the eraft’s forward speed, heave, pitch and vertial component of wave

orbital velocity.

Uiy cos0- (2, —w,)sind 63

V=g sin0— 06 + iy -, )e0s0 4
. deep water wave,

=y cos{k(x+ )] =, cos(l + ) @5

where 7, is the wave amplitude
& is the wave number

 isthe wave celerty. :



3.4 Sectional 2-D Hydrodynamic Force
“The numerical model employed here for the predicton of vertical mtions of a planing
crat uilizes st theory with slender body approximations. The vessel is considered to
be composed of a series of 2-D wedges and the three dimensional problem is

subsequently solved as a summation of the individual 2-D slces.

“The forces acting on 4 cross-section as demonstrated in Figure 3-3 consists of four

components (force per unit lengih): the weight of the section (), a hydrodynamic lift

change of i), a viscous lift with
the cross flow drag.( /z5) and a buoyancy force associated with instantancous displaced

volume ()

Figure 3-3: Forces acting on asection of  hull



‘The hydrodynamic Iift force associated with the change of fluid momentum per unit
length, ,, acting at a section is as follows,

F)

D
S = pym = m s in, =

3
(G

)
P +vin, UL (m
4V, U ) 46

where. m,is the added mass associated withthe section form
U s the relative fluid velocity paralll o the kel

v

“The additionl 1f asociatd with the eross flow drag per unit ength, £, s expressed a,

Soo = Copb¥” an
where C, is the cross flow drag coefficient

s the density of the fluid

b isthe half beam
“The buoyancy force per unit length, /, can be expressed as

fo=aw e @8

where , is the buoyancy correction fictor
A isthe cross sectional area of thesection

“The determination of allcoefficients are described in sction 3.8,

influcnced by the cross-flow of other longitudinal positions. Two flow conditions exist,




(Figure 3-4(x)) and a chine’s wet condition occuring near the stem (Figure 3-4(b)

Figure 3-4(a): Cross-section flow condition: non-wetted chine.

Figure 3-4(b): Cross-section flow condition: wetted chine

35 Slamming Force Estimation by Added-Mass Method
Added-mass is a widely used concept in a varicty of applicatins like mancuvering.
scakeeping and planing calculations. The amount of sdded mass varies according to the

shape and size of the body. Payne (1985) gave added mass cocffiicnts for many

pes, which were futher | details in Payne (199

“The added mass for  V shaped wedge s given by,

-y )



3.10)

where k, is the added mass cocffcient and s the instantaneous half beam of the
section

b
Depth of penctation for cach section i given by, d = ——
epth of pe sivenby, d= s

where 4 i the deadrise angle.

Taking into accoun the effect of water pileup, the effective depth of penetration (&) is

expressed s,

where C,, s thepile-up o splash up coeficien.
bed,cotf=Codcotf o
From (.10), 4, =k, 7pb(C,o cot ) i

When the immersion exceeds the chine,

_%,wm =constant @13

where b,,, s the half beam at chine.
Atany point P(&,),
Xy +Ee0s0+ {sind a1y

2o~ 8in0+¢ cos0) Ay

“The submergence of a sction interms of the motion,

h=zon



et small

0s0-vsind
where v is the wave slope.

‘The rate change of submergence is given by,

iz deos-vsind)
0-vsnd os0-vemdy @

@16

Since the immersion (z ~1) is always small in the valid range, the relationship can be

furtber simplificd t0

detot
n0-vsind

1,k UC oL )

cos0—vsind

3.6 Total hydrodynamic force and moment

@1

“The total

D forces over the wetted length / of the craf.

3.6.1 Vertical Direction (£,)

Fy = [fu cos @ - [ o costé - [,

B o
Z,H.,y‘ym,.u?m_vm,,m }w,mf’;a,wg

@19



For substituion,

P = g s 0=+ 25 080~ i, c080+ g 030 £ sin0) + w,Dsin) ®
W2 g, i
G- Gsme )

)
by "
U L
Judt, =uy, = s, ©

Substituting the sbove equations ino (3.15), we get,

[0~ + 20, cos0 5, c0s0+ i con0 -2 in0)  w dsinlm,

i, »U%(M,Vyon‘,,pbl/’\ws&lé fan Al

d,
ey ) conl
UG sty

e 0 0 58552 0

%

8 00~ o80) < o, i 4 Vi + Y[

v -
- iy 7 44~ Jc,,,nv dg)eos0~ Ja.,m«; 319)

Nowputing [mdé =M, and m, 15 = , ito cqustion (.19, we et



ow,
~ T osaie

M g 5in0+0,0 ~M, ey cos6+ fm,

M0y 00 050) - mpw, Dsin i - Vi -+ UV [
2 g - “de)eost- fa

- [y g sindig~ [Copby dgleosd~ fo podds 620

3.62 Horizontal Direction (F,)

“The force acting in the horizontal x-dirceton i given by,

I

‘[u lmﬂi,"yjﬁnnnﬂlf

. )0 Coph
Jime + ¥ = S+ Copt }w:
o,

Gasncostig

=M g sin’ 0+Q,Fsin0~ M, g sin 00080+ Im,%;mﬁm(&i{¢ fmu

M0 00 o5 0sin - o s U ~ Vi, s+ UV, im0

= [ i’ -, s 6an

363 Pitch Moment (£,)

Fthe normal force p "



155+ [ oo + [ £ cos 5.

‘ 0 2
\ fom sy -0

+Copbl? +ay, pedcosO)5dE
- jm G g sin 0~ a[m £ d;+jm 5 Eog cos0 jm 1—'--U—'~\m5§1§
- Im,.édfﬂlmsmﬂ S Cos0) + [m, w, Osin OGS + [m_dg, I(,,pr’gd;

ave),,

 fon st -0 2 .y Lag

= [, sin 00 fm,£d5 + J‘m,gd;,m auso- [, d;, P

- Jm,.ﬂf@(l" $in0 g cos0) + ]mﬂ w,dsin 054 + [ym_.zg + [c,,,,w'gzg

et 0+ 5 . s

0. i1+ st [ con

@
0,0y s iy cos)+ jm,w,b-mzwgv st o

oA U U e sinasi

e
om
where  [m, g5 =0,
fmde=n,

and fmgtag =1,



3.7 Final Equations of Motion

Combining (3.20), (3:21) and (3.22), we get,

Oy +(M, sin0c0s )z ~(Q, SO =T, + Ff~Deosd (323

oren,

(M, sin5080)5q + (M + M, cos* )2 ~(@, cos0)) =T, +F} + Disind+ ¥ (3.24)

Q. $in0)icy (0, cosOeg +(1 +1,)0 = i~ Dx, +Tx, @23

(M, sin’ 005, ~ (M, sin 05080 +(0, 500N}

= By = M, 506050, ~(-M, 05" O +(Q, s}

= Fy = (0, 5in 00 +(0, 00s0)eco ~1.0)

“The mass matri thus becomes,
Ay =M+ M, sin' 0

A2 =M, sin0cos0

Ay Ay = M, sin0cos0
=M M, cox'0

Ay =-0,con0

Ay = Ay =0, 800




L ALE  AYF,

IF+ ASF, + ASF,

IR+ ALF, + AF, 326

38 Determination of Coeffic

nts (K, sy 3 Cpur Co)

P the values of all

e

Zarmick (1978) used ¥,

0as the added mass coeffcient, which is originally taken
from Wagner (1932). Keuning (1994) in his model FASTSHIP and Payne (1995) in his

model BOATSD used an added mass coeffcient which is dependent on the deadrise

[eE0)

%[u.%mu(pm)) @)

where KARis an added mass correcton factor.

Hydrostatc forces and momens are very difficult o predict at planing speeds. Water

the hydrostatc lf a the sterm, and both cause an increase n pitching moment. Zamick



(1978) used a,, =05 for buoyancy correction following Shuford (1958) and

Gy =0.5a,, for moment correction o achieve an accurate rim angle.

H spproximated the sinkage and tim ofthe craf under considerton using polynomial
exprssions deived fom model tet resuls. Since he soluion of the moton equations
wer known, substitutin of the values of sinkage and trim i the cqations of mation
esuled in a systm of two equations with three unknowns. Assuming 1o additonal
comstion for moment (a, =1.0), the values of k, and ay, can now be detemined

[van Dayzen (2008))

Payne (1995) used the term “dynamic sucton” to describe the loss of buoyancy which
oceurs a the transom of the boat when it accelerates from rest. I the technical paper of

BOAT? i ned " tud

i decided by empirical means.

Akers (1999) mentioned that these coefficients can be set 10 0.5 according to Shuford

tank test resuls, He showed both resuls, one using Zamick's (1978) values temmed as

ow buoyancy” and another with coeffcient to reproduce Fridsma's (1969) calm water

resistance and trim.



For the splash up, the work of Wagner (1932) still contains the most used and referred

analytical results. Wasgner approximated the flow around the faling wedge o the known

flow.

increasing wetted surface of the immersing wedge was modeled. The approach is oflen

alhough Wagn
1o the planing hull The local surface deformation according to Wagner becomes

Cpu = /2 rogandies of In fat and

the /2 suggested by Wagner s usually considered as an upper imit. Zhao and Faltinsen
(1992) also showed that the pile-up facto varies from 1 1o /2 for deadrise angles of

%° 100"

Zamick (1978) used the value C,, = 7/2 following Wagner (1932). Keuning (1994) and.

Payne (1995) used the following expression for splash-up, which is originally from

Personshyptheis, They sed the symbol (144 o s,

a2
1oy aZogi-d 029
ve5A1-3) om
[ p—

A

Loy 1,02 (o s
Loy =2 120 et

‘Akers (199 did not mention his splash-up factor



For the cross flow drag coefficient (C,), both Zamick (1978) and Keuning (1994)

followed the approach of Shuford (1958). In using Shuford approach, it i assumed that

the cross

by the Bobyleff flow cocflicient approximated by cos 7, .

Cp=10c0s 629
Keuning (1994) used,
€, =133c0sp @30

‘The present computational model has options of changing these coefficcient, but from

an inital assessment, it is found that the coeffcients used by Zamick (1978) give the

€y =100

3.9 Solution of Equations
“The solution of the deived cquations of motion is complicated. They form a st of three
coupled second order non-lincar diferenial equations which has o be solved using

standard numerical techniques in the time domain. The set of equations is first



transformed into a set of six coupled first order non-linear differential cquations by
introducing the following state vector [, x,,%,,%,,%;,%,]

where x,

@3n

“The equations of motion now can b writen a,
(=7 6
where [4] = Mass marix,

3 = State varisble vector

orce vector which itself function of stae variables.

3

“The solution of thi set i found by,

639

Whre [4]" = invere o mass mati.
“The numerical method usd fo do the integraton i the Runge-Kutt-Merson method.
‘ Knowing the il sate varisbls at tme instan 1, the equations ar simulancously

Solved forthe small time increment Arto yieldthe soluton atr, + A1



310 Equations of Motion for the Simplified Case of Constant Speed
“The surge degree of freedom can be decoupled since there i ltle effect on the pitch and
heave motions [Martin (19784), Fridsma (1969), Blake (2000)]. Also to compare with

experimental resuls, the test conditions have 1o be such that the model is towed at

nstant 3
Sy constant
i also assumed that the thrust and drag forces are acting through the center of gravity

()

Sog =0
(M4 M, 08" 012, (0, costhi = Ff + I

~(Q, 03Oy +(I+1) = ] (3349



Chapter 4

Validation

A computer program PHMP (Planing Hull Motion Program) has been developed based

A,
are compared with the model test esults of Fridsma (1969), Chiu & Fujino (1989) and.

Katayama et l. (2000) for validation,

4.1 Comparison with Fridsma (1969)
“The fist validation has been made against the experimental results of Fridsma (1969). He
‘conducted experiments with a series of prismatic models [refer 1o Figure 4-1 and 42] at

differentspeeds and differen regular sca conditions.

“The modelstested were 3.75  long and had deadris angles of 10, 20 and 30 degrees.
“The beam of the model was varied with lengh-beam raios of 4, 5 and 6. The models
were run ot specd-lengh ratios of 2, 4, and 6 (corresponding beam Froude number,
C.=1.33, 266, nd 4) withtim angles of 4 and 6 degrees and had displcementsof 16

and 24 Ibs. The wavelengihs were varied with wavelength to boat length atios of 1, 15,



2,3, 4ands

from 1103

then was fixed at | inch for the other test.

All the models compared here were 3.75 R long and had a 0.75 Rt beam with @

displacement of

regions of C, =266 and 4. The test configurations had the following charactristics

described in Table 4-1. The vertical centre of gravity (VCG) was constant at 0294+ 8

above the keel forall models. The accelerations were measured a the longitudinal centre

of gravity and at bow, 10% of the length aftof the stem.

‘Table 4-1: Model configurations from Fridsma (1969) used for comparison

Configuration | Deadrise, /| Longitadina centre | Radius of | Beam Froude
(deg) of Gravity, LCG | Gyration, k| Number, C,
) L)
x % 0 51 266
B m 0 55 O
T 10 55 30 266
7 0 w0 %2 O
K Eg 610 U7 266
M 3 w3 %8 g
show I

pitch motions of  typical case. The motions are periodic but not exactly sinusoidal.




si ik

For comparison, the heave and pitch double amplitudes are obtained by averaging the ‘

fgures. The double
amplitude heave motions are mon-dimensionalized by wave hight and the double
amplitude pich motons by twice the wave slope. The maximum negaiv value of the
accleraton has been usd for the comparisons with the cxperimental esults of Fridsma

(1969)

000

ses

Figure -1



oo
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=

Figure 4-2 10°deadrise model Fridsma (1969)]

T (5)

Figure 4-3: Sample time history of heave mtion (20° deadrise

/Loy

JH.[B=011,C, =4)



Time )

Figure 4.4 Sampletime hisory of pitch marion (20° dedise
model, #/Ly, =4,H.[B=0.11.C, =4)

T 1)

Figure 4-5: Sample time history of bow acceleration (20° deadrise
‘model, 2/Ly, =4,H./B=011,C, =4)



Time o)
Figure 4.6 Sample time hisoryof CG acceleation (20° derise
model,#/Lq =4,H../B=0.11,C, =4)

Figures 4-7 through (0 4-12 show comparisons of the heave and pitch responses of
110", 20°and 30° deadrise models running a €, 266 and 4 rspectivey. In all cases
he numercal model PHMP scems an accurate predicor of the motion amplitades. The

‘model can also predict accurately both the wavelength of the resonant frequency as well

s the maximum amplitude of the mations. For the 10" deadrise, both heave and pitch

‘motions sho double resonant frequencies at C, =4 as seen in Figures 47 and 4-10.

from a wave cret, to complecly fly

econd “This patiem
and repeatable over many cycles. The numerical model PHMP predicts this double-

resonant heave and pitch motions reasonably.




Figure 4-8: Heave response of the 20° deadrise model
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Heave RAD,

Pleh RAD, B,264,
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Figure 4-10; Ptch response of the10° deadrise model
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Pl RAO, 0231,

Figure 4-12: Pitch response of the 30" deadrise model




Figures 4-

13 through to 4-18 show the bow and CG accleratons fo thel", 20°and 30°dedrise
models runming at C,2.66 and 4 respctivey. The simulstd resuls by PHMP show
essonsbe sccurcy in prdicting those accleaions. However, the mumerical model
cannot reproduce the maximum smplitude of bow and G acccleatons for the

10° deadrise at C, =4 as seen in Figures 4-13 and 4-16. To improve, the model needs 1o

om0y o

o 07
Walngh oo,

Figure 4-13: Bow acceleration of the1 0 deadrise model



o om0
o Costicin

Figure 4-14: Bow acceleration of the 20" deadrise model

Bow Acceleation (6)

W 01 om0 0%
o Cotr,

Figure 4-15: Bow acceleration of the 30" deadrise model
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Figure 4-16: CG acceleration o the10° deadrise model
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Figure 4-18: CG aceeleration of the 30° deadrise model

4.2 Comparison with Chiu & Fujino (1989)
From their

Chiu & iy

e,
PHMP. The simpifid ship model of ha chin e, whse prnipl paius snd
oy plonaeshown in Table -2 and Figare -19 espestivl il The mdel has
niorm ranserse setions fom te o o th squ station 0.7 5. Chi &
ujn (1989 meaured the v and pth motos by potetoeters at the e o

gravty of the model. The initial sinkage (heave) and trim (pitch) were measured by

calm water,



regimes of C,= 0.0,0.714, 1.429 and 2,143, termed as the stationary, non-planing, semi-
planing and fll-planing conditions, respectively.

Only the semi-planing (C, =1.429) and full-planing (C,

~2.143) conditions have been

used here for comparison.

[

e

o 20—y
All units in mm *M*\
! 975
[ { 52 %% 9| | s
sa ] L B :
55
15 i

et

Figure 4-19: Body plan ofthe simplified ship model [Chiu & Fujino (1959)]



Fujino (1989)]

Tengh, L, 08m
Breadth, B 2m
Depth, D 0%,
“Transom draf, 4 o07m
Deadrise angle, E3
Ship mass. m S05ike
TG from transom 029 m
VCG above keel 0075 m
Tital i -
Tongitudinal radius of gyration BIAL
0423 hiu &

the simulated results by PHMP for the heave and pitch responses at C, <1429 and

c=2143 ghts (H,=2.5,4 and 5 cm).

by PHMP for longer A

in Figures 4-20 and 4-21. The heave response i a it bit underestimated and the pitch

. ~04-1)

422 and 423, yet in reasonable agreement.



5 omaram tetom

Figure 4-21: Pitch Response of model at C, =1.429
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Figure 4-23: Ptch Response of model at C, =2.143
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43 Comparison with Katayama et al. (2000)

Katayama t . for much higher with

Fridsma (1969). Fridsma's specd-length ratos were 2, 4, and 6 knots per %, whereas
Katayama et l. (2000) published results for speed-length ratos of 4.1, 12.2, and 15.1

Knots per 1'%, The model tests were carrid out in the towing tank of Osaka Prefecture

i shown in Figure 424,

—0sa—
o

095987

/ is

Z

0059m

Figure 4-24: Body plan of the model o Jet-Ski [Katayama ct. al (2000)]

The principal partculars of the model are shown in Table 4-3. They used a conventional

2 degrees of freedom armangement and heave and pitch motions were measured by



potentiometer
the model length during simulation

Table 4-3: Principal paticulars of the model of Jet-Ski [Katayama et a. (2000)]

Tengh. L, T
Freadth 5 Tom
e D TG
D pED
Desdrnc ange =

Sy v EET
G from wansom T
VG hove kedl i

Figures 425 and 4-26 show the heave and pitch motions with increasing wave height at

waves of a single length 2 =249Ly,. ALC, =1.93, the simulation results by PHMP for

lts. ALC, =574, the simul

results by PHMP tend o significanty underestimate the heave and pitch responses as
wave height increases. AL this very high speed range, huge hydrodynamic forces act on
the planing hull and these are not modeled properly in the current simulation model. To

improve this model, the slamming forces have to be replaced by accurate experimental

Figures 4-27 and 4-28 show the heave and pitch RAO with respect to wavelength at a

single wave height H, =0.68d . ALC, =1.93, the simulation rests are still in faily

&




ool agrsment. AC, =574, he hesve and ptch esponse produced by PHMP s very
poor for short wevclenhs (4L, =15 4:5). A possible reaso is that on of the
assumpions of th currnt model i that waclengths re large in comparso o bost
Jength. That s why 1 simulstion e cannot prdict the responses accurily in this

region.

Figures 429 and 430 show the heave and pitch RAO with respect to wavelength at
€, =5.74 changing th wave height. At this very high speed the numerical model cannot
predict the responscs sccurstely and this ffectincreases with increasing wave height and

for shorter wavelens <

T W
et Won b K,

Figere 175 Heave response versus wave height at 4/ L, =249
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stamming loads, T1 . cllset increases with increasing forward speed and wave height.

PHMP cannot mod 1 the cxact slamning loads at very high speeds and large wave
i

conditions. For
slamming force should be predicted by more accurate. empirical formulation based on

experimentalresus n the current numerical model.



Chapter 5

Experimental Investigation

It has been found. PHMP

Chuang (1973)

developed high speed vessels

in waves. An experimental investigation has been carred out o get an accurate idea of
two-dimensional impact loads and to verify Chuang's (1973) method for the simplified

case of free fall drop tests with a10° deadrise wedge,

5.1 The Experiment
‘The experiments were performed in the decp tank of the Ocean Enginecring Rescarch
Center (OERC) at Memorial University of Newfoundland. Only vertcal drop tess were.
conducted by varying the mass of the wedge and the drop height with thel0* deadrise

model. The tests were conducted in calm water and the wind induced loading was

neglgible setu 007); sl th




instrumentation and data acquisition system is briely described here for better

understanding.

5.1 Description of the experimental set-up.
‘The frame (Figures 5-1(a) and 5-1(5)) used in the experiment was constructed using T-
Slotted aluminum extrusions o get enough strength and rigidity and o faclitate casy

disassembly of the frame when not in use. The frame was attached o the deep tank. The

Figure 5-1(a): Front view of Figare 5-1(5: Back view of

2007)] iy

A

the frame. The wedge was attached 10 the trolley and the guide rails provided high

3



high impact load The linear

[Mandeep et al. (2007}

The 10° deadrise model (Figure 5-2) was made from 0.5 inch thick clear acrylic sheets.

The wedge h impact and

also o ensure that there is no ingress of water on th inside of the wedge. The wedge had

arectang:

Fig.5-2: Design of 10° dead rse wedge [Mandeep et al. 2007)]

512 Instrumentation

A potentiometer cable extension transducer Celesco (PTSMA-150-847-DN-500) with a

range of 150 inches has been used along with two aceelerometers (CTC Model AC140-

Four Piezoclectric pressure transducers (Kister Model 21 1B4) were used to measure the
pressure on the wedge surface. Their range s 0-200 psi and each of them has diameter of

5.5 mim. They were armanged along the median of the transducer attachment on one side



of the wedge, Among hree apex
and one was at thecomer end o the sde

Two rectangular clctomagnes (BRE-4080-110) ofsize 4° wde x §° long x 25" igh
each manufsctured by Buning Magneics Co have been used 0 a5 o ahieve remote

automatic release of the trolley and wedge. The magnets have a ratng of 1000 Ibs for

ered by 110 volts DC p

513 Release mechanism

Figure 53 Trolley release mechanism [Mandeep et a. (2007)]

514 Data acquisition



p
B -
H
s )
Figue 4
em)

r—

Figure 5-5:




Figure 5.7:

(Extra mass=20 ke, drop height =40 cm)

n



at pressure transducer no 3 for all cases, The same conclusion can be drawn that the

by

Yettou et al. (2005). The magnitude of the maximum pressure coefficient s also i the
order of 80 as was found by the experimental results of Zhao et al (1996) and anlytical

results of Mei et al. (1999).

.3,

which was the last transducer in contact with water a that instant. This maximum entry

15 Yetouetal

(2005).

entry depth at drop height =40 cm
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Enysopn:
Figure 5.9,
entry depth with added mass=40 kg

5.3 Comparison with Chuang’s (1973) Prediction Method

Chuang (1973,

of a high specd vessel in waves. This method is based on the Wagner wedge impact
theory, the Chuang cone impact theory [Chuang (1969)] and NSRDC drop tests of
wedges and cones.
According to this method, the pressure acting normal to the hullbottom in the slamming
area may be separated into two components [Stavovy et l. (1976))

1. The impact pressure p,, due to the normal component 10 the wave surface of the

elative velocity between the impact surface and the wave,



) ‘component to

the elative velocity between the impact surface and the wave.

The planing pressure s usually small and insignificantcompared with the impact

pressure.
and tangent o the wave surface i therefore:

r+o, 3

In this theis only the simplifid case of wedge impact presur i calm water s
summarized. To cstmte the masimum impactpressur,the pressur velociy relationis
witen s,

ko 9
whers  is 2 non-dimensionl coeficin, i the mass densty of water and¥, i the
elative normal velcity of the impact body o the wave surface.

“The rlative nommal velociy 7, is determined on the hypothesis that only the velocity

‘component of the moving body normal to the impact surface and the velocity companent

(1976). For
the case of alm water impact, ¥, becomes
v, =V,co8 55
where ¥, isthe vertcalimpact velocity and /s the deadrise angle.
“The non-dimensional cocfficient, s determined as follows,
k=k/eos'p 56

The best approximate values of k, are expressed by the following equation obsined

through the method of curve fting [Stavovy et al. (1976)). For2.2" 5 £ <11°

7



21820894 ~0.9451815£ +0.2037541 ¢ ~ 002338968

+0.00135785° ~0.00003132¢" 6N

where £
For all the cases of drop tesis, pressures have been calculated using this method. It has
been found that in each case, this method can predict the maximum pressure quite

accurately for practical use which is summarized in Table 5-1

Table S-1: €
Configration ‘Maximum pressure [KPa] | Maximum pressure [<Pa]
(Experimental result) (Chuang’s (1973)
method)
N extra mass, 40 cm drop height [EED 15049
N exira mass, 60 e drop height W64 26349
20 Kg extra mass, 40 om drop. 16651 15067
height
20 kg exira mass, 60 ém drop. %236 2041
30 Kkg exira mass, 40 ém drop. 15653 76T
eight
30 kg exira mass, 60 am drop. 2W686h %529
height

Figures 5-10 through 5-12 show the comparison of recorded pressure with Chuang’s
(1973) prediction method for three cases. It is cvident that Chuang’s (1973) method can

predict the maximum pressure almost exactly, provided that the vertical impact velocity

i aceurate.
Since the velocity s obtained by filtring the raw signal of displacement data and then

differntiotng them, the vertcal mpact velocity as an input was not perfectly accurate.
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Figure 510:
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Figure 51
(Extra mass=20 kg, drop height 40cm)
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(Exira mass=40 ke, drop height =60 cm)

From it exident tha Ch
accurate prodictor of maximum slamming loads, though dynamic noise causod some
disrepunccs. More experiments necd to be. performed 1o invesigate the et of
deadrse anle of the wedge. Obligue dro tetsslo nead 0 be caried out n order 0
consider the mation in oblique waves. Furtherthis method could be incorporated in he

simulation of planing hull motion




Chapter 6

6.1 Concluding Remarks
‘The problem of predicting the mation of high specd planing crafts is extremely diffcult
‘The planing hull motions in waves lead o strong non-lincarites that cannot be depicted
well by lincar analysis of motion. A non-linear mathematical model has been developed
for predicting the vertial motions of a planing hull in regular head waves. Since the
model is nonlincar, the computations are made in the time domain. The model has ts
origins i the non-Jinear sirip theory developed by Zamick (1978). The model can input

varisble deadrise angles to account for different hull geometry. The numerical model is

cd with the experimenal madel test resuls of Fridsma (1969), Chia & Fuino
(1989, and Ktaysma ct l. 2000). The mode has shown promising rsults nprdicting
the heave and pich motion i sei-planing and planing regions of spcc For the super
High specd vessls and to predict th vrtical accleratons, the model il nes 10

include exact slamming forces

An initil seris of free full drop tests have been performed with a 10° deadrise wedge

varying the drop heights and the mass of the wedge. For cach configuration, the



‘maximum peak pressure was found in either pressure transducer number 2 or 3, which
There wasa

big gap in space between pressure transducers number 3 and 4, This should be covered
with more pressure transducers in the next experiments to depict & more accurate and
‘complete spatial pressure distribution. The maximum pressure coefficient for this 10°

model was

of the wedge. Chuang’s (1973) prediction method has been found to predict maximum
slamming loads quite accurately for cach case, though dynamic noise caused some.

discrepancis.

62 Recommendation and Future Work
To improve the fidelty of the curent algorithm, the following future work is

recommended.

621 Experimental work

> edge.

> et nsig

phenomenon more accurately.

Finally, model tests need to be carred out with a planing hull in waves 1o further
verify Chuang’s (1973) method. Then this method could be used to estimte the

slamming loads of high speed vessels.




622 Numerical work

> To include Chusng’s (1973) prdicton method in the exising code PHM 0
propety medel slamming loads n waves.

> To include complicated ship geometry including varible deadrise angles, lfing
srake, spray il t. a5 far as posible o madel more accuratly the physcalhul
surfce.

> To improve the esimtes of hydrodynamic cocfiiens (k4 sy CyesCo) a0

to match a more effcient

> To determine the added resistance in waves.

> To extend the current work for the case of irregular waves.



References

Akers, R. H. (1999): “Dynamic Analyss of Planing Hulls in the Vertcal Plane”, Ship
Motion Associates, Portland, Maine, presented in the meeting of the New England

Section of The Society of Naval Architects and Marine Engineers.
Akers, R., Hocekley, S., Peterson, R., Troesch, A. (1999): “Predicted vs. Measured
Vertcal-Plane Dynamics of a Planing Bost” Proceedings: FAST'99, Seatle, USA. pp.

91-105.

Blake JLR. (2000): 1 Motions of laning Cr

in Calm Water nd in Waves”, PhD Dissertaion, University of Southampton.

Breder, J. (2005): “Experimental Tesing of Slamming Pressure on a Rigid Marine Panel’,

Master's Thesis, Naval Systems KTH Vehicle B tockhol

Sweden,

Caponnetto M., Azcucta R., Soding H. (2003): “Motion Simulations for Planing Boats in

Waves”, Ship Technology Research, Schiffstechnik, Vol 50, No. 4,




Chiv, Fomg-chen., FujinoM. (1989): “Nonlincar Prediction of Vertical Motions and

‘Wave Loads of High-Specd Crafts in Head Sea”, Intemational Shipbuilding Progress,

Vol. 36, No. 406, pp. 193-232.

Chuang, S.L. (1967): “Experiments on Slamming of Wedge-Shaped Bodies”, Journal of

Ship Rescarch, Vol. 11, No. 3, pp. 190-195.

Chuang, S.L. (1973): “Slamming Tests of Three-dimensional Models in Calm water and.

Waves”, NSRDC report 4095

Clement, EP. and Blount, DL (1963): “Resistance Tests of Systematic Seres of Planing.

Hull Forms”, SNAME Transactions 71, pp. 491-579.

Doctors, L. (1975): “Represcntation of Three Dimeasional Planing Surfaces by Finit:
Flements”, Proceadings of the 1 Confrence on Nunerical Ship Hydsodynamics, pp.

s17-537

Engle, A, Lewis, R. (2003): “A Comparison of Hydrodynamic Impacts Prediction

Methods with Two-dimensional Drop Test Data” Marine Structures 16, pp. 175182

Faltinsen, OM. (2005): “Hydrodynamics of High-Speed Marine Vehicles”, Cambridge.

University Press, New York.



Fridsma, Gerard. (1969): “A Systematic Study of the Rough-Water Performance of
Planing Boats", Report 1275, Davidson Laboratory, Stevens Institute of Technology,

Hoboken, New Jersy.
Fridsma, Gerard. (1971): “A Systematic Study of the Rough Water Performance of
Planing Boats (Ircgular Waves — Part ", Report 11495, Davidson Laboratory, Stevens

Institte of Technology, Hoboken, New Jersey.

Ghassemi, H, Yu-min, Su (2008): “Determining the Hydrodynamic Forces on a Planing

Hull in Steady Motion”, Joumal of Marine Science and Application, Vol. 7, No. 3, pp.

147-156.
Grame, Karl, Rosén, A. (2003): “Time-Domain Simulations and Full-Scale Trials on
Planing Crat in Waves”, Intemational Shipbuilding Progress, Vol. 50, No. 3, pp. 177-

208,

Grame, Karl (2004): “Modeling of Planing Crafl in Waves”, PhD thesis, Royal Insttute

of Technology KTH, Department of Acronautcal and Vehicle Engincering, Stockholm,

Sweden.

Grame, Karl (2005): “Improved Time Domain Simulation of Planing Hulls in Waves by

Corection of the Near-Transom Lif", Intemational Shipbuikding Progress, Vol. 52, No.

3,pp. 201230,




Hicks, 1., Troesch, AW, and Jiang, C. (1995): “Simulation and Nonlinear Dynamics
Analysis of Planing Hulls", Joural of Offshore Mechanics and Arcti Engineering, Vol.

117, No. 1, pp. 3845,

Katayama, Toru, Hinami, Takashige and Tkeda, Yoshiho, (2000): “Longitudinal Motion
of a Super High-Specd Planing Crat in Regular Head Waves”, Proc. of the 4* Osaka.

Colloguium on Seakeeping Performance of Ships, pp. 214-220.

Keuning J. A. (1994): “The Nonlincar Behaviour of Fast Monohulls in Head Waves”,

Phd Thesis,

echnische Universteit el

Lai, C., Troesch, A. (1995): “Modeling Issues Relaed to the Hydrodynamics of Three-

Dimensional Steady Planing, Journal of Ship Research, Vol. 39, No. 1, pp. 1-24,

Lai, C., Troesch, A. (1996): “A Vortex Lattice Method for High Speed Planing”,

Intemational Journal f Numerical Method in Fuids, Vol. 22, No. 6, pp. 495-513.

Lewis, $.G., Hudson, DA, Tumock, 5. R, Blake, JLR. & Shenoi, R A. (2006):

L { High Speed RIBs: A Ce J Non-lincar Strip Theory with

Experiments”, Proceedings of the 5" Inemational Confrence on High Performance

Marine Vehicles (HIPER'06), pp 210-224.



Mandecp, SP. Qui, W, Veith, B, (007): “Experimental Design and Plan for
Deteining Samming Loas", Proeedings of 8t Canaian Marine Ryromehanics

‘and Structures Confrence, St. Joha's, NL, Canads.

Mastin M. (19783): “Theoretical Determination of Porpoising Instabilty of High-Specd

Planing Boats”, Journal of Ship Research, Vol. 22, No. 1, pp. 32-53.

Martin M. (1978b): “Theoretical Prediction of Motions of High-Specd Planing Boats in

‘Waves”, Joural of Ship Rescarch, Vol. 22, No. 3, pp. 140-169.

Mei, X, Lui, ., Yuc, DK.P. (199): “On the Water Impact of General Two-dimensional

Sections”, Applied Ocean Research 21, pp. 1-15.

Payne, P. R. (1981): “The Vertical Impact of a Wedsge on a Fuid", Ocean Engineering,

Vol. 8, No. 4, pp. 421-436

Payne, PR. (1982): “Contrbutions 1o the Virtual Mass Theory of Hydrodynamic.

Planing”, Ocean Engincering, VoL. 9, No. 6, pp. 515-545.

Payne, P.R. (1988): “Design of High-specd Boats”, Volume 1: Planing Fishergate, Inc,

Annapolis, Maryland, US A



Payne, PR, (1994); “Recent Developmens in *Addod-Mass Planing Theory”, Ocean

Engineering, Vol. 21, No. 3, pp. 257-309.

Payne P. R., (1995): “Contributions to Planing Theory”, Ocean Engincering, Vol. 22,

No7, pp. 699729,

Payne, PR. (1995): “A General Purpose Time Domain Program for High Specd Small
Craft”, Int. Conference Computer Aided Design & Production for Small Craft

(CADAP'5)

Peseux, B., Gomet, L., Donguy, B. (2003): “Hydrodynamic Impact: Numerical and

Experimental Investigations”, Journal of Fluids and Structures 21, pp. 277-303

Peterson, R., Wyman, D, Frank, C. (1997): “Drop Tests to support Water-impact and
Planing Bosd Dynamics Theory", Report No. CSS/TR-97/25, CSSDD NSWC, Panama

City, Florida

Savitsky, D. (1964): “Hydrodynamic Design of Planing Huls”, Marine Technology, Vol

1,No. 1, pp. 71-95.

Savitsky, D. (1968): “On the Seakecping of Planing Monohulls”, Marine Technology,

Vol. 5,No.2, pp. 164-174,



Savitsky, D., Brown, P.W. (1976): “Procedures for Hydrodynamic Evaluation of Planing

Hulls in Smooth and Rough Water”, Marine Technology, Vol. 13, No. 4, pp. 381-400

Shuford, Charles L., Jr. (1958): “A Theoretical and Experimental Study of P

Surfaces Including Effects of Cross Section and Plan Form”, NACA Report 1355

Singleton, F. D. (2008): “Planing Boat Time-Domain Simulation with Waves”, Digital

Spencer, Johns. (1975): “Structural Design of Crewboats”, Marine Technology, Vol. 12,

No.3,pp. 267-274.
Stavovy, AB., Chuang, S.L. (1976): “Analytical Determination of Slamming Pressures.
for High-Speed Vehicles in Waves', Journal of Ship Research, Vol. 20, No. 4, pp. 190-

195,

Troesch, A.W. (1992): “On the Hydrodynamies of Verically Oscil

ding Planing Hlls",

Journal of

Rescarch, Val. 36, No. 4,pp. 317-331

Thornhill, E., Oldford, D, Bose, N, Veitch, B. & Liu, P. (2001): “Planing Hull Model

Tests for CFD Validation’

 Canadian Marine Hydrodynamics and Structures

Conference, Vancouver BC.




Tveitnes, T., Fairie-Clarke, AC., Varyani, K. (2008): “An Experimental Investigation
into the Constant Velocity Water Entry of Wedge-shaped Sections”, Ocean Engineering.

35, pp. 1463-1475.
van Deyzen, Alex. (2008): “A Nonlinear Mathematical Model of Motions of a Planing.
Monohull in Head Seas”, 6 intemational conference on high performance marine

vehicles (HIPER'08).

Von Kirmin, T. (1929): 7, Technical N

National Advisory Committee for Acronautic.

Vorus, WilliamS. (1996):

Flat Cylinder Theory for Vessel Impact and Steady Planing

Resistance”, Journal of Ship Research, Vol. 40, No. 2, pp 89-106.

Wagner, H. (1936) “Phenomena Assoiated with Impacts and Siding on Liqid
Surfaces”, trasltion of “Ober st und gleitorginge an der_oberfiche von
lssigkeiten, Zeichrift i Angewandic Mathematk Und Mechanik, 1932" NACA

Library, Langley, Acronautical Laboratory.

W, GIX., Sun, H., He, Y.S. (2004): “Numerical Simulation and Experimental Study of
Water Entry of a Wedge in Free Fall Motion”, Joural of Fluids and Structures 19, pp.

277289,



Yettou, EI-M., Desrochers, A, Champous, Y. (2005): “Experimental Study on the Water

Wedge”, Fluid 38, pp. 47-66.

Zamick ELE. (1978): “A Non-Lincar Mathematical Model of Motions of a Planing Boat
in Regular Waves”, Technical Report. DTNSRDC-78032, David Taylor Naval Ship.

Research and Development Center.

Zao R., Faltinsen O (1993): “Water Entry of Two-Dimensional Bodics”, Journal of

Fluid Mechanics”, Vol. 246, pp. 593-612.

Zhao, R, Faltinsen, OM., Aarsnes, J. (1996): “Water Entry of Asbitrary Two-
dimensional Sections with and without Flow Separation”, Proceedings of 21st
Symposium on Naval Hydrodynamics, Trondheim, Norway.

Zhao, R., Faltinsen, OM., & Haslum, H.A. (1997): “A Simplified Nonlinear Analysis of

4 High-Specd Planing Crat in Calm Water", 4" Intemational Conference on Fast Sea

Transportation (FAST'97).












	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Title Page
	0006_Abstract
	0007_Page ii
	0008_Acknowledgments
	0009_Table of Contents
	0010_Page v
	0011_Page vi
	0012_List of Figures
	0013_Page viii
	0014_Page ix
	0015_List of Tables
	0016_Nomeclature
	0017_Page xii
	0018_Page xiii
	0019_Introduction
	0020_Page 2
	0021_Page 3
	0022_Page 4
	0023_Page 5
	0024_Page 6
	0025_Page 7
	0026_Page 8
	0027_Page 9
	0028_Page 10
	0029_Page 11
	0030_Page 12
	0031_Page 13
	0032_Page 14
	0033_Page 15
	0034_Page 16
	0035_Page 17
	0036_Page 18
	0037_Page 19
	0038_Page 20
	0039_Page 21
	0040_Page 22
	0041_Page 23
	0042_Page 24
	0043_Page 25
	0044_Page 26
	0045_Page 27
	0046_Page 28
	0047_Page 29
	0048_Page 30
	0049_Page 31
	0050_Page 32
	0051_Page 33
	0052_Page 34
	0053_Page 35
	0054_Page 36
	0055_Page 37
	0056_Page 38
	0057_Page 39
	0058_Page 40
	0059_Page 41
	0060_Page 42
	0061_Page 43
	0062_Page 44
	0063_Page 45
	0064_Page 46
	0065_Page 47
	0066_Page 48
	0067_Page 49
	0068_Page 50
	0069_Page 51
	0070_Page 52
	0071_Page 53
	0072_Page 54
	0073_Page 55
	0074_Page 56
	0075_Page 57
	0076_Page 58
	0077_Page 59
	0078_Page 60
	0079_Page 61
	0080_Page 62
	0081_Page 63
	0082_Page 64
	0083_Page 65
	0084_Page 66
	0085_Page 67
	0086_Page 68
	0088_Page 70
	0090_Page 72
	0092_Page 74
	0093_Page 75
	0094_Page 76
	0095_Page 77
	0096_Page 78
	0097_Page 79
	0098_Page 80
	0099_Page 81
	0100_Page 82
	0101_Page 83
	0102_Page 84
	0103_Page 85
	0104_Page 86
	0105_Page 87
	0106_Page 88
	0107_Page 89
	0108_Page 90
	0109_Page 91
	0110_Blank Page
	0111_Blank Page
	0113_Back Cover

