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Abstract

For the safe design and operation of high -speed craft it is important to predict their behaviour in
waves. There still exists a concern, however, in the framework of the International Maritime
Organization (IMO) with regards to the stability criteria. In particular, for high -speed craft, the
higher limit of operational speed resulting in wave blocking as well as the lower limit known as the
surf-riding threshold are impor tant features. Therefore, by applying the polynomial approximation

to wave induced surge force including the nonlinear surge equation, an analytical formula in order

to predict the wave blocking and surf -riding thresholds is proposed. Comparative results o f the
surf -riding threshold and wave blocking threshold utilizing the proposed formula and the numerical
bifurcation analysis indicate fairly good agreement. In addition, previously proposed analytical
formulae are inclusively examined. It is concluded tha t the analytical formulae based on a
continuous piecewise linear approximation and MelnikovOs method agrees well with the wave
blocking threshold and the surf -riding threshold obtained by the numerical bifurcation analysis and

the free -running model experi ment. As a result, it is considered that these two calculation methods

could be recommended for the early design stage tool for avoiding broaching and bow  -diving.



1.I' Introduction

When avesselruns in following anfbr sternquartering seas, it is in dangm?broachind)' 2 or bowdiving?’),
which generally precede eapsizingevent Broaching isa phenomenon in which vesselkannot maintairthe
desired course despiengagingmaximum steering Although several experimentAé,I numerical and analytical
studies’) haveshownthat this phenomenooccursevenatlow Froude numbey that is in usual less than QtBis
kind of broaching is avoidable by utilizing optimal rudder cortroln general broachingin the high-Froude
region is considered to be meodangerousSinceone of the prerequisieof broachingis the phenomenon of
surfriding. The estimation of the surfding threshold is important in order to assesssse® safety in following
andor stren quartering seasdowever, athigherFroudenumbersthe surf-riding phenomenon disappeasd, in
contrast,a ship overtakes the wav&he transition region at which this occurs is callélie wave blocking
threshold® The transitionis considered to be the thresholtthe bow diving i.e. the uppr limit of its occurrence
Therefore this threshold coulgrovide meaningfulparameters when running at higher Froude numiios:
diving occurs when aesse®® bow is continually immersed into an oncoming wave crest owing to the @ssel
forward speed ahamplitude of the wave relative to the bowDnce tlesephenomen, broaching and bow diving
occur passengers could be injured at the best, or at the worst, the ship cailte b the resulting yaw &
extremeinduced roll motion. With regard to broaching, it is one of the three major capsizing scenarios
incorporated irthe new generatioimtact stabiliy criteriawhich shallbe added to th2008Intact Stability Code
(IS code)oy the International Maritime Organization (IMdﬁ

The secondgeneration intact stability criteria to be established at IMO consistulrierability criteria and
performancebased criteria If a ship fails to pass the vulnerability criterits,safety is to be assessed against the
performancebased critéa, utilizing numerical simulation or its equivalent. Thus, it is important that any
vulnerability criterion is easy to apply, ensures a conservative safety level,raeotcdbmsed upoampiricaldata.A
vulnerability criterionfor surfriding in regular 6llowing seas can be used in place of that for capsizing due to
broaching becausasnoted surfriding is the prerequisite tahese phenomerand travelling in following seas is
the most susceptible heading for suding. In order b estimatethe surfriding thresholdor wave blocking

thresholdin regular following seas, an analytical solution is obviously most suitable becauwswiits a



theoretical background.

In this paper, the authors develop a generalized forffaulgredicting the sdfriding and wave blocking
threshold bymaking use of MelnikovOs methdetom previousresearcﬁ), the authors propose amnalytical
formulae for estimating thevave blockingthreshold based upon the continuous piecewise linéapPL)
approximation Finally new formulae for predicting the surfiding and wave blocking threshold based uBod
order polynomial approximation for the waireluced surge forcare proposedPredictions using this approach

are validated using results from free running medgleriments.

2.! Reducing the nonlinear surge equation

2.1 Basic autonomous surge equation

The coeordinate system used in the formulae presented in this paper is illustrated iAfignkrtia ceordinate

system o — & with the origin at a wave trough has thie axis pointing toward the wave direction. The ship
fixed coordinate system,G—xz with the origin at the centre of gravity of the ship hasitheaxis pointing
toward the bowfrom the sternandz - axis downward. Here the ship longitudinal velocity is defined as
u:g'G +c¢, where ¢ indicates the wave celeritnitially the generalized form dahe approximatgolynomial
nonlinear surge equatiois to be calculatedThis approach for thanalysishas been used previously by the
authors?, and is thusbriefly summarizd. The equation representing nonlinear surge motion in this paper is
describedhs follows:

(m+m )&, +[R(u)~T(u;n)]-X, =0 (2.1)

In this equationa dot denotes differentiation with respect to tim&/here R : the ship resistanda calm water

T: the propeller thrusts : the ship massy_ : the added mass in the x direction,: the instantaneous ship
velocity in the x direction ,n : the propeller rateln this equation highreorder terms such as thrust variation due
to wave particle velocity are ignored. Assuming that the hull form is almost longitudinally symmetric, the
FroudeKrylov force is represented as a fistler approximation as follows:

X, = fsin(kés) (2.2)



where wave numbeik is defined as2/ /* , and A is the wavelengthHere the phase of the sinusoidal

function representingx,,,

w

is ignored (See AppendixThe resistance curveR(U) and the thrust coefficient

curve K, (J) can be approximated byth polynomial

R(u)zznu"zro+rlu+rzuz+--- (2.3)

i=0

Kr (DY k' =i+ K]+ 1607+ (2.4)

i=0

where eachs; and k; is chosen on the basis of a polynomial fit of the resistance curve and the thrust cogefficient
obtained fronthe tank testsr the numericatalculation Note that J =u(1-w,)/nD. Then T (u,n) becoms:

n(1=¢,)(1=-w,) pru'
) =(-6) DK, (/)= 3 02
i=0

(2.5).

Where t, and w, are the thrust deduction and wake fraction, respectivelysel ialuesare customarily taken

at their stillwater value. HereD and / are the propeller diameter and water density, respectively. iGuibst

these equations into Equati¢hl) yields;

(mem)ks+)) eﬁ%(i’%; G+ fsinke=T(Gi D" R 9 (26).

i<1j=1

where ¢ denotes;

(1#t,)(1#w,) /7, .

ni#Z Di#4 i

c$# 2.7).

Here c, is wave celerity. This equatiarpresents the approximaeneralised expression of surge

3. Prediction method of thesurf -riding and wave blocking threshold
3.1Brief review on the existing work
Application of MelnikovOs method to Equation (2.6) i@en conducted, and generalized results obtained by

Maki et al® can be shown as:

T(cun" RG)_ vyl +1 8 o fl Co.c # s (WP
Jr : -|_-1-!-1c;( )/)—Q//)—( .where G, &W Jﬁ(m+m)1/2¢ (3.2).

Here ! represents the Gamma functioBubstitute n=3, and put /; =0 and takingaccount of |, =4,

I, =/ and |;=8/3, following conditionhad beerbtained,;



7. (cw;n) —R(cw) B 4(61 +2c0c, + 36‘36\%) + 2(62 + 3C3Cw) 326‘3\/? (3 2)

S wfk(m+m,) k(m+m)  3zlk(m+m)]"”

Furthermore Maki et al.? obtained the formula predicting the swuiding threshold by utilizing CPL
approximation. This result is briefly summarized beldysing n=3 and /, =0 in Equation 2.6), this is
reducedo:

(m+mx)/“G +4 (c, ;n)/'G +4,(c,) P NS +fsinfk ¢) =T, (c,; n) "R(c,) (3.3

This equation is completely identical to tidttainecby Spyrou’. In Equation 8.3), let the some terms be defined
by A4(c,;n), A (c,), 4,T(c,;n), R(c,) areas follows:

A(c,sm)=3nc +2(r —1,)c, +1i—Tin
A2 (cw) = 37§CW + (VZ _TZ)
4 =n (3.9

. — 2 2
T, (¢, ; n) =1y, +T0C, + ToN

_ 3 2
R (Cw) =nc, T+ he, TG,

Taking the quadratic regreesi of damping terms in EquatidB.3), Spyrou obtained the analytical formula
estimatethe surfriding threshold:

K (m+m,) ) (35),

S 2[R ~T(esml| 5%

[I suggestT(c,,n), for consistency, rather thdfc,,n)]

where:

ym=-[AG;nY, £+ A i+ A L)Y Et (36)
On the other handJlaki et al.? approximated this damping term by the linear regression:

B =[A(c.in | Eadés + Ay(e,) [ Eidés + A E8dés |1 [ E2dé, (3.7
The dove expression, however, leads to the unsolvable fornarignlinear pendulum equation:

(m+m.) &G+ B(m) & + fsin(kés) =T (c,.;m) - R(c,) (3.9
To overcome this ifficulty, the sinusoidal terms approximatedusing theCPL function, then the following

formulafor estimating the suxfiding thresholccan beobtained.

—a =26 [GeosA T — Gsind 7] (3.9).

Here ¢, =Re[c,],¢, =Im[c,], A, =Re[4]and 4, =Im[4;] where:



1 aNA+ A}
e |22 (e +¢7)
Al ECRAI +CI/1R +CI/125 A2 ECRﬂ.R _C[/11 +CRﬂ'2 (311)
,"
gl g 1 (3.12).
4 4"2
—a TN +16a, /A —ay £\’ —16a, /A
A = 1 1 : s Az = l 1 : (3.13).
2 2
Ci4 =i[—lﬂ+l“3](ﬂ“ *Aas) (3.14).
4 4a, (A;—44)

3.2 The wave blocking threshold

The method to predict the strifling threshold is almost identical to that of the wave blocking threshold.
However,the difference being thale trajectory oranupper phase plane @nployed in itformulation wheras
for the surfriding caset is onthe lower plane The detailed explanatioof the methodologys omitted,however,
thefinal resultsare illustrated below.

The generalized condition of theave blockingthreshold obtained by applyinlylelnikovOs methods

represented as

TG(cw;n}—R(cw):iz::;(j;’r(jgl)/r(iz) (3.15).

Assuming n=3 and /; =0, thenwe can obtain:

Te(QN;n)—RQV):4(01+202GN+3G(3V)+2(@+3 cq), 32c,\

(3.16).
f affk(mim)  k(mem)  3z[k(m+ m)]”

Thefollowing bifurcation condition is obtained by applyi@dPL approximationmethod
$#=2e""[cod | $¢G sih" ] (3.17).
where:

1 aNA® + Ay
r=—In|l——F——>= (3.18).

Ar 241 (c’ +¢?)
"H R/ H &RB/IGH &, (3.19).
a=—1742% (3.20).

4 4o,



LoxN FHV6 51, L# N FHIE L
#laty A6 2, 3I4$# AN THIB (3.21).
2 2
G _ 4 # +'I" s $of/ 1% 43)
4T =0 ” 'Y
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"1, ) $

(3.22).

with the following defined asic, =Re[c, |,¢, =Im[c;], 4, =Re[4]and A, =Im[4,]. Both conditions, (3.15)

and (3.17), are numerically solvedingNewtorOsnethod.

3.3 Reduction of New Analytical Formula estimating thewave Hocking and the surf-riding threshold
Although the formula shown inthe previoussectiors are obtained by using piecewise linear approximation

the snusoidal term inequation (3.3, here we try to applypolynomial approximationlin equation (3.3), the

non-dimensionalizations as follows

y=Ks

o [Tk, (3.23
m+ m,

whichyields:

d’y 4 dy, r

—=+/f —+siny =— 3.29),

T TR (3.29

where each coefficient is defined as:

= ! (n)

o fk(m+m)

# fk

$4= (3.29.
# m+ m

f = Te(ai ) %R(6)] k

& m+ m

Herethe sinusoidal functioris approximatedby the polynomial ofa third orderas follows

siny!" uy(y ¥)(v ¥) (3.26
Finally equation(3.24) can be transformed as follows:

\ , r

YAyt uy(y Wy yF p (3.27).

It is worth notingthatthe periodicity of wave induced foradoes notlisappeausingthis approximationHowever



with careful scrutiny it can be seen that #pgproximation for one wave is sufficient sinibe heteroclinic orbit
joining two saddles can be considered within one wAgsuming a, < & < a;, an aalytical factorizationsuch

asCardanoOs technique, yields:

wy(y! m) (o §= UG @) @)y a) (3.28.

Then equationd.27) becomes:

Y+ BY-u(y-a)( y- a)( y a)=0 (3.29.

Putting:

x=Y. 2 (3.30,
al a

The fllowing equation is obtained:

W+ F&d x1" (X B 0 (3.3),
where:

"yl a

f a!la (3.32.

Pa=p(a! &)’

Here note 0<& <1. As pointed out by Maki et d?, the state equation (3.29) is identigaform with the FHN
(FitzHughNagumo) equation except for somiethe coefficients Now we take the following ansdtz

k=¢tx(1! X (3.33.
Here % can be calculated as:

k=81 (2 2% (3.39,

so that substitutingquation (3.34) intequation(3.31) yields:

(A 282 )+ (*+ M pilge 0 (3.35,

If above equation is satisfied fox' " (0,3, following conditiors:

#u" 26°= 0

$, } (3.39),
o’ +/ " dla= 0

arerequiredto be satisfiedEliminating ¢ from these equati@yields:

N

Eit [Evgs=0 3.37).
5 > H (3.37)



This equation represents the condition of the-gdifhg or the wave blocking thresholthat isto be satisfiedln
this equation, the upper sign corresponds to the wave blocking threshold while the lowssrsigpondso the
surfriding threshold. Now solvingquation(3.37) with the iterative method, thigme domaintrajectory can be

obtained as:
(! x= L[ exe" tt H)] (3.39,

where ¢>0 and d! (# # ) is an arbitrary constant determined Ilye initial condition. Equation (3.38) is

alternatively represented as:

1" ¢t! d#
o’ (1) :§§}+tanh79 (3.39.

4. Verification of Several Analytical Formulae against Numerical Bifurcation Analysis

In order to verify the proposefdrmulae, comparative calculation between the formulae ramderical
bifurcation analysisvascarried outfor the ONR tumblehome ves<8l The principal characteristics and the
body plan of this vessel are shown in Table 1 and Figure 2, respechigly.showsthe initial wave
blocking threshold usinghe piecewise linear approximation method, equation (3.17)andis compared
with that obtained from the numerical bifurcation by using the CPL approximatedimcweed surge force
In this figure,the abscissa is the wavelength to ship length ratio, while the ordinate indicates the nominal
Froude number, defined as the ship velocity in calm wafign the same propeller revolutions. The
numerical bifurcation analysis is based on Maki efalSince there is ndiscernibledifference between the
two, it can be concluded that tpeoposedormula is consistent with the numerical bifurcation analysis for
predicting the wave blocking thresholHollowing the above, it is necessary \talidae theresults of the
polynomial approximation metho@he appropriate CPL curves adetermined in order to keep the zero crossing
points the same as those of the original function betw|ge31 /2,3 /2J. As a result, the sinusoidal function can

berepresented as follows:
... 8
siny"# e y(y# ) (! ) (3.40).

The approximation resuis shown in fig.4 Figure 5 and Figure 6 show tiserfriding threshold andhe wave



blocking threshold that are obtainedy solving (3.17) respectively The numericallyobtained thresholds fdahe
approximategpolynomial surge equaticere alslotted In Figure 5 the abscissa is the wavelength to ship length
ratio, whilein fig.6 the abscissa is the wagéepness Since there is ndiscernibledifference between the two
for both threshold, it can be concluded that throposedformula (3.17) is consistent with the numerical

bifurcation analysis for predicting the suiifling threshold.

5.I Validation of Several Analytical Formulae against Freerunning Model Experiment

In order tovalidate experimentally the proposed formulpredictions computed by athe formulae were
compared with results obtained from a freening model experiment carried out in the seakeeping and
manoeuvring basin of NRE (National Research Institution of Fishing Engineering) with a scale model of the
ONR tumblehome vessel. Inetexperiment the autopilot course/ . was set to-5 degrees from the wave
direction because iis shownthat the effect ofa small deviation in thecourse on the suriding threshold is
negligibly smalf?. Additionally a course of 0 degrees could cause a collision with the tank wall at the beginning
of the model runThe definitiors of the heading anglé , andthe auto pilot course/ ., are given in figure 7.
Initially the modeldrifted near the wave maker and then the propellers and the autopilot €wamrelactivated.
The propeller revolutions were datanattempt to control the specified nominal Froude number during the model
runs andusinga proportional autopilot with the rudder gain of.1.0

Figure 8 shows the time series as an example of oscillatory mofamthe upper Froudeegion, wherethe
model overtakes the wave. In contra8gure 9 indicates the time series as an example ofsdirig. It shows that
the ship is captured on a wave and forced to run at the wave celerigg tiloeexamples indicate th#te wave
blocking threshold may exidbetween a Froude number of 0.4 and 0.45. However the threspatticularly the
wave blocking thresholdare affected by the initial condition®. To exclude the dependence upon the initial
conditions, model runs with various initial conditions aeommendeds a task for future

Figures 10-13 show a comparison of the predicted stiding threshold and wave blocking threshalding the
proposed three formulae These beingthe formula based on MelnikovOs methibé formula based on the

piecewise linear approximatiofCPL); the formula based on the polynomial approximatiand the numerical



bifurcation analysiéz), with the experimental resultth Figures 10 and 12Zhe abscissa is the wavelength to ship
length ratio, while the abscisgathe wavesteepness in Figusd1l and 13All the predicted thresholdsgreewell
with theresults from the experiments, where the threshold is between the runs showing oscillatory motion, and
thoseshowing surdriding (solid circlesand hollow squares in Figurd$-13 respectively)In comparison tdhe
resultsobtained from the numerical bifurcation analysbs,CPL method constantly provides overestimation
(resp. underestimating) results in the Froude number for-sdifig (rep. wave blocking) threshold. This is
because the CPL approximation underestimates the wave induced surg@. fBureher ithas been previously
shown ® that the slight underestimate froexperimental results for the suifling threshold, in the Froude
number for the predicted threshp@buld becaused by thdiffraction effectin the waveinduced surge force. On
theother hand, the results obtained by the method based on the polynomial approximation quafitatietyhe
tendency of the thresholdbut quantitativeagreementvith the resultSrom the numerical bifurcatiomnalysis
seems to banadequateHowever, for this calculatl condition, this methoglieldsresultson theconservativeside

of safety Thus, this conservativetendency is considered to be preferable framractical point of view for
operatioml guidance in following seas. Furthes iis observed in the case of the prediction of sbhef-riding
threshold®, the threshold predicted by the formula based erMiInikov@ methodshows fairly goodagreement
with that obtained by the numerical bifurcation analysis #relexperimers for the wave blockingcase
Summarizingthe above results, it is concluded that the formulae based oMéteikovOs method and CPL
approximation method provideifficiently accurate predictianandthese twacalculation methods could hesed

for the vulnerability criteria included in new generation intact ship stability i&leode)

6. Conclusions

The main conclusions from this woake summarized as follows:

1! By applyingtwo of the analytical approaches, i.e. Melnik@method andhe CPL approximatiormethod,
the analytical predictisifor estimatinghe wave blocking thresholthve beembtained.

2! Using an approximation ofthe waveinduced force bya polynomial function, the analytical form@ao



estimate theurfriding and wave blocking thresholldhve been demonstrated.
3. All the proposed formulabave beemumericallyand experimentallywalidated. Further, as a result diet
comparison with the freeunning model experimesitit is concluded that the formulae based on the

MelnikovOs method atide CPL approximation methototh provide sufficienly accurate results.
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Appendix. Proof of the reason whythe phase of the sinusoidal function is ignoreih the surge equation
The reason why suriding threshold is independent of the phase of surge force is explained here. Let the
simplified surgeequation;
m+m) s+ (' + fSin K o# =T G, 0# R © 9),
where /., represents the phase of wave induced surge fdfben
1E=l G H# b (10),
the following can be obtained:;

(m+m) g+ (! fsivkc# T 6; NS R Q (11).

Comparison of (9) and (11) demonstrates that the pHase&oes not affect the suriding threshold.
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Tables

Table 1 Principal particulars g¢ie ONR tumblehome vessel.

ltems Values
Length 154.0 m
Breadth 18.8 m
Draught 145 m
Block Coefficient 0.535




Figures legends

Figure.l Co-ordinate systems

Figure.2 Body plan of the ONR tumblehome vessel

Figure 3 Comparison of the wave blocking threshold predicted using the Numerical Solution, and that predicted
using the Analytical Solution with Piecewise Linear approximation, fai. =1.0.

Figure 4 Linear, quadratic and cubic approximatiorhefdinusoidal functian

Figure 5 Comparison of the suriding threshold predicted using the Numerical Solution, and that predicted
using the Analytical Solution witthe polynomial approximation, forH /7 =0.05.

Figure 6 Comparison of th surfriding threshold predicted using the Numerical Solution, and that predicted
using the Analytical Solution witthe polynomial approximation, for/ /L =1.0.

Figure7 Definition of the heading angknd theautopilot coursavith respect tadhe wave direction.

Figure 8 Time series of the oscillatory motion witrn=0.45 and /. ="5.0(deg) for //L=0.8,

H// =0.05.

Figure9 Time series of suffiding with Fn=0.4 and /. ="5.0(deg) for //L=0.8, H// =0.05.

Figure 10 Comparison of the predicted surf -riding threshold for the three methods with the

experimental results as functions of wavelength to ship length ratio for a wave-steepness of 0.05.

Figure 11 Comparison of the suriding threshold between experimental results and several me#®ds

functions ofwave steepnedsr awavelengtho ship length ratio of 0.8

Figure 12 Comparison of the wave blocking threshold for the three methods as functions of

wavelength and ship length ratio with the experimental results  for a wave-steepness of 0.05.

Figure 13 Comparison of the wave blocking threshold between experimental results andl segdrodsas

functions ofwavesteepnesdgpr awavelengtho ship length ratio of 0.8.



Fig.1 Co-ordinate systems.
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Fig.2 Body plan of the ONR tumblehome vessel
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using the Analytical Solution with Piecewise Linear approximation, fai. =1.0.
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Figure 5 Comparison of the suriding threshold predicted using the Numerical Solution, and that predicted

using the Analytical Solution witthe polynomial approximation, forH /7 =0.05.
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Figure 6 Comparison of the suriding threshold predicted using the Numerical Solution, and that predicted

using the Analytical Solution witthe polynomial approximation, for/ /L =1.0.
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Figure7 Definition of the heading angknd theautopilot coursavith respect tahe wave direction.
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Figure 8 Time series of the oscillatory motion withFn=0.45 and /.

H// =0.05.
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Figure9 Time series of susfiding with Fn=0.4 and /. ="5.0(deg) for //L=0.8, H// =0.05.
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Figurel0 Comparison of the predicted suifling threshold for the three methods with the experimental results

as functions ofvavelengthto shiplengthratio for awave steepness of 0.05.
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Figure 11 Comparison of the suriding threshold between experimental results and several me#m®ds

functions ofwave steepnedsr awavelengtho ship length ratio of 0.8.
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Figure12 Comparison of the wave blocking thresholidr the three methodas functions ofvavelength and

shiplengthratio with the experimental resulter awavesteepness of 0.05.
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Figure 13 Comparison of the wave blocking threshold between experimental results and several msthods

functions ofwavesteepnesd$pr awavelengtho ship length ratio of 0.8.



