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A B S T R A C T   

The main aim of this study is to characterize the dynamic behavior of the Naples Systematic Series (NSS) in 
irregular head sea. A further aim of the study is to provide data to detect the influence of hull form on the sea- 
keeping performances in the planing and semi-planing speed range. 

The NSS derives from a parent hull that has shown to behave well in rough seas, characterized by high 
deadrise angles of the bottom at the bow, to reduce acceleration. All the models of NSS were tested in three 
different sea states and in Fr range from 0.515 to 1.197. The relatively high Froude numbers associated with the 
forms of the series make inappropriate the statistical analysis usually carried out to describe the behavior of the 
displacement ships. 

To overcome these unsuitableness, Cartwright Lounguet Higgins, extreme value and normal distribution fit-
tings have been furnished for heave and pitch maxima and minima; gamma and extreme value have been fur-
nished to represent acceleration in the centre of gravity and bow. 

Finally, a case study is presented to show a useful procedure for designer evaluation.   

1. Introduction 

To build an experimental campaign on a systematic series gives the 
opportunity to correlate single feature of the hull form to performance: 
the systematic variation of the hull shape allows to keep a strong affinity 
between the models, reducing the influences of other hidden form var-
iations. (see Figs. 9–15) 

The Naples Systematic Series (NSS) published in De Luca and Pensa 
(2017), furnish characterization of hull forms highlighting the in-
fluences of the slenderness ratios LWL/BWL and Ⓜ in terms of perfor-
mance in calm water. In this study the experiences are extended to the 
ship motions and accelerations in irregular head sea. 

The high-speed hard chine hulls undergo hydrodynamic pressures 
that grow up with speed, to reach the full planing. This dynamic implies, 
mainly in rough water, significant variation of trim, sinkage and wetted 
surface due to the strong and quite impulsive variations of hydrody-
namic pressure. These circumstances make a strongly non-linear sea- 
keeping behavior of the planing and semiplaning hulls and, conse-
quently, the classical performance representation made by the response 
amplitude operators based on the first order cannot be used, as described 
in Fridsma (1971). 

To overcome these difficulties in Fridsma (1971) and in Zarnick and 
Turner (1981) the extended campaigns of tests carried out on prismatic 
hulls in head sea have been analysed applying Cartwright Lounguet 
Higgins, CLH, and exponential probability density function, PDF, to 
describe respectively heave-pitch motion and vertical acceleration. All 
these results show very high peak acceleration, suitable represented by 
an exponential distribution. Differently, due to the hull forms studied by 
this work, the data measured shown not negligible negative maxima in 
the vertical acceleration trends. To take into account these negative 
maxima values and to fit them effectively, it was decided to adopt 
extreme value distributions; also Gamma distribution was fitted, ac-
cording to Taunton et al. (2011) nevertheless extreme value PDF returns 
the best fitting. Begovic et al. (2016), referring to the typical seakeeping 
behavior of planing craft, describe heave and pitch maxima and minima 
and three different PDF. These data have been fitted with the statistical 
functions Normal, CLH, and extreme value. Differently, for the accel-
eration maxima, the functions Exponential, Gamma and Weibull have 
been applied. 

Studies on the behavior in rough water (regular or irregular) of Hull 
Systematic Series, where presented by Soletic (2010), Taunton et al. 
(2011) and Grigoropoulos and Damala (2011). Soletic (2010) presented 
the seakeeping performances of the US Coast Guard Systematic series - 
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published in Kowalyshyn, D.H., Metcalf, B., (2006) in the speed range 
FrB ¼ 0.28–2.63. Grigoropoulos and Loukakis, 2002 describe the 
behavior of the NTUA Double-Chine hull series in pre-planing speed 
range. Taunton et al. (2011) presented the seakeeping performances of 
stepped hulls, whose performances in calm water where presented in 
Taunton et al. (2010). Data is presented in terms of probability distri-
bution and, applying ISO 2631, vibration dose factor, pointing the 
attention on human factor performances. The models have constant 
dead-rise and have been tested in the speed range FrB ¼ 1.75–6.77. 

Rosen and Garme (2004) and Camilleri et al. (2018) highlighted the 
impact pressure distribution on the bottom of planing craft in waves. 

In De Luca, F and Pensa, C. (2012), the effects of the conventional 
and unconventional interceptors on the performances in regular waves 
have been presented. The tests have been carried out on monohedral 
hulls in the speed range Frr¼ 1.1–3.3. 

2. Models tested and experimental plan 

The models of the NSS, published in F. De Luca & C. Pensa (2017), 
are hard chine hulls characterized by five affine stretched models, build 
with warped bottom and AT/AX < 1. 

The models where tested in the Towing Tank of the DII of the Uni-
versit�a degli Studi di Napoli “Federico II” whose main characteristics are: 
length 136.0 m, width 9.0 m and deep 4.5 m; maximum speed of the 
carriage 10.0 m/s. The tests were performed in ranges Fr ¼ 0.5–1.6 and 
Frr¼ 1.1–4.3. Therefore, the hulls are affected by a high dynamic lift. 
The series is composed by 5 geometries and 7 models: the two geome-
tries with lower L/B ratios – C1 and C2 - have been built in two scales of 
reduction: the smaller models have been built to overcome instrumen-
tation limits in seakeeping tests. These smaller models are indicated in 
Table 1 with C1s and C2s. 

One displacement and mass configuration for each model were tested 
in waves. Tables 1 and 2 show the experimental plan. 

As suggested by Fridsma (1971), the dynamic behavior in rough 
water was detected by testing the models at a constant speed because 
little or no surge motion arises for this kind of planing craft. 

The study of unsteady phenomena needs a great number of tests to 
make reliable the statistical approach necessary to analyse the data 
logged. A large experimental campaign, introduces the critical issue of 
the comparability of tests performed in different moments and on 
different models. Particular care was taken of data acquisition and 
analysis of models set up and wave generations. 

2.1. Set-up of models 

The first goal is to set the CG position. The LCG position is chosen to 
have no trim in static condition. VCG is set to make VCG/BWL ratio con-
stant for all the models. To obtain the desired LCG and VCG, the models 
were suspended on a pivot free to pitch and roll shown in Fig. 1. The 
models were positioned to have the pivot at the desired CG and the 
mobile mass was disposed to obtain the zero trim. Then a procedure like 
an inclining test was made to calculate VCG. Differently to the standard 
inclining test the model is constrained to rotate around a fixed point (the 
pivot) so large angles are allowed overcoming the limit of the meta-
centric method and the uncertainty due to the calculation of KM. 

The ITTC, 2011 procedures to perform sea keeping tests in Towing 

Nomenclature & abbreviations 

A1/n Mean of 1/n highest amplitude of a generic magnitude 
AX Area of maximum transverse section (m2) 
AT Area of transom (m2) 
B Beam or breadth, moulded, of ship hull (m) 
bh Bare hull 
BWL Maximum moulded breadth at water line (m) 
fp Peak frequency 
Fr Froude number 
FrB Froude number based on breadth 
Frr Froude displacement number 
g Acceleration of gravity 
CG Centre of gravity 
H1/n Mean of 1/n highest height of a generic magnitude 
Hs Significant wave height (m) 
KM Transverse metacentre above keel (m) 
K44 Roll radius of gyration (m) 
K55 Pitch radius of gyration (m) 

LCG Longitudinal centre of gravity (m) 
LWL Length of waterline (m) 
Ⓜ Length-displacement ratio (L/r1/3) 
RTMw Total resistance of model in waves (kg) 
RTM Total resistance of model (kg) 
T Draught, moulded, of ship hull (m) 
Tp Peak period (s) 
VCG Vertical centre of gravity (m) 
βΤ Deadrise at the transom (deg) 
β0.5 Deadrise at 0.5 LWL (deg) 
β0.75 Deadrise at 0.75 LWL (deg) 
Δ Displacement (buoyant) force (kg) 
γ Overshoot parameter 
τS Trim at rest (deg) 
CDF Cumulative Distribution Function 
CLH Cartwright Longuet Higgins 
DII Dipartimento di Ingegneria Industriale 
NSS Naples Systematic Series 
PSD Power Spectral Density  

Table 1 
Main dimensions and speed range of tests.  

Model C1s C2s C3 C4 C5 

LOA (m) 1.567 1.567 2.611 2.611 2.611 
LWL (m) 1.440 1.440 2.400 2.400 2.400 
BWL (m) 0.446 0.396 0.577 0.493 0.41 
LCG (τS ¼ 0) (m) 0.567 0.567 0.945 0.945 0.945 
Δ (kg) 26.52 20.91 73.93 54.12 37.4 
Ⓜ  4.83 5.23 5.72 6.34 7.18 
AT/AX  0.94 0.94 0.94 0.94 0.94 
LWL/BWL  3.23 3.64 4.16 4.87 5.85 
BWL/T  4.12 4.12 4.12 4.12 4.12 
VCG/BWL  0.50 0.50 0.50 0.50 0.50 
K44/BWL  0.40 0.40 0.40 0.40 0.40 
K55/LWL  0.25 0.25 0.25 0.25 0.25 
βΤ deg 13.2 13.2 13.2 13.2 13.2 
β0.5 deg 22.3 22.3 22.3 22.3 22.3 
β0.75 deg 38.5 38.5 38.5 38.5 38.5 
Fr Test n� 1–2 - 3 0.720 0.720 0.720 0.720 0.720 

Test n� 7–8 - 9 0.928 0.928 0.928 0.928 0.928 
Test n� 13-14-15  1.197   0.515  

Table 2 
Sea state and spectrum parameters tested.  

test n� Spectrum γ Hs (m) Tp (s) fp (1/s) 

1-7-13 JONSWAP 3.3 0.045 1.176 0.850 
2-8-14 JONSWAP 3.3 0.060 1.356 0.737 
3-9-15 JONSWAP 3.3 0.075 1.52 0.660  
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Tank suggest the evaluation of the real values of radii of gyration of ship. 
If they are preliminary unknown, a value of 0.25 LOA for pitch or yaw 
and a value between 0.35B and 0.40B for transverse radius of gyration 
could be considered. 

Since the models tested in towing tank can be referred to hull with 
different LOA/LWL and BOA/BWL, to compare the performances of the five 
models, it was considered appropriate to refer to WL instead OA 
dimensions. 

To obtain the desired radii of gyration, the models were suspended at 
the same pivot shown in Fig. 1 and oscillated. The frequencies and an-
gles measured made possible to evaluate the achieved radii of gyration. 

2.2. Gauges settings 

The acquisition of the accelerations has been carried out by two 
triaxial accelerometer Cross Bow CXL04GP3-R-AL, the characteristics of 
which are: Input Range (g)� 4, Sensitivity (mV/g) 500 � 15, Noise (mg 
rms) 10 and Bandwidth (Hz) DC -100. One accelerometer is positioned 
at the center of mass G, the other at 0.5 LWL forward of G. 

The Towing system (TC system) used allows controlling the thrust 
direction through a laser tracking. For the entire series the angle of shaft 
line was fixed to 8 deg and the vertical component of the thrust has been 
considered to take in to account the effects of this on lift and trim. 

As shown in Fig. 2, the resistances of the models were measured by a 
HBM Load cell (PW115AH 20 kg, accuracy Class III) fixed on the forward 
end of the controlled shaft. The aim of the control was the constancy of 
the thrust direction. 

The measurement of body motion was made with Qualisys Motion 
Capture System that is known as a high-quality optical system for position 
tracking in engineering applications, allowing sub-millimeter accuracy. 

To verify the waves profile achieved with the wave-maker, two 
different kind of sensors were used: two capacitive probes ACAMINA 
AWP-24-2 Wave Height Gauges and four ultrasonic probes Baumer 
UNDK 30U6103. The capacitive probes, more precise, have been fixed to 
the towing tank, the ultrasonic probes were fixed to the carriage and, 
therefore, were following the models during the tests. 

2.3. Data analysis 

The data were sampled at a frequency of 500 Hz. To overcome the 
aliasing problems, the oversampling techniques were applied. Subse-
quently the data were filtered with a Butterworth bandpass filter of the 
fifth order 0.05–20 Hz according to g method guidelines Riley et al. 
(2016). 

The mean value of accelerations, heave and pitch, have been 
removed from the measured data. To reach a sufficient number of en-
counters (about 200) several tests (not less than 15) have been concat-
enated overlapping the extreme values of the acquisitions on the zero up 
crossing. 

Fig. 3 shows an example of data with and without the application of 
the Butterworth filter. The positive maxima accelerations refer to the 
impact on the water (see Fig. 4). 

To estimate online the wave spectrum and ensure the good fit to the 
target the Welch method has been adopted, Welch (1967), that is a 
refinement of the Bartlett method, Bartlett, 1948. The Welch method 
reduces the large fluctuations of the periodogram splitting up the 
available sample of N observations into equal subsamples of M obser-
vations each, and then averages the periodograms obtained from the 
subsamples for each value of frequency. The Welch method enhances the 
Bartlett method through two ways: first, the data segments in the Welch 
method are allowed in windows partially overlapped; second, each data 
segment is windowed prior to computing the periodogram. Finally, the 
power spectral density, PSD, is determined by averaging the windowed 
periodograms. In this work, the data were split in windows of about 
4000 samples and the overlapping was of 60%. 

The reductions of the large fluctuations of the periodograms ob-
tained by the overlapping suggested by the Welch procedure, ensure an 
effective smoothing between each window and a high control over the 
bias resolution properties of the estimated PSD. 

2.4. Wave generation 

All the models were tested in three different sea state (SS) irregular 
head sea. The SSs taken into account are shown in Table 2. The SSs have 
been chosen considering the main goal of the hull C 954 that is the ge-
ometry from which the NSS was developed for. The model C 954 was 
designed to sail in coastal route in waves well characterized by JONS-
WAP spectra. Moreover, the SSs were chosen considering the need to 
compare the behaviours of the five models. This need has led to some 
considerations on the scale factors. In particular, due to the wide range 
of slenderness ratios of the models, the ship dimension of reference of 
the models is significantly different. In particular, the C1 and C2 models, 
whose Ⓜ are smaller, refer to ships dramatically smaller than those of C5 
and quite different respect to C4. For these reasons, to compare the sea- 
keeping behavior of all the models, C1 and C2 geometries have been 
built also in smaller scale: 0.6 in respect to C1 and C2. These new models 
have been named C1s and C2s. 

With these new scale factors, it is possible to compare the tests 
performed respectively in test 3 and 7 on models C3, C4, C5 with tests 
performed in tests 1 and 9 on models C1s and C2s. 

To ensure meaningful comparisons, it has been necessary to refer the 
behaviours of all the models, strictly to the same wave spectra and, 
therefore, to the same nominal spectra. In operational terms, the 

Fig. 1. Setting of LCG, VCG and radii of gyration.  

Fig. 2. Description of the towing system.  
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problem ended up controlling the wave maker actions. In detail, the 
heights of the generated wave have been measured through capacitive 
probes arranged in three longitudinal positions of the tank and the 
following operations have been carried out: 

1) irregular sea generation and measurement with reference to capac-
itive probes;  

2) comparison between the theoretical spectrum and the realized 
spectrum;  

3) creation of an ad hoc transfer function;  
4) verification of the generated spectrum (three acquisitions of at least 

200 encounters). 

This procedure has been carried out at the beginning of the experi-
mentation of each model. By each new wave calibration, the transfer 
functions have been verified for every experimental session. 

3. Results 

For all the models and all the sailing conditions, heave, pitch and 
vertical accelerations have been measured logging the instantaneous 
values, whereas the resistances have been presented as mean values. 

The data has been analysed both in time and frequency domain. To 
improve the analysis quality of the results in time domain, heave, pitch 
and accelerations have been synchronized with the wave profile 
measured at the G. Due to the great amount of data, only some examples 
of time traces have been shown in graphic form. Fig. 5 shows the syn-
chronized patterns of all the physical quantity measured. 

The following Fig. 6 shows the response of the hull C1s in frequency 
domain for all test conditions. The response spectra are expressed in 
terms of spectral density (rms2 per hertz unit) respect to the encounter 
frequency. 

Table 3 shows, for each test performed, the wave resistance ratio 
expressed as RTMw/RTM. 

To highlight the influence of the speed on the resistance in wave, in 

the following Fig. 7 the same data given in Table 3 are classified by Fr. 
To read correctly Fig. 7, referring to Tables 1 and 2, it is important to 

remark that:  

� tests from 13 to 15 for model C2s refer to Fr 1.197, differently, for C5 
model refer to Fr ¼ 0.515.  
� C1s and C2s are on a smaller scale, and it is possible to compare the 

tests performed respectively in test 3 and 7 on models C3, C4, C5 
with tests performed in 1 and 9 on models C1s and C2s. 

Anyway, histogram is aligned to simplifying the comparisons. 
It is possible to notice that (Fig. 7):  

� the higher the speed the lower the increasing of resistance for all the 
models, in all the three SSs tested, the phenomenon is amplified for 
the higher slenderness ratio. 
� the resistance increases from model C2s to C5 together with the in-

crease of Ⓜ and L/B  
� the trend changes for the C1s model 

All the statistics on results of the tests have been shown in tabular 
form in Appendix II. Nevertheless, to facilitate the overview of the be-
haviours of the models, the synopsis of motions heights and accelera-
tions maxima has been shown, by the following Figs. 8 to 11, only for the 
mean of 1/3 highest values. The histograms are arranged using the same 
logic of Fig. 7. 

For a correct interpretation of the histograms above shown (Figs. 7 to 
11), it is well to remember that the four models derived from the parent 
hull C1 were developed by scaling depth and breadth by the same 
reduction factors, maintaining homothetic forms of all the transversal 
sections. These transformations, increasing both L/B and Ⓜ, imply that 
the different models, even if they are of the same length, are charac-
terized by different displacements. For this reason, for example, the 
slenderest model C5 have to be considered a significantly smaller model 
respect to the C1s or C2s ones and, consequently, the worst perfor-
mances, in terms of motion and accelerations, are mainly to relate with 
the different absolute dimension of the ships. 

On this basis, to avoid misunderstanding in the interpretations of the 
histograms, it is suggested to compare the performances varying speed 
and sea state on the same models. Following this way, it is possible to 
observe that:  

� for high slenderness ratio (C4 and C5), with the increasing of the Fr 
the pitch angles decrease;  
� for intermediate or low slenderness ratio, the dependencies of the 

pitch angles on the Fr is not monotonic;  
� the same tendencies are observable in the Heave histograms; 
� regarding the accelerations, for each sea states, the speed is a sig-

nificant influencing factor. 

4. Data representation 

To provide an agile tool to represent the results, the data has also 
been fitted with statistical distributions. 

Fig. 3. Example of filtering of the acceleration signal.  

Fig. 4. Comparison between experimental and theoretical spectra.  
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Fig. 5. Synchronized patterns of signals acquired.  
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The magnitudes under consideration are maximum and minimum of 
pitch and heave; and the maximums (impacts) of vertical accelerations 
at the centre of gravity and at the bow. 

The PDF functions used are the following: 
Normal: 

PDF: f ðxÞ¼
1

σ
ffiffiffiffiffi
2π
p e

x� μ
2σ2 (1)  

Were x is the continuous random variable normalized by the process 
RMS, μ the mean value and σ the standard deviation of the quantile. 

Extreme: 

PDF: f ðxÞ¼
1
β

e

�
� x� α

β

�

e

 

� e

�
� x� α

β

�!

(2) 

Fig. 6. Response spectra for C1s model.  

Table 3 
Wave resistance ratio.  

Test C1s C2s C3 C4 C5 

1 1.03 1.01 1.01 1.02 1.03 
2 1.05 1.02 1.01 1.03 1.06 
3 1.05 1.03 1.03 1.06 1.07 
7 1.04 1.02 1.01 1.00 1.01 
8 1.04 1.02 1.02 1.02 1.02 
9 1.04 1.02 1.03 1.04 1.05 
13  1.02   1.07 
14  1.02   1.08 
15  1.02   1.10  

Fig. 7. Wave resistance ratio.  
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Fig. 8. 1/3 significant pitch motion.  

Fig. 9. Non-Dimensional H1/3 significant heave (H1/3/LWL).  

Fig. 10. Vertical acceleration maxima at G.  
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Where α is the location parameter and β is the scale parameter. 
Cartwright Longuet Higgins, CLH, Cartwright and Longuet-Higgins, 

1956: 

PDF: f ðxÞ¼
1
ffiffiffiffiffi
2π
p

2

6
4εe�

x2
2ε2 þ x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � ε2
p

e� x2
2

Z x
ffiffiffiffiffiffiffi
1� ε2
p

=ε

� ∞
e�

y2
2 dy

3

7
5 (3)  

ε2 ¼ 1 � ð1 � 2rÞ2  

Where ε is the bandwidth parameter and r is the determined proportion 
of negative maxima to total maxima. 

Gamma: 

PDF: f ðxÞ¼
�

x=α
�β� 1

e� x=α

,

αΓðβÞ (4)  

where. 

α is the scale parameter of the random variable 
β is the shape parameter of the random variable 
Γ(β) is the gamma function of β. 

The CLH, Extreme and Normal was used to represent pitch and heave 
maxima and minima. 

Differently from what reported in Begovic et al. (2016) and in 
Taunton et al. (2011), the residues shown in Appendix III highlights that 
Extreme PDF returns a better fitting than CLH. 

To represent maxima of accelerations, Gamma function were fitted 
following the literature knowledge but noticing the relevant presence of 
negative maxima, Extreme PDF was also adopted on acceleration 
returning the best fit for the test performed. 

The Levenberg-Marquardt method, L.M. has been used to fit proba-
bility density function on experimental data. It is fully described in 
Nocedal, Jorge at al. (2006). It consists in a non-linear curve fitting 
method to calculate the best-fit parameters that minimize the weighted 
mean square error between the observations Y and the best nonlinear fit 
y.  

y[i] ¼ f(x[i], a0, a1, a2, …)                                                                 (5) 

Where a0, a1, a2, …are the Parameters. 
The L.M. method is an evolution of Gauss-Newton method; the main 

difference consists in a positive definite diagonal matrix added to the 
Hessian matrix to avoid the weakness of the singular Hessian matrix. 

Fig. 11. Vertical acceleration maxima at bow (0.5 LWL fwd G).  

Fig. 12. Example distribution of bow acceleration maxima, TEST 02 c2s. 
Exstreme distribution, RMS ¼ 0.241086, Residue 0.000290 (x ¼ acc bow 
max/RMS). 

Fig. 13. Example distribution of bow acceleration maxima, TEST 02 c2s. 
Gamma distribution RMS ¼ 0.241086 Residue ¼ 0.002483 (x ¼ acc bow 
max/RMS). 
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To evaluate the goodness of fitting the residue has been shown. They 

are defined as the mean square error between the best non-linear fit and 
the observations. 

For the Normal PDF a direct estimation of the function is possible 
evaluating average and standard deviation on the data. Also Cartwright 
Longuet Higgins can be estimated directly following the procedure 
proposed in Taunton et al. (2011). The direct estimates have been made 
and the values have been compared with the derived output of the fitting 
through L.M. method without finding substantial differences, confirm-
ing the goodness of the use of the L.M. method. 

The Figs. 8 to15 show some examples of fitting of accelerations, 
heave and pitch. 

5. Conclusions 

This paper shows the results of the experimentation performed on 
the models of the systematic series NSS, in irregular sea. 

It completes the performance representation of the systematic series 
presented in the previous article De Luca, F, Pensa, C., (2017) where the 
data relating to calm water were provided. 

Overall the five models were tested in about forty conditions, varying 
speed and sea state. To guarantee an adequate number of wave en-
counters, each condition was tested for no less than fifteen runs. 

JONSWAP spectra (γ 3.3) were chosen because they are suitable for 
characterizing the weather conditions for which the hulls have been 
designed. 

Model sizes and sea states take into account the different probable 
dimensions of the ships to which the individual models refer: the slender 
the model the bigger the ship. 

The tests show a strong dependence on the slenderness factor Ⓜ. This 
dependence must be well interpreted remembering that the more 
elongated models refer to lighter ships. In other words, referring to the 
same wave heights, the more elongated models have been tested at same 
values H1/3/LWL but at higher values of H1/3/r1/3.  

Fig. 14. Example distribution of heave maxima, TEST 02 c2s. Cartwright 
Longuet Higgins distribution RMS ¼ 11.907722 Residue ¼ 0.000301 (heave 
max/RMS); ε ¼ 0.909. 

Fig. 15. Example distribution of pitch maxima, TEST 02 c2s. Cartwright Lon-
guet Higgins distribution, RMS ¼ 1.149339, Residue ¼ 0.001427 (pitch max/ 
RMS); ε ¼ 0.574. 
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Appendix I. Example of application 

To facilitate the designer work, the following example shows the procedure for the evaluation of the performances of a model of the NSS in a known 
SS. 

It is assumed that we want to predict the vertical accelerations, on the bow, to evaluate the level of comfort on board of a C2s shaped craft with 
LWLS ¼ 21.6 m. This length implies a scale factor LWLS/LWLM ¼ 15. 

From Tables 1 and 2 we deduce the sailing conditions available on the C2s model: 
Considering the Test 09 of model C2s, we refer to the hardest context tested in Towing Tank. In particular, referring to the scale factor 15, we 

analyse the behavior of the craft at VS ¼ 20.4 kn (Fr ¼ 0.928) and waves characterized by Hs ¼ 1.125 m, Tp ¼ 3.9 s and JONSWAP γ ¼ 3.3 (Douglas 
SS3). 

To compute the A1/n of interest, the Extreme Value PDF, 1, and his Cumulative Probability Function (F(x)), 2, have been taken into account. 
(Fig. 16 shows the fitting of the PDF function vs. the observation).

Fig. 16. Extreme distribution of bow acceleration maxima (Test 09 of model C2s).  

PDF: f ðxÞ¼
1
β

e

�
� x� α

β

�

e

 

� e

�
� x� α

β

�!

(6)  

CDF: FðxÞ¼ e

 

� e

�
� x� α

β

�!

(7)  

Where x is normalized by the process RMS: x ¼ acc./RMS. 
In Appendix III the coefficients α and β are indicated. In this case (Test 9 C2s) they are: α ¼ 0.024503 and β ¼ 1.12437. The same Appendix reports 

that RMS ¼ 0.383. 
The first step of the procedure is the evaluation of the limit value x1/n that is the lower bound of the Right-Tailed Area having 1/n exceeding 

probability. The limit value x1/n is calculated evaluating the inverse of the CDF function, F� 1, in the point (1-1/n):  

x1/n ¼ F� 1(1-1/n)                                                                                                                                                                                               (8) 

Fig. 17. Exstreme PDF of Acc Bow (Test 09-C2s) with limit value 1/3 and 1/10 of exceedance probability.   
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Whose values are shown in Table 4, both in non-dimensional and dimensional form, and with the vertical dashed lines in the Fig. 17, for n ¼ 2 and 3.    

Table 4 
Limit values to varying of the exceedance probability  

Exceedance probability Limit value 

1/n x1/n 
1/100 4.41 
1/50 5.20 
1/10 2.55 
1/3 1.04 
1/2 0.44  

To evaluate the mean of the nth highest maxima of accelerations, A1/n, equation (4) have to be applied. 

A1=n¼RMS
Z ∞

x1=n

n z ⋅ f ðzÞdz¼RMS⋅ n
Z ∞

x1=n

z
1
β

e

�
� z� α

β

�

e

 

� e

�
�

z� α
β

�!

dz (9)  

where RMS could be found in Appendix III. 
Table 5 shows the results of the proposed procedure and, for validation, the experimental data collected in the tank.   

Table 5 
Maxima bow accelerations  

A1/n PDF (g) Experimental (g) 

A1/100 2.40 2.30 
A1/50 2.10 2.00 
A1/10 1.40 1.30 
A1/3 0.88 0.83 
A1/2 0.68 0.65  

Appendix II. Statistics on experimental data 

Next tables show statistics of data measure in terms of pitch, heave and vertical acceleration. 
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Appendix III. PDF parameters 

The next tables show the coefficients of PDF, described in the paragraph “Data Representation”, fitted on the observations. 

Hull C1s  Pitch Heave Vertical acc. CG Vertical acc. bow  

JONSWAP γ 
3.3 

Speed Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

n� Tp Hs Fr deg deg deg deg mm mm mm mm g g g g g g g g 

1 1.176 0.045 0.721 1.4 2.4 3.2 4.1 6 12 17 23 0.07 0.12 0.17 0.24 0.19 0.37 0.53 0.85 
2 1.356 0.060 0.721 3.0 4.9 6.1 7.5 18 35 47 61 0.14 0.23 0.30 0.38 0.33 0.62 0.86 1.18 
3 1.520 0.075 0.721 3.7 5.9 7.6 9.3 25 56 79 99 0.16 0.26 0.34 0.42 0.35 0.64 0.87 1.17 
7 1.176 0.045 0.928 1.4 2.3 2.8 3.5 7 14 20 25 0.11 0.20 0.27 0.37 0.29 0.55 0.76 1.07 
8 1.356 0.060 0.928 2.7 4.4 5.8 7.1 18 37 51 65 0.16 0.31 0.43 0.70 0.38 0.78 1.15 1.93 
9 1.520 0.075 0.928 3.6 5.8 7.4 8.6 28 56 78 97 0.21 0.37 0.48 0.60 0.48 0.93 1.28 1.64   

Hull C2s   Pitch Heave Vertical acc. CG Vertical acc. bow  
JONSWAP γ 
3.3 

Speed Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

n� Tp Hs Fr deg deg deg deg mm mm mm mm g g g g g g g g 

1 1.176 0.045 0.721 1.2 2.2 3.0 4.1 5 12 19 27 0.06 0.12 0.16 0.22 0.16 0.32 0.48 0.78 
2 1.356 0.060 0.721 2.7 4.6 6.0 7.6 14 34 51 68 0.14 0.24 0.31 0.41 0.29 0.61 0.91 1.47 
3 1.520 0.075 0.721 3.6 6.3 8.1 10.1 30 59 82 107 0.19 0.32 0.41 0.51 0.29 0.68 0.99 1.48 
7 1.176 0.045 0.928 1.2 2.1 2.8 3.5 7 14 19 27 0.11 0.21 0.28 0.38 0.26 0.56 0.78 1.14 
8 1.356 0.060 0.928 2.9 4.7 5.9 7.9 19 40 53 64 0.17 0.31 0.40 0.53 0.26 0.71 1.02 1.44 
9 1.520 0.075 0.928 3.4 5.6 7.2 8.7 26 52 73 93 0.22 0.42 0.58 0.85 0.26 0.83 1.31 2.25 
13 1.176 0.045 1.197 1.0 1.8 2.3 3.0 8 17 22 27 0.17 0.32 0.43 0.59 0.38 0.74 1.00 1.38 
14 1.356 0.060 1.197 2.8 4.3 5.3 6.1 26 43 53 62 0.29 0.53 0.68 0.85 0.55 1.25 1.66 2.17 
15 1.520 0.075 1.197 3.6 5.8 7.3 8.4 29 61 80 95 0.36 0.70 1.07 1.63 0.62 1.54 2.42 3.47   

Hull C3   Pitch Heave Vertical acc. CG Vertical acc. bow  
JONSWAP γ 
3.3 

Speed Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

n� Tp Hs Fr deg deg deg deg mm mm mm mm g g g g g g g g 

1 1.176 0.045 0.721 0.4 0.8 1.0 1.2 2 6 9 11 0.03 0.06 0.08 0.09 0.10 0.20 0.26 0.34 
2 1.356 0.060 0.721 1.0 1.9 2.4 2.8 8 18 25 32 0.05 0.11 0.14 0.17 0.17 0.35 0.49 0.67 
3 1.520 0.075 0.721 2.1 3.4 4.2 4.8 24 40 50 57 0.11 0.20 0.25 0.30 0.31 0.60 0.87 1.12 
7 1.176 0.045 0.928 0.6 1.0 1.3 1.8 3 6 10 13 0.06 0.11 0.14 0.20 0.16 0.31 0.43 0.60 
8 1.356 0.060 0.928 1.0 1.6 2.0 2.4 9 16 19 23 0.09 0.17 0.21 0.25 0.26 0.51 0.65 0.84 
9 1.520 0.075 0.928 1.7 2.8 3.3 3.6 20 34 41 48 0.12 0.23 0.30 0.39 0.35 0.70 0.97 1.31   

Hull C4   Pitch Heave Vertical acc. CG Vertical acc. bow  
JONSWAP γ 
3.3 

Speed Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

n� Tp Hs Fr deg deg deg deg mm mm mm mm g g g g g g g g 

1 1.176 0.045 0.721 0.6 1.1 1.6 1.6 3 7 12 29 0.03 0.07 0.10 0.16 0.09 0.22 0.33 0.60 
2 1.356 0.060 0.721 1.3 2.3 2.9 3.2 10 21 28 35 0.06 0.13 0.17 0.21 0.21 0.44 0.62 0.84 
3 1.520 0.075 0.721 2.4 3.9 4.9 5.5 22 46 60 68 0.11 0.22 0.29 0.36 0.26 0.64 1.00 1.52 
7 1.176 0.045 0.928 0.4 0.7 0.9 1.1 3 5 8 9 0.04 0.08 0.11 0.15 0.13 0.27 0.37 0.51 
8 1.356 0.060 0.928 1.1 1.8 2.2 2.5 7 17 23 27 0.08 0.15 0.20 0.28 0.26 0.53 0.69 0.92 
9 1.520 0.075 0.928 2.0 3.3 4.0 4.4 18 35 43 49 0.12 0.25 0.33 0.44 0.44 0.90 1.28 1.60   

Hull C5   Pitch Heave Vertical acc. CG Vertical acc. bow  
JONSWAP γ 
3.3 

Speed Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Hmean H1/ 

3 

H1/ 

10 

H1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

Amean A1/3 A1/ 

10 

A1/ 

100 

n� Tp Hs Fr deg deg deg deg mm mm mm mm g g g g g g g g 

1 1.176 0.045 0.721 0.7 1.0 1.2 1.5 7 12 14 18 0.04 0.08 0.10 0.11 0.14 0.22 0.32 0.38 
2 1.356 0.060 0.721 1.5 2.2 3.1 3.5 19 30 36 43 0.09 0.16 0.19 0.23 0.30 0.43 0.66 0.84 
3 1.520 0.075 0.721 2.5 4.0 5.1 6.1 34 52 66 80 0.15 0.26 0.33 0.41 0.47 0.86 1.28 1.68 
7 1.176 0.045 0.928 0.5 0.8 1.1 1.3 3 7 10 14 0.04 0.09 0.10 0.12 0.13 0.28 0.37 0.48 
8 1.356 0.060 0.928 1.2 1.9 2.6 3.0 11 21 26 33 0.10 0.17 0.21 0.27 0.29 0.62 0.81 1.08 
9 1.520 0.075 0.928 2.1 3.2 4.4 4.9 26 48 57 63 0.17 0.30 0.38 0.51 0.46 1.09 1.55 2.22 
13 1.176 0.045 0.515 0.9 1.4 1.9 2.1 8 12 14 17 0.03 0.06 0.07 0.09 0.11 0.17 0.24 0.30 
14 1.356 0.060 0.515 2.2 3.1 4.3 5.1 23 36 45 55 0.08 0.15 0.18 0.22 0.30 0.40 0.66 0.87 
15 1.520 0.075 0.515 3.3 4.7 6.7 7.5 38 58 68 76 0.12 0.21 0.26 0.31 0.33 0.48 0.75 0.92   
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Appendix J. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.oceaneng.2019.106620. 
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