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Abstract

Efficient High-Speed Small Craft: Performance in Calm Water
and Waves

Based on the recent International Maritime Organization (IMO) strategy to reduce
greenhouse gas emissions, there is a growing demand for more efficient ships. To achieve
reductions in emissions, it is essential to understand how various aspects of vessel design
— such as hydrodynamics, propulsion systems, and automation — affect performance.
However, IMO regulations primarily target large ships and largely neglect smaller vessels,
such as high-speed craft, which are prevalent in certain areas. This regulatory gap
highlights the need for more research and stricter controls on these smaller craft.
The Baltic Sea, especially in Scandinavia, has a high per capita concentration of
high-speed craft, with Finland, Sweden, and Norway among the leaders in boat
ownership. With approximately 3.5 million leisure boats operating near coastlines in the
Baltic, the rise in high-speed craft exacerbates pollution, disrupts shipping traffic, and
poses safety risks to coastal residents. To address these issues, developing more efficient
high-speed craft is crucial. Innovative hull designs, such as stepped hulls, can significantly
mitigate their environmental impact and help safeguard the Baltic Sea’s ecological and
economic health.

Stepped hulls can significantly reduce frictional resistance by strategically placing
steps in the hull bottom to ensure flow separation at the steps and adequate ventilation
in the lee of the steps. However, the choice of longitudinal location and height of the
steps is crucial. Inadequate choice of step location and step height can result in a step
that does not function well, which can increase resistance, leading to higher fuel
consumption, reduced dynamic performance, compromised seaworthiness, stability
issues, decreased crew safety, and shortened structural fatigue life. Understanding the
hydrodynamic principles of a planing hull is essential to grasp the rationale behind a
stepped design. A step helps maintain trim at high speeds, avoiding increased drag
resistance and improving fuel efficiency. Furthermore, in planing hulls with outboard
engines, hull-propeller interaction is minimal, underscoring the importance of optimizing
the hull design for maximum fuel efficiency.

Despite their potential, there are no specific guidelines for stepped hull design.
Various step designs can be used to reduce resistance and improve fuel efficiency, but
their optimized shape and arrangement, as well as their effects on seakeeping and
manoeuvering motions, are still unknown to naval architecture community. To fill this
gap, this thesis aims to investigate the hydrodynamics of different stepped hulls by
developing new advanced computational and mathematical models along using
experiment towing tests to identify which step solutions can lead to a efficient hull form,
considering performance in calm water and waves.

The study involved three phases to optimize the dynamics of stepped planing hulls.
Phase One focused on straight-stepped planing hulls, where a mathematical model using
a 2D+t framework and a CFD setup using the finite volume method (FVM) were
developed to simulate hull performance in calm water and dynamic motion in regular
waves. The models were validated against experimental results for the performance of
straight-stepped hulls in calm water. However, due to a lack of experimental data for
stepped hulls in regular waves, non-stepped hull data were used to validate the nonlinear
motion. A verification analysis between the two models in regular waves demonstrated



strong agreement, highlighting their suitability for early-stage design and parametric
studies of straight-stepped planing hulls. Notably, this phase focused on straight steps,
without considering swept steps.

Phase Two introduced swept steps to the bottom of a new series of stepped hulls,
which were developed and tested at the towing tank of the Dipartimento di Ingegneria
Industriale della Universita degli Studi di Napoli “Federico Il.” Eight models with
forward-swept steps of varying heights and positions were evaluated for resistance in
calm water. These models featured transparent bottoms to allow for observation of
wetted surfaces and vortical flow phenomena behind the steps. Performance varied
significantly across different speed ranges, with the C04 hull (a single forward-swept step
at 48.3% of the hull length and step height of 0.91% BTC) showing superior performance
at very high speeds (Frg = 3.9-4.97). Among double-stepped hulls, the C08 hull, featuring
an additional aft step at 31.6% of the hull length, also performed well. Due to the
limitations of towing tank tests in accurately capturing pressure distribution and flow
separation, detailed CFD investigations were conducted. The CFD analysis, which
compared wetted surface shapes with experimental data, demonstrated that CFD could
accurately predict wetted surface shapes. The analysis revealed that the overset mesh
approach outperforms the morphing grid method in terms of numerical uncertainty and
validation for complex planing hulls.

Phase Three extended the study to irregular wave conditions using CFD modelling to
explore the dynamic responses of stepless, single-stepped, and double-stepped hulls
with straight steps. Discrepancies between CFD and experimental results were analysed
by focusing on time history data and identifying peak and trough values using a local
Maxima/Minima approach. Statistical analyses revealed complex and nonlinear motion
patterns, highlighting the challenges and insights into high-speed planing hull dynamics
in irregular seas. The findings indicated that the most extreme vertical acceleration
outliers for the double-stepped hull at the highest speeds were 31% lower than those of
the non-stepped hull, while the single-stepped hull showed a 9% reduction compared to
the non-stepped hull.

Overall, this comprehensive approach — integrating mathematical modelling, towing
tank experiments, and CFD simulations — offers valuable insights into optimizing stepped
hull designs for diverse operational conditions, advancing naval architecture practices,
and enhancing vessel performance across various speed ranges. The findings from
this study can be applied to the design and development of more efficient and
environmentally friendly high-speed crafts. Future research could investigate the effects
of swept steps with varying heights and positions in irregular waves, as well as the impact
of different step configurations on dynamic stability and manoeuvering motions, such as
circle turns and zig-zag manoeuvres.



Liihikokkuvote

Tohusad kiirekdigulised vdikelaevad: joudlus rahulikus vees
ja lainetes

Tuginedes viimasele Rahvusvahelise Mereorganisatsiooni (IMQO) strateegiale
kasvuhoonegaaside vdhendamiseks, on tekkinud kasvav ndudlus tGhusamate laevade
jarele. Heitkoguste vahendamiseks on oluline mdista, kuidas erinevad laevadisaini
aspektid nagu hiudrodiinaamika, jouseadmed ja automatiseerimine mdjutavad laeva
sooritusvdimet. Samas on IMO regulatsioonid suunatud peamiselt suurtele laevadele,
jattes vaiksemad alused, nagu osades piirkondades laialt levinud kiirkaatrid, suuresti
tahelepanuta. See regulatiivne liink toob seoses vaiksemate alustega esile vajaduse
taiendavate uuringute ja rangemate kontrollide jarele. Ladnemerel, eriti Skandinaavias,
on kiirkaatrite arv elaniku kohta kdrge, kusjuures Soome, Rootsi ja Norra kuuluvad k&ige
arvukamate paadiomanike hulka. Ligikaudu 3,5 miljonit IGbusdidulaeva sdidavad
Laanemerel rannikuldhedases piirkonnas, kusjuures Kkiirkaatrite arvu suurenemine
siivendab saastet, hairib laevaliiklust ja kujutab ohtu rannikupiirkondade elanike
turvalisusele. Nende probleemide lahendamiseks on oluline arendada tShusamaid
kiirkaatreid. Innovatiivsed keredisainid, nagu astmelised kered, vdivad oluliselt
vidhendada nende keskkonnam@ju ja aidata kaasa Ladnemere 0&koloogilise ja
majandusliku tervise sdilitamisele.

Astmelised laevakered vGivad markimisvaarselt vahendada h&drdetakistust. Astmete
pikisuunaline asukoht ja kdrgus on uliolulised — strateegiliselt kere pdhjal paigutatud
astmed tagavad voolu eraldumise astmetel ja piisava ventilatsioon/dhutus astmete
vahel. Vale astmete asukoha ja korguse valik vdib pdhjustada astme ebaefektiivsust
suurendades takistust ning l3dbi selle tdsta kitusekulu, vdhendada diinaamilist
sooritusvdimet, kahjustada mereséiduomadusi, viia stabiilsusprobleemide, meeskonna
ohutuse vdahenemise ja konstruktsiooni eluea lihenemiseni. Mdistmaks astmelise disaini
kontseptsiooni, on hadavajalik mdista glisserite (veepinnal libisev lamedap&hjaline
kirmootorpaat) hudrodiinaamilisi p&himotteid. Astmed aitavad séilitada aluse
vaiksemat trimmi kdrgetel kiirustel, valtides suurenenud takistusjdudu ja tdhustades
kUtusesdastlikkust. Lisaks on paramootoriga glisserite kere ja sdukruvi interaktsioon
minimaalne, rdhutades kere disaini optimeerimise tahtsust maksimaalseks
kitusetdhususeks.

Hoolimata nende potentsiaalist, puuduvad spetsiifilised juhised astmeliste kerede
disainiks. Erinevaid astmete disaine saab kasutada takistuse vahendamiseks ja
energiatdhususe parandamiseks, kuid nende optimeeritud kuju ja paigutus ning nende
moju meresdiduomadustele ja manédéverdusvdimele on laevaehituse kogukonnas veel
teadmata. Selle liinga taitmiseks on kdesoleva doktorit6d eesmark uurida erinevate
astmeliste kerede hidrodiinaamikat, to6tada valja uusi arvutuslikke- ja matemaatilisi
mudeleid ning viia ldbi eksperimentaalseid mudelkatseid, et tuvastada, millised
lahendused vdivad viia kiitusesaastliku keredisainini, vottes arvesse sooritusvéimet
rahulikes vetes ja lainetes.

Uuring astmeliste glisserite optimeerimiseks hdlmas kolme etappi. Esimene etapp
keskendus sirgete astmetega glisseritele, kus tootati valja matemaatiline mudel,
kasutades 2D+t raamistikku, ja arvutusliku vedelikudiinaamika (CFD) seadet, mis pShineb
piiratud mahtude meetodil (FVM), et simuleerida kere sooritusvGimet rahulikes vetes ja
diinaamilist liikumist korraparastes lainetes. Mudeleid valideeriti eksperimentaalsete



katsete tulemustega sirgete astmetega kerede sooritusvdime kohta rahulikes vetes.
Kuna eksperimentaalsed andmed astmeliste kerede kohta regulaarsetes lainetes olid
puudulikud, kasutati mitte-astmeliste kerede andmeid mittelineaarse liikumise
valideerimiseks. Kontrollanaliiiis kahe mudeli vahel regulaarsetes lainetes néitas tugevat
vastavust, rohutades nende sobivust varajases staadiumis disaini ja sirgete astmetega
glisserite parameetrilisteks testideks. See etapp keskendus peamiselt sirgetele
astmetele, jattes kGrvale-astmed (swept step)

Teine etapp tutvustas uut astmeliste kerede seeriat, mida arendati ja katsetati Napoli
Ulikooli “Federico II” tédstusinseneeria osakonna katsebasseinis. Kaheksat erineva
korguse ja asendiga liheastmeliste voorisuunalise kere (single forward-swept step)
mudelit hinnati takistuse suhtes rahulikes vetes. Mudelitel oli ldbipaistev pdhi, mis
vOimaldas vaadelda margunud pindu ja keerisvoolu ndhtusi astmete taga. Sooritusvdéime
varieerus oluliselt erinevate kiirusvahemike puhul, kusjuures C04 kere (ihe
voorisuunalise astmega 48,3% kere pikkusest ja astme korgus 0,91% BTC) nditas vaga
suurte kiiruste (Frg = 3.9-4.97) puhul parimat sooritusvdimet. Kahe astmega kerede seas
oli hea sooritusvoime ka C08 kerel, millel oli lisaks aste ahtris 31,6% kere pikkusest.
Katsebasseini katsete piirangute tdttu, mis ei voimalda tapselt jaddvustada rohujaotust
ja voolu eraldumist, viidi 1abi Gksikasjalikud CFD uuringud. CFD analiiis, mis vordles
margunud pindade kujusid eksperimentaalsete andmetega naitas, et CFD suudab tadpselt
ennustada maérgunud pindade kujusid. Anallls naitas, et Ulekattuvate vorkude
Iahenemisviis Gletab morfoloogilise vorgustiku meetodi keeruliste glisserkerede puhul nii
numbrilise ebamaarasuse kui ka valideerimise osas.

Kolmas etapp laiendas uuringut ebakorrapdraste lainetingimuste jaoks, kasutades CFD
modelleerimist, et uurida sirgete astmetega, (ihe astmega ja kahe astmega kerede
diinaamilisi reaktsioone. CFD ja eksperimentaalsete tulemuste vahelisi lahknevusi
analtusiti, keskendudes ajalooliste andmete ja tipp- ja miinimumvaartuste
tuvastamisele, kasutades lokaalse Maxima/Minima ldhenemisviisi. Statistilised analtitisid
paljastasid keerulised ja mittelineaarsed liikumismustrid, tuues esile kdrgete kiirustega
glisserkerede dinaamika ebakorrapdrastes meretingimustes. Tulemused naitasid, et
kdige aarmuslikumad vertikaalse kiirenduse korvalekalded kahe astmega kerel
korgeimatel kiirustel olid 31% madalamad kui mitteastmelisel kerel, samas kui (he
astmega kere naitas vorreldes mitteastmelise kerega 9% vahenemist.

Kokkuvottes pakub see terviklik |ldhenemine — matemaatilise modelleerimise,
katsebasseini eksperimentide ja CFD simulatsioonide integreerimine — vaartuslikke
teadmisi astmeliste kerede disaini optimeerimiseks erinevates to6tingimustes,
edendades laevaehituspraktikaid ja parandades laevade sooritusvGimet erinevates
kiirusvahemikes. Selle uuringu tulemusi saab rakendada tShusamate ja
keskkonnasdGbralikumate kiirkaatrite disainimisel ja arendamisel. Tulevased uuringud
vOiksid keskenduda erineva k&rguse ja asendiga astmete mdjule ebakorrapéarastes
lainetes, samuti erinevate astmekonfiguratsioonide mdju diinaamilisele stabiilsusele ja
mandoverdusvdimele, nagu poorded ja siksakmandoovrid.
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1 Introduction

1.1 Background

In the present era, there is a concerted global need to achieve net-zero emissions across
various sectors, including maritime transportation, which is responsible for around 80%
of global transportation. This commitment is particularly noticeable in fields such as
commercial shipping, military operations, and recreational activities, where significant
technological and advancements scientific advancements are currently in progress.
According to the International Maritime Organization (IMO) strategy, the global
regulatory body for shipping, there is a target to reduce total GHG emissions by at least
50% by 2050 compared to 2008 levels. Additionally, indicative targets are set for 2030
(20% emissions reduction, striving for 30%) and 2040 (70% emissions reduction, striving
for 80%).

Within the sea region, various types of ships and boats operate. Most of these small
boats operate at high speeds. Presently, the estimated global count of recreational boats
stands at 34 million, with leading countries in the Nordic and European regions being
Finland (almost 1.2 million), Sweden (almost 1.0 million), Norway (almost 0.8 million),
Italy (almost 0.6 million), and the Netherlands (almost 0.5 million) (ICOMIA, 2023).
Approximately 3.5 million leisure boats actively navigate the Baltic Sea, primarily in
coastal areas for recreational purposes (Moldanova et al., 2018). The growing number of
high-speed craft in Nordic and European regions, particularly in the Baltic Sea,
contributes to sea and air pollution, posing a threat to the ecosystem. Consequently,
engineers must concentrate on crafting innovative hull designs or retrofitting solutions
to alleviate these adverse effects, promoting the eco-friendliness of high-speed vessels
— a necessity for realizing fuel consumption reduction goals outlined in the IMO strategy.

In past studies of high-speed craft, the focus has consistently been on two
anti-synergetic needs: minimizing fuel consumption and hull resistance and improving
comfort on board. Scholars have identified that by innovatively designing hulls, such as
incorporating stepped and tunnelled forms, efficient use of energy and fuel and safer
ride conditions may be achieved. Hence, achieving a harmonious balance between these
requirements requires a thorough examination of how various basic design parameters
can influence hull resistance, seakeeping behaviour, and manoeuvrability. This can be
accomplished through methods like towing tank tests, Computational Fluid Dynamics
(CFD) simulations, and mathematical modelling, and, most recently, Artificial Intelligence
(Al) algorithms.

It's crucial to note that a step in hull design isn’t primarily intended as a fuel-saving
mechanism but rather as a solution to mitigate the significant increase in drag resistance
experienced by standard planing hulls at very high speeds. At these velocities, standard
planing hulls often suffer from decreased trim, leading to increased wetted surface area
(friction resistance) and elevated pressure resistance when the bow enters the water.
The step design helps maintain trim at high speeds, with ventilation being an incidental
outcome.

Moreover, another critical aspect in optimizing planing hulls is the propulsive point,
particularly the interaction between the hull and propeller. Typically, improving a vessel’s
fuel efficiency involves enhancing hull resistance, propeller efficiency, and the dynamic
interplay between them. However, for planing hulls, especially those employing
outboard engines, the impact of hull-propeller interaction is minimal. The flow dynamics
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around planing hulls minimally disturb the water, resulting in hull-propeller interaction
factors such as thrust deduction factor and wake fraction often approaching or exceeding
1. With outboard engines, the hull exerts negligible influence on the surrounding wave
field, further diminishing the significance of hull-propeller interaction. Consequently,
optimizing the hull design itself emerges as the primary avenue for achieving fuel
efficiency gains in planing vessels, as potential savings from enhancing hull-propeller
interaction remain limited.

Among different types of high-speed boats, stepped planing hulls have sparked
tremendous interest in recent years, with researchers striving to understand their
performance in both smooth and rough waters. These versatile vessels find application
across various domains, including military operations, coast guarding, racing and leisure
activities. Between 1950 and 2000, several scholars, including Rodstrom et al. (1953),
Benen (1966, 1967), Clement (1967), Clement and Kobel (1991), Filling (1993), Gassman
and Kartinen (1994) made notable contributions to understanding of stepped hull
performance through conducting physical towing tank tests.

The early study dates back to 1950s, when Rodstrom et al. (1953) conducted
systematic model experiments at the Swedish State Shipbuilding Experimental Tank,
focusing on a single-step planing hull. They tested twenty-seven different single-step hull
configurations, observing that seventeen of them exhibited porpoising behavior at
maximum speed. The speed range for these tests was between Fr, = 1-5.4 (Fry greater
than 3 is used to define planing operation). Their study covered various deadrise, while
keeping the breadth, length of after-body, height of step, and bottom angle constant,
demonstrated that the model with the least deadrise (Beta = 7.5 degrees) exhibited the
lowest resistance, while not experiencing porpoising. Additionally, they investigated the
effect of breadth variation at a constant length of after-body, height of step, and bottom
angle, noting an 8% decrease in resistance with an increase in the breadth-displacement
ratio from 1.28 to 1.60 at Fry, = 4. However, beyond this volumetric Froude number,
porpoising was observed to occur. Further, they found that altering the angle between
the keel lines of the fore and aft hulls could eliminate porpoising occurrence probability
but at the expense of increased resistance. At Fry, =5, they noted a 1.6% resistance
decrease with a breadth-displacement ratio increase from 1.28 to 1.42 before porpoising
onset. Their exploration of different step heights demonstrated that a step height of
10%B yielded the lowest resistance. Moreover, they studied the influence of the angle
between the keel lines of the fore and aft hulls, determining that an angle of 0 appeared
most satisfactory from a resistance perspective, up to speeds where porpoising occurred.
In conclusion, based on their experiments, they suggested that a breadth-displacement
ratio of 1.42, a length of after-body to breadth ratio of 2.46, a step height of 8.58%
breadth, and a bottom angle of zero gives the optimal hydrodynamic performance.

In another set of experimental tests, Clement (1967) investigated the influence of the
length-beam ratio (which refers to the overall length of the projected area to the
maximum breadth over the chines) on two one-stepped planing hulls. Their investigation
showed that the stepped hull with a lower length-beam ratio exhibited higher resistance
compared to the other stepped model at volumetric Froude numbers below 2.6, albeit
with slightly less resistance at volumetric Froude numbers above 2.6. Yet both stepped
hulls demonstrated significantly lower resistance at high speeds than a representative
stepless planing boat design. For instance, the resistance of the stepless hull was
approximately 30 percents greater than that of the stepped hull. Consequently, an
efficient configuration for one-stepped hulls was recommended based on those
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experimental findings. Later, Clement and Kobel (1991) noted that a boat with a straight
step (also called transverse step) has approximately 3% less drag compared to a boat
with a step swept back at angle of 50 degrees, up to beam Froude number of 3.87
(Frg greater than 1.5 is used to define planing operation). Beyond this threshold, where
the stagnation line intersects the straight step, the afterbody is partially washed by the
main spray blister, resulting inincreased drag. However, they observed that for all speeds
above beam Froude number 3.87, a hull featuring a transverse step would experience
larger resistance than a hull with a step swept back at angle of 40 degrees (for instance,
20% higher resistance at beam Froude number 4.63). They hypothesized that at this
velocity, with the stagnation line positioned forward of the step, a very efficient balance
between calm water performance and rough water performance can be achieved. They
further observed that if a higher design speed is targeted, it can be accommodated by
increasing the angle of sweepback. This implies that with the step parallel to the
stagnation hull in the swept-back stepped hull, a very good level of efficiency in
performance can be secured. They conducted that maintaining good planing efficiency
up to high speeds can be achieved by providing the step with a sweepback angle ranging
between 30 and 50 degrees.

Afterward, Filling (1993) conducted physical towing tank tests on stepped planing
hulls at Webb Institute. In the initial phase of these tests, Filling (1993) evaluated a
stepped planing hull configuration where the afterbody was set to be parallel to the
forebody, allowing for freedom in trim and heave. Subsequently, in another test, Filling
(1993) evaluated the forebody and afterbody separately to assess the lift and pitching
moment generated by each planing surface. This analysis revealed that the presence of
the front body led could potentially lead to an increase in lift force emerging in the rear
body. Finally, in the last test, Filling (1993) investigated a stepped planing hull with the
afterbody angled relative to the forebody, observing potential effects on dynamic trim.
Filling (1993) found that stepped planing hulls are effective as load-carrying monohulls
in service. Gassman and Kartinen (1994) expanded on Filling’s work by examining the
impact of adjustments to the Longitudinal Center of Gravity (LCG) and step position on
stepped planing hulls. They utilized Filling’s model hull for their experimentation,
conducting tests within the speed range Fry =1.07-4.4. Three LCG positions were
examined: 0%, 6%, and 9% of the hull length (1.2922 m), measured from the aft of the
chine waterplane centroid (located 0.576 m forward of the transom). Each LCG position
was assessed at step locations of 37.5%, 50%, and 62.5% of the hull length, measured
from the forward of the transom, with the step height set at 10% of the beam. Their
findings revealed that optimizing these variables can notably reduce resistance and
wetted surface area, particularly at higher speeds. They concluded that positioning the
LCG at 9% of the hull length measured from the aft of the chine waterplane centroid and
placing the step at 50% of the hull length results in optimal performance in high-speed
planing vessels.

In addition to the classical and modern studies conducted in between 1950 and 2000,
other scholars have also made significant contributions to the understanding of
hydrodynamic of stepped planing hulls. Notably, studies conducted at the U.S. Naval
Academy (USNA) have provided further insights into the performance of stepped planing
hull research through two sets of studies. Initially, Garland (2010) at USNA examined a
single-stepped planing hull with varying step heights (2%, 4%, 6% of chine beam) across
a speed range of Fry =0.73-4.54. Their findings demonstrated that the optimal
resistance of a stepped planing hull would be acquired under a step design with height
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of 0.04 % beam. They also noted minimal resistance changes with ventilation tubes
behind the step compared to natural ventilation.

In the same year, Greg White (White & Beaver, 2010) at USNA explored the effects of
steps and trim tabs on planing hulls’ performance in calm waters and irregular waves.
Testing four LCG positions (25.5%, 30.2%, 35.1%, and 40.09% of Length Between
Perpendiculars (LBP) forward of the transom), they positioned steps at 33.64% LBP
(forward step) and 18.89% LBP (rear step), with different heights: 0.87%B, 1.74%B,
3.47%B, 5.21%B, 6.94%B. Their study highlighted a double-stepped hull’s superiority in
achieving low trim and resistance, especially with a 6.94%B step height at Station 11
(assuming the hull is divided into 20 stations, and station 1 is transom). This configuration
led to a notable 23% reduction in resistance at Fr, = 4, compared to a stepless planing
hull with a trim tab. Additionally, they observed that a 0.87%B step height for the double-
stepped hull with lift applied at Station 11 at Fr, = 4 experienced flow separation only
from the rear step near the transom. However, flow separation was seen to emerge at
both steps when the step height exceeded 0.87%B (White et al., 2012). More recently,
Husser (2023) has examined the influence of forward and aft swept steps on planing hull
performance in calm water and regular waves.

In addition to previous studies, researchers have explored stepped planing hull design
complexities through systematic model-based experimentation. By changing hull forms
systematically, question about hull form effect on the performance of a planing hull can
be answered, which aids us in the optimization of design configurations. This approach
also facilitates the development of regression formulas for building mathematical or Al
models for performance prediction of the tested vessels (this can happen if the data is
enough and reliable). Different research teams such as Taunton et al. (2010) and Lee
et al. (2014) have followed this pathway and systematically tested model-scaled planing
hull forms with a common aim to investigate the effects of different geometries, step
positions, and heights on the hydrodynamic of the stepped planing hull (and compare
their performance against those of stepless hulls with similar transverse sections and
slenderness coefficients). Taunton et al. (2010) conducted towing tank tests on four
deep-vee monohulls, installing one or two steps at various positions. Results showed
significant resistance reduction when steps were added to a stepless hull, with decreases
of 26.5% and 25.4% for single-stepped and double-stepped hulls, respectively, at
maximum speed. In another set of experimental tests, Taunton et al. (2011) further
explored vertical motions (i.e., wave-induced heave and pitch) of stepped and stepless
planing hulls in irregular waves, observing differences in heave and pitch characteristics
of these vessel. Notably, the research paper published by Taunton et al. (2011) was the
last available documented research reporting and exploring motions of stepped planing
hulls in either regular or irregular waves via systematic towing tank tests (please note
that this statement is valid as of today).

In 2014, Lee et al. (2014) conducted physical tests on the Naval Surface Warfare
Center 15 deadrise hull form (NSWC15E), studying calm-water performance two-stepped
hulls by systematically changing step configuration and displacement. Their research
aimed at assessing the impact of displacement on planning surface loading and its
potential negative effects on calm-water performance of double-stepped hulls. Steps
were positioned at 50% L (front step of the transom) and 25% L (rear step of the
transom), with six different two-step body configurations investigated, featuring step
heights of 0.7%, 1.4%, and 2.1%. All double-stepped hull configurations exhibited lower
resistance values than the non-stepped configuration over planing regime, with the
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lowest resistance observed when the front step height was 0.7%B, and the rear step
height was 2.1%B. Furthermore, Lee et al. (2014) found that the effect of displacement
did not significantly differ among the various step configurations. Despite being in the
planing regime, all speeds tested resulted in ventilated steps, and increasing
displacement did not sufficiently increase bottom loading to eliminate separated flow at
the step. These studies offered valuable insights into stepped hull calm performance
under effects of different step configuration and gravity loading. Apart from the fact that
these experiments have helped us understand physics of stepped planing hulls, their data
can be used for validating, calibrating and refining mathematical models and
computational simulations used to analyze the performance of stepped hulls.

In parallel to conducting towing tank tests to evaluate the hydrodynamic
characteristics of stepped planing hulls, researchers have increasingly turned to CFD
simulations as a cost-effective alternative since late 2000s. Towing tank tests, while
invaluable for validating design concepts, can be prohibitively expensive, particularly in
the initial stages of design exploration. Consequently, CFD has emerged as a pivotal
hydrodynamic tool in naval architecture, providing a virtual platform for conducting
detailed hydrodynamic analyses. CFD benefits us in different ways. With CFD,
researchers can sample hydrodynamic features such as pressure distribution and
streamlines, enabling a deeper understanding of complex fluid dynamics around stepped
planing hulls, including phenomena such as spray formation, water separation from the
step, and water reattachment. These insights, often challenging to measure in towing
tank tests, enhance comprehension of the hull’s behaviour across various scenarios.

For further technical insights into the application of CFD simulations for stepped
planing hulls in calm water conditions, researchers have referenced works by Brizzolara
and Federici (2013), De Marco et al. (2017), Dashtimanesh et al. (2018), Di Caterino et al.
(2018), Vitiello et al. (2020), Cucinotta et al. (2021), Park et al. (2022). These studies
highlight how CFD simulations enable exploration of a broad spectrum of design
parameters of stepless and stepped planing hulls and operating conditions,
complementing and enhancing the understanding derived from physical experiments.
In specific, this computational approach facilitates a deeper understanding of the
complex air-water flow phenomena associated with stepped hulls, offering flexibility in
rapidly exploring design variations.

However, to fully harness the potential of CFD simulations, it is essential to develop
and refine the CFD setup. This entails investigating more detailed numerical aspects such
as mesh refinement around the hull and steps, determining the optimal number of prism
layers, and selecting appropriate turbulent models. Furthermore, while current
applications primarily focus on steady-state situations, such as calm water conditions,
there is a growing need to extend use of CFD modelling to reproduce motions of the
vessel on other conditions, where absolute unsteady situations would emerge —
examples are seakeeping and manoeuvering during which the vessel goes under
transient movements. By addressing these challenges and refining CFD methodologies,
researchers and naval architects can provide even greater insights into the hydrodynamic
performance of stepped planing hulls, paving the way for more efficient and innovative
design solutions (for example with a CFD modelling of seakeeping of planing hulls, holistic
optimizations can be done).

Transitioning from CFD simulations to mathematical modelling represents a natural
progression in the design process of stepped planing hulls. While CFD simulations offer
detailed insights of the fluid flow around the vessel, they can be computationally
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intensive, particularly in the early stages of design exploration. Thus, researchers have
sought to develop simple, but reliable mathematical models that complement CFD
analyses by providing efficient means of predicting hydrodynamic performance. These
mathematical models are often built by combining physical laws (e.g. Newton Second
Law), simple fluid dynamic theories (water entry of a wedge section), and empirical
equations (plate frication coefficient), offering a streamlined approach to assessing
design concepts and refining hull configurations.

The Savitsky method (1964) stands out as one of the most renowned mathematical
approaches for the hydrodynamic design of planing hulls, relying on empirical equations.
This method is based on a set of empirical equations most of which were formulated
through systematic testing of planing surfaces in 1940s—-1960s. There are some other
mathematical models that were built in 1970s—2000s, most of which cover hydrodynamic
of stepless planing hulls. But we limit our attention to a piece of research that was
conducted in 2010, which started a new era in mathematical modelling of stepped
planing hulls. This research was done by Savitsky and Morabito (2010). They conducted
wave profile tests of planing hulls with a purpose to formulate the wake behind the
transom. The motivation behind this research, was however, to build a new equation
that gives the water surface profile behind steps incorporated on the bottom surface of
planing hulls. The hypothesis behind their research was that the wake in the lee of step
would be similar to the wake behind the transom (i.e., the surface behind the step does
not affect the wake flow leaving a step). This hypothesis can be (no fully, but to an
acceptable level) true as long as the wet length of body forward step is not relatively
long. As such, they developed empirical formulas to calculate wake profiles leaving the
transom. Building upon this work, Gray-Stephens (2020, 2021) conducted experimental
and numerical measurements of nearfield longitudinal wake profiles, comparing their
findings with the one formulate by Savitsky and Morabito (2010) and another one, which
assumes wake behind the step can be formulated using a linear function. While Savitsky’s
Wake Equations demonstrated accuracy in predicting curves, the Linear Wake
Assumption proved superior in estimating wake length in the x-direction, crucial for
predicting flow separation from steps.

Despite its wide range of use and popularity, Savitsky’s method has faced challenges
in modelling the hydrodynamics of stepped planing hulls in calm water. The model should
be modified to consider effects of ventilation on hydrodynamic forces acting on the
vessel. This has been addressed just after the research conducted by Savitsky and
Morabito (2010) by Svahn (2009) and Danielsson and Stromquist (2012). They attempted
to extend Savitsky’s method for one- and two-stepped hulls, respectively, with varying
degrees of success. In the former, a single-stepped planing hull was modelled. The body
was divided into two sub-bodies, and the wet surface of the former hull was found by
estimating the ventilation length which was hypothesized to be the intersection of the
keel and the wake leaving the step (wake was modelled using Savitsky and Morabito
Equation). In the latter, hydrodynamic performance of a double-stepped planing hull was
modelled and this time, the authors assumed that the wake behind the vessel has a linear
ship. Dashtimanesh et al. (2017) used the similar approach and developed a simplified
mathematical model for performance prediction of double-stepped planing hulls, based
on Savitsky’s formulas and linear assumption of the wake shape.

Another popular mathematical method used for hydrodynamic modelling of planing
surfaces is, the 2D+t method, also termed the 2.5D method. It originates from a
two-dimensional water entry scenario and evolves to encompass a three-dimensional
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solution. The hypothesis behind this theory is that the three-dimensional planing
problem can be either simplified to a water entry problem or modelled using a non-linear
strip theory. It calculates the forces acting on the vessel using the sectional added masses
or pressure acting on each 2D section of planing hulls, enabling the determination of
forces on each section and subsequent calculation of 3D forces. Zarnick (1978, 1979),
Martin (1978), and Payne (1994) pioneered its application, with Zarnick notably
developing a nonlinear model for planing hull motion in waves. This method’s foundation
lies in Von Karman’s added mass theory (1929), although concerns over its accuracy
prompted researchers like Akers (1999), Troesch and Hicks (1994), and Garme (2005) to
propose more precise solutions for sectional forces. Apart from the momentum theory,
pressure-based simulations of water entry, such as those developed by Wagner (1932)
and Algarin and Tascon (2014), are utilized to compute sectional hydrodynamic forces.

The 2D+t method shows potential in simulating various planing hull behaviours,
including steady performances (Ghadimi et al., 2017), unsteady motion in waves (Tavakoli
et al., 2020), and manoeuvering (Tavakoli & Dashtimanesh, 2017, 2019). Initially used for
simpler planing hulls, it has evolved to model complex planing hulls, including stepped
hulls, facilitating performance predictions in calm water with certain assumptions.
The first mathematical model for stepped planing hulls was developed by Niazmand
et al. (2019), predicting the hydrodynamic behaviour of two stepped hulls with straight
steps. Subsequently, they expanded the model in 2020 to address asymmetric motion in
doubled-stepped planing boats (Niazmand Bilandi et al., 2020). All these models were
built through a linear wake assumption.

Stepped hulls have garnered attention for their fuel efficiency, leading researchers to
develop various numerical and mathematical tools for performance prediction. However,
reliable design tools for stepped hulls considering seakeeping and manoeuvering motion
are lacking at the present time. Fluid dynamics around stepped planing hulls are complex,
and predicting their behaviour in waves is very challenging. Developing mathematical
models for early-stage design allows for parametric studies on effects of basic design
aspects on a very complicate hydrodynamic problem (such as seakeeping of a stepped
hull in waves), saving time and costs, although final designs should undergo CFD
simulations, and get some approvals for the design, which would permit final towing tank
model tests of a designed hull (or a designed planing hull series). Considering the value
of every different method, this study focuses on experimental, numerical, and
mathematical aspects of stepped planing hulls. It utilizes the 2D+t method to predict
performances in calm water and dynamic motion in waves. Due to the complexity of fluid
flow around stepped planing hulls, CFD simulations using StarCCM+ software is
employed to demonstrate the numerical method's capabilities in calm water and waves.
The experimental test is conducted with forward-swept stepped hulls in calm water,
providing essential validation for the mathematical model and CFD simulations.
Addressing the lack of research on performance prediction and seakeeping behaviour of
stepped hulls is crucial for their potential as fuel-efficient solutions. Additionally,
the study emphasizes the importance of manoeuvering characteristics, laying the
groundwork for future in-depth investigations.
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1.2 Problem Statement and Scope

In recent years, stepped hull designs have emerged as a forefront area of research within
the maritime industry due to their potential for enhancing fuel efficiency and
performance, as stated earlier. Stepped hulls feature a unique design characterized by
transverse steps or discontinuities on the hull's bottom surface. At high speeds, water
flowing along the hull bottom can separate from the forebody at a step introduced in the
hull. This creates an unwetted area on the afterbody if adequately ventilated.
The separated water may reattach to the afterbody, and the lift generated by both the
forebody and the afterbody must support the vessel's displacement. These steps
ventilation, reducing hydrodynamic drag, and increasing lift, thereby improving speed
and fuel efficiency if the step is chosen properly.

When designing steps for hulls, it's crucial to carefully consider several basic design
parameters, as selecting the right ones is essential. These include not only the shape and
depth of the step but also its longitudinal position along the hull and the method used
for ventilation. Figure 1 illustrates primary step shapes: three the forward swept step,
the transverse step, and the backward swept step. Each shape has distinct characteristics
that affects the hull's performance and behaviour in water. Figure 2 demonstrates how
changing step height, longitudinal step location, can affect the wetted surface and
consequently affect resistance and fuel efficiency. Hence, given the limitations on time
and towing tank availability, researchers have been constrained to altering and testing
one major variable dealing with stepped hull design. By developing accurate
mathematical models and numerical setups, investigating these parameters for
designing stepped planing hulls, which are one of the most famous efficient hull forms,
becomes accessible.

However, despite the importance of these variables for stepped planing hulls, there is
still a lack of comprehensive understanding of their influence on hull performance in calm
water and their general hydrodynamic behaviour, particularly in non-steady conditions
such those appearing under the effects of wind-generated waves and swells along these
emerging during manoeuvering. Although some studies have focused on the calm water
performance of stepped hulls, the effects of step height and position, the number of
steps, step shape, and ventilation length profile remain unknown.

Therefore, to address these gaps, the primary scope of this research is to advance
stepped hull technology through a multifaceted approach involving mathematical
modelling, CFD simulation, and experimental testing, as stated before. The overarching
scopes are as follows:

e Development of Models and Methods for Hydrodynamic Design: Formulate
comprehensive design methods for stepped high-speed craft (HSC)
hydrodynamics, encompassing both calm water conditions and wave
environments, using simplified mathematical models. These Models and
Methods will provide invaluable insights for early-stage hull design and
optimization of stepped planing hulls.

e Analysis and Comparison of Stepped Hull Configurations: Utilize advanced CFD
simulation techniques to analyse and compare various stepped hull
configurations under different operating conditions, including calm water and
waves. By comprehensively evaluating these configurations, we aim to identify
the most efficient and effective design parameters.
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e Experimental Validation and Optimization: Conduct experimental studies,
including towing tank tests and model-scale experiments, to validate CFD
simulations and mathematical models. These experiments will allow for the
optimization of hull performance and provide crucial validation for the numerical
and theoretical approaches used in the design process.

Aligned with the defined scopes, this study endeavours to offer a substantial
contribution to hydrodynamic design of stepped planing hulls, renowned for their
remarkable fuel efficiency. Through meticulous investigation and analysis, the research
seeks to enhance our understanding of the intricate dynamics involved in the
optimization of these hull forms, thereby paving the way for advancements in maritime
technology and sustainability (since it can lead to less fuel consumptions).
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Figure 1. Various potential step concepts incorporated on the bottom surface of planing hulls that
can be used as single-step, double-step, or triple-step designs (similar or a combination of all three):
a) straight step, b) forward swept step, c) re-entrant vee-step.

Figure 2. Effect of Changing Step Height and Longitudinal Position on Stepped Hull Performance at
Frg=4.97 [P2].
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1.3 Objectives

This study focuses on investigating the hydrodynamic performance and behaviour of
stepped hull designs in both calm water and wave conditions. It encompasses the
development of comprehensive design guidelines, analysis and comparison of various
stepped hull configurations, and experimental validation and optimization of numerical
and theoretical models. Specifically, the objectives include:

Objective 1: Developing models to simulate the planing motion of stepped hulls in
calm water and regular water waves, including a nonlinear mathematical model and
a CFD model.

Objective 2: Analysing an experimental campaign to systematically investigate a new
series of stepped hulls by varying key design parameters such as step number, step
height, and longitudinal step position.

Objective 3: Modelling the flow behaviour around and beneath of stepped hulls in
calm water using numerical methods, systematically varying design parameters like
step numbers, step height, and longitudinal step position, while performing
uncertainty and validation analyses.

Objective 4: Creating a CFD setup to predict the dynamic responses of planing hulls
inirregular waves, enhancing the accuracy of seakeeping performance assessments.

Through these objectives, we seek to address existing gaps in knowledge regarding
stepped hull design and performance prediction. By combining theoretical, numerical,
and experimental approaches, we aim to provide a holistic understanding of stepped hull
behaviour and pave the way for the development of innovative solutions that maximize
efficiency, and speed in stepped hull vessels.

Figure 3 illustrates the logical connections between the publications derived from the
research conducted in this thesis and the overarching objectives. Each publication
represents a significant milestone in the pursuit of understanding stepped hull behaviour
and optimizing high-speed craft performance. The connections between the publications
and objectives highlight the iterative nature of the research process, where findings from
each publication inform subsequent investigations and contribute to the overall goal of
maximizing efficiency, speed, and manoeuvrability in stepped planing hull.

The paper titled P1 investigates the development of mathematical models to simulate
the planing motion of straight stepped surfaces in both calm water and regular waves.
These models, based on the 2D+t theory method, lay the groundwork for understanding
the fundamental principles governing stepped hull motion. Additionally, a CFD setup is
designed to numerically replicate the motion of double-stepped planing hulls subjected
to regular waves. This paper addresses the following research questions:

e Are the analytical equations and regression equations of non-stepped planing

hulls valid for stepped planing hulls?

e Can 2D+t theory and linear wake assumption for the wake leaving be used to

model dynamic motions of stepped planing hulls in water waves?

e Can CFD Simulation capture the motion of stepped planing hulls in regular waves?

e How does adding steps and changing step heights affect the dynamic response of

the hull in regular waves?

In parallel, paper 2, named P2, conducts an extensive experimental campaign to
systematically investigate a new series of forward swept stepped hull designs. By varying
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key topological parameters such as step numbers, step height, and longitudinal step
position, the aim is to gather empirical data to validate and refine the mathematical
models and CFD simulations. This paper addresses the following research questions:

e How does the forward swept step shape affect the performance prediction of
stepped planing hulls?

e How do changing step height, the position of the step, and adding a step on single
forward swept stepped planing hulls affect performance prediction?

Furthermore, in Paper 3, named P3, CFD simulation setups are employed to model the
flow behaviour around and beneath the new series of forward swept stepped hulls from
P2 in calm water. Although towing tank tests are effective in predicting the hydrodynamic
behaviour of stepped planing boats, there are limitations in studying some details.
This study utilizes CFD to investigate the hydrodynamic behaviour of a stepped planing
hull with eight different step configurations in detail. In parallel, Paper 4 investigates
the Verification and Validation of CFD models in predicting the dynamic trim and
hull resistance of complex high-speed planing hulls. This aims to provide a deeper
understanding of V&V analysis in this specific field of application. The paper addresses
the following research questions:

e How can Verification and Validation analysis in CFD simulations improve the
prediction of dynamic trim and hull resistance in complex high-speed planing
hulls?

e How accurately can CFD models predict fluid flow around and beneath forward
swept stepped planing hulls?

Additionally, in Paper 5, named P5, the focus is on developing a CFD framework
capable of predicting the dynamic responses of planing hulls in irregular waves. Through
statistical analysis of the motions, the aim is to enhance the accuracy of seakeeping
performance assessments for stepped hull vessels. This paper addresses the following
research questions:

e Can a CFD setup predict the dynamic response of planing hulls in irregular waves?

e How does relying solely on spectra for generating irregular waves impact the
dynamic response of planing hulls?

e How does adding a step on a planing hull affect dynamic response in irregular
waves, as well as variations in PDF, Skewness and Kurtosis (indicators of statistical
aspects of a time series), and Spectrum Analysis of Heave, Pitch, and Center of
Gravity Acceleration?

e Which probability distribution functions follow heave, pitch, and CG vertical
acceleration?

Overall, these efforts will provide a comprehensive understanding of stepped hull
behaviour and contribute to the development of innovative solutions that maximize
efficiency, and speed in high-speed craft, advancing environmentally friendly “Green
Small Craft” technology.
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1.4 Limitations

This thesis proposes calculations for the design of efficient high-speed craft, with stepped
hulls being one of the renowned efficient hull forms. While the numerical, analytical, and
experimental models presented in this study have provided valuable insights into the
behaviour of steps on high-speed planing hulls, there are several limitations on the
applicability of these models, which are as follows:

1.4.1 CFD Simulation Constraints

Despite its versatility, CFD simulation is subject to several limitations that may impact its
accuracy and reliability. These include simplifying assumptions about fluid behaviour,
uncertainties in turbulence modelling, boundary conditions, and numerical discretization
methods, as well as issues with time-step size and grid resolution. Additionally, the
nonlinear nature of planing hull motions poses challenges in accurately capturing their
behaviour using any non-physical model. In the context of stepped hulls, accurately
capturing the complex flow phenomena around and beneath the hulls may be
challenging, particularly in regions of flow separation, reattachment, and ventilation.
In calm water simulations, if the computed results exhibit oscillatory and non-monotonic
behaviour, it provides further evidence that verification and validation analysis are
crucial when using CFD models for design and industrial applications. Similarly,
for simulations in regular waves, the limitations are similar to calm water simulation,
but high-speed planing hulls exhibit oscillatory and nonlinear behaviour. Although there
is no experimental data for stepped planing hulls in regular waves, data for planing hulls
is available, and the validation of simulation setups can be done with this data.

Simulating irregular seas presents further difficulties due to the complex nature of
wave groups. Moreover, the lack of comprehensive experimental and systematic data
and verification studies on planing hulls in irregular seas compounds these challenges.
Replicating irregular sea conditions in experimental tests is challenging, and conducting
multiple runs for statistical analysis in towing tanks is resource-intensive. Additionally,
the CFD model may still have some limitations in modelling the performance of the vessel
for real-world scenarios. It only considered the single peak spectra, and no directional
spreading was considered. This is just an idealisation of the sea, as in the real sea,
different wave groups may emerge. This can be the topic of the next generation of CFD
studies as the computational cost for such problems is very high, and there is a need to
couple more complicated phase-resolving wave physics models (such as high-order
spectral models, HOSM) and phase-average wave models (such as WaveWatchlll) with
the CFD tanks.

Furthermore, the present model is not developed to consider fluid-solid interactions
and related hydroelastic responses, which adds another layer of limitation to the current
computational model. Additionally, our study is limited to head sea conditions, and the
hull is restricted to heave and pitch free motion. Finally, the validity of our CFD model is
still limited to wave-induced motions, and manoeuvering is not considered. The present
results and CFD model do not consider bimodal seas and the interaction of different wave
groups.
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1.4.2 2D+t Method Limitations

While the 2D+t method provides valuable insights into the planing motion of stepped
surfaces, it is based on simplifying assumptions and empirical relationships that may not
fully capture the intricacies of stepped hull behaviour. Assumptions such as linear wake
modelling and neglecting three-dimensional effects and the viscosity effect may limit the
method's applicability to real-world scenarios, especially in conditions where nonlinear
hydrodynamic phenomena dominate.

Additionally, the model is limited to deep water conditions and cannot consider
shallow water effects. Planing hulls often operate in coastal seas, where performance
may be affected by water depth. The current model is also developed for wedge water
entry, assuming a flat wedge wall. However, planing hulls may have spray deflectors or
double chines. Modelling such hulls with the 2D+t theory requires more advanced water
entry models that can solve fluid flow around geometries other than a wedge.

The models are also limited to calm water and rough water conditions, without
accounting for manoeuvring motions, which are crucial for real-world performance
assessments. Incorporating manoeuvring motions would require advanced modelling
techniques that capture the dynamic interactions between the hull and the fluid in more
complex scenarios.

1.4.3 Towing Tank Test Constraints

While towing tank tests offer a controlled environment for studying hull behaviour, they
are subject to certain limitations that may affect the accuracy and representativeness
of results. These include scale effects, boundary condition uncertainties, and the
inability to fully replicate real-world operating conditions such as wave-induced motions
and dynamic effects. Additionally, towing tank tests may be resource-intensive and
time-consuming, limiting the number of test configurations that can be explored within
the scope of the research.

Acknowledging these limitations is crucial for interpreting the findings of this research
accurately and understanding the constraints inherent in each methodology. Integrating
multiple approaches and considering their respective strengths and weaknesses can
contribute to a more comprehensive understanding of stepped hull behaviour and
performance.

1.5 Thesis outline

This thesis is structured into four chapters, providing a comprehensive overview of the
research, followed by five appended papers:

o Chapter 1: Introduces the thesis topic, outlining the objectives, scope, and
limitations of the research. It also explains how the included papers
contribute to a cohesive work and shows the logical relationships between
the publications and the thesis objectives.

e Chapter 2: Details the methodologies used throughout the thesis, including
the approaches and techniques employed in the research.

e Chapter 3: Presents the key findings and results of the research, emphasizing
the most important outcomes.

e Chapter 4: Provides a discussion of the results and suggests potential
directions for future research.

e Appendix 1 [P1]: Dynamic motion of stepped planing hulls in regular waves.
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Appendix 2 [P2]: Experimental study of a new systematic series of stepped
planing hulls.

Appendix 3 [P3]: Hydrodynamics of stepped planing hulls using the URANS
solver.

Appendix 4 [P4]: Verification and validation of complex planing hull
hydrodynamics using the URANS solver.

Appendix 5 [P5]: Dynamic motion of stepped planing hulls in irregular waves.
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2 Methods for Efficient Planing Hulls Evaluation

This thesis explores into the evaluation of stepped planing hull performance, focusing on
their hydrodynamic characteristics across various conditions such as calm water, regular
waves, and irregular head waves. The methods employed for this evaluation are crucial
in understanding the nuanced behaviour of stepped planing hulls. In the following, we
provide an extended discussion of the methods utilized.

2.1 Experimental Method

The experimental approach involves conducting physical tests in controlled
environments, such as model basins. These tests provide empirical data on hull
behaviour, including resistance, motion response, and flow patterns around the hull.
Through model-scale experiments and full-scale trials, valuable insights are gained into
the performance of stepped planing hulls. Experimental methods also play a vital role in
validating numerical simulations and theoretical models, ensuring their accuracy and
reliability.

The calm water tests were conducted in the towing tank of the naval section of the
Dipartimento di Ingegneria Industriale (DIlI) of the Universita degli Studi di Napoli
“Federico 1I”. Dimensions of the basin are: length 137 m, width 9 m, deep 4,25 m, the
tow carriage is able to develop a maximum speed of 10 m/s with a maximum acceleration
of 1 m/s%. The carriage system is equipped with advanced sensors and a data-acquisition
device to measure key parameters during hydrodynamic testing. These include:

e Speed: Measured using a high-precision encoder with a resolution of 1.0 mm.
e Resistance: Assessed with a load cell of 0.003% accuracy and 0.005 N resolution.
e  Trim: Evaluated by an accelerometer with an accuracy of £0.1%.

e Sinkage: Determined using laser sensors with 0.5 mm accuracy.

e  Weight and Ballast: Measured with a balance having an accuracy of £0.1 N.

Additionally, a video camera mounted on the towing carriage captures the wetted
surface, enabling detailed ventilation analysis near the step. For further information
regarding the laboratory instrumentation used in the experimental tests and
measurement techniques see P2.

Calm water tests followed ITTC procedures with a 10-minute interval between runs.
The tests used a displacement of 30.705 N with trim conditions of +1°, -1°, and 0°, and
speeds from 1.290 to 8.050 m/s. Data collected included speed, resistance, sinkage, trim
angle, and recordings from three cameras.

A resistance dynamometer, connected via a Spectra™ rope, used the “Down-Thrust
method for high sensitivity to external forces. The model had 4 degrees of freedom, with
restricted yaw and drift, stabilized by carbon fiber guide masts.

Sinkage was measured with lasers and processed using 3D CAD models. The dynamic
wetted surface was estimated through video frame analysis of a transparent-bottom
hull, accurately capturing water flow dynamics.

”
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Fig. 4. Towing tank test with down-thrust methodology [P2].

2.2 Computational Fluid Dynamics (CFD) Simulation Setup

CFD simulation involves solving the governing equations of fluid flow numerically to
predict hull performance. This approach allows for detailed analysis of flow behaviour
around the hull, including turbulence effects, wave interactions, and pressure
distributions. By discretizing the fluid domain into computational grids and employing
appropriate turbulence models, CFD simulations can capture complex hydrodynamic
phenomena. While CFD simulations offer flexibility and scalability, they are subject to
various uncertainties, including turbulence modelling, boundary conditions, and grid
resolution. Validation of CFD results against experimental data is essential to verify their
accuracy and establish confidence in the simulation setup.

In this thesis, the dynamics of fluid motion are examined using the Reynolds-Averaged
Navier-Stokes (RANS) equations. To accurately capture the deformation of the free
surface, a volume fraction field is utilized. The detailed governing equations are omitted
for brevity, but comprehensive discussions can be found in established CFD texts such as
Ferziger et al. (2019) and Reynolds (1895). Additional references include P1, P3, and P5.
Notably, P1 simulates stepped planing hulls in regular waves, P3 and P4 investigate these
hulls in calm water, and P5 explores their behavior in irregular waves.

The motion of the vessel, treated as a rigid body, is governed by Newton’s Second
Law. The forces acting on the vessel are determined by integrating pressure and shear
stresses over its surface. The specific governing equations for these calculations are not
detailed here but are thoroughly covered in references like Su et al. (2012) and Tavakoli
et al. (2020), as well as P1, P3, and P5.

For the CFD simulations, the Finite-Volume Method (FVM) is employed in conjunction
with the Volume-Of-Fluid (VOF) model to manage two-phase flows. The interface
between the air and water phases is accurately captured using a High-Resolution
Interface Capturing (HRIC) scheme, which is based on the Compressive Interface
Capturing Scheme for Arbitrary Mesh (CICSAM). Both fluids are modeled as
incompressible Newtonian fluids, ensuring a realistic simulation of their behaviors.

To couple the pressure and velocity fields, the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) is used. This method is crucial for solving the
discretized equations that govern fluid motion at each time step. A segregated flow
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solver approach is applied for all simulations, streamlining the computational process by
solving the momentum equations and the pressure correction equation separately.

For those seeking detailed information on the numerical methodologies and solver
specifics, the Siemens PLM Star-CCM+ User’s Guide, version 17.02.007 (SIEMENS PLM,
2022), provides extensive descriptions. Additional information regarding the numerical
solver parameters used in this study is summarized in Table 1.

In Table 2, the boundary conditions utilized for all simulation setups are outlined.
A no-slip boundary condition is applied to the body hull to accurately represent the
interaction between the hull surface and the fluid. The velocity inlet boundary condition
is used at the top, sides, and inlet of the simulation domain to define the flow
characteristics entering the computational domain. Conversely, a pressure outlet
boundary condition is employed at the outlet to manage the flow leaving the domain.
Additionally, a symmetry boundary condition is considered for all setups to optimize
computational efficiency and accurately reflect the physical symmetry of the problem.
Figure 5 provides a comprehensive overview of the different boundaries employed in the
irregular wave simulations and the mesh used for overset mesh motion, as published in
paper P5. Moreover, in all simulations presented in this thesis, the initial location of the
free surface is determined based on the draft obtained from the hydrostatic analysis to
ensure accurate capture and simulation of the free surface in the numerical model.

These carefully chosen boundary conditions ensure that the simulations are both
accurate and efficient, capturing the essential physics of fluid-structure interactions and
providing reliable data for the analysis of planing hull performance.

This thesis aims to enhance the understanding of fluid dynamics in maritime
applications, particularly in the performance analysis of planing hulls under various
conditions. By employing advanced CFD techniques and robust numerical methods, the
insights gained can significantly improve the design and optimization of marine vessels.
These contributions are expected to advance the field of naval architecture, leading to
more efficient and effective vessel designs.

Table 1. Solver settings for stepped hulls.

ltem P1 P3 P4 P5
Software ;B??'CCM"L’ STAR-CCM+, | STAR-CCM+, | STAR-CCM+,
version Versi’on 2022, Version | 2022, Version | 2022, Version
17.02.007. 17.02.007. 17.02.007.
13.04.
Implicit Implicit Implicit Implicit
solver
unsteady unsteady unsteady unsteady
Implicit scheme | SIMPLE SIMPLE SIMPLE SIMPLE
Convection 2nd order 2nd order 2nd order 2nd order
term
VOF scheme HRIC HRIC HRIC HRIC
VOF Surface Regular wave | Flat wave Flat wave Irregular waves
Turbulence Realizable k-Omega SST/
k-Omega SST | Realizable k — | Realizable k — ¢
model k—¢ c
Tgmporal : 2" order 1* order 1%t order 2" order
Discretization
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Iteration r
eration - per | 44 5 5 10
time step
. Overset,
Mesh motion Overset Overset ./ Overset
Morphing
Overset Distance-
Interpolation Linear Linear Linear weighted
scheme interpolation
All y+ wall | All + wall | All + wall
Wall treatment v y ¥ All y+ wall treat
treat treat treat

Table 2. The boundary conditions for all simulation setup of stepped hulls.

No-sli
O-sip Symmetry Velocity inlet Pressure outlet
(wall)
v, =V au
Velocity oy U=0 U=v — =90
=v,=0 x an
dp dp dp
Pressure — =0 — =0 — =0 =0
an on on P
Y = 1, for water Y = 1, for water
Volume v 0 ¥ 0
fraction on on % _ 0, for air 9% _ 0, for air
on on
Turbulent
kinetic k=0 k=0 k =constant k =constant
energy (k)
dissipation
e=0 e=0 & =constant & =constant
rate (g)
dissioati
ratI:s(Ig?n:)g:) (:)n(l)ega Omega = 0 Omega =constant Omega =constant
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Top(Velocity Inlet)

Outlet(Pressure outlet)

Adaptive mesh

.......... Bottom(Velocity Inlet)

Fig. 5. The computational domain, showing the applied boundary conditions and grid configuration,
used for simulating a planing hull in irreqular waves with an overset grid [P5].

2.3 2D+t Method

The 2D+t method, or two-dimensional plus time method, is a computational technique
used to predict the planing motion of hulls based on two-dimensional sections and
their time evolution. This approach simplifies the hull geometry into two-dimensional
profiles and accounts for the time-dependent behavior of the hull in response to
hydrodynamic forces. The primary advantage of the 2D+t method is its ability to provide
rapid insights into hull performance, making it useful for preliminary design assessments
and sensitivity analyses. However, this method may overlook three-dimensional effects
and nonlinearities inherent in real-world conditions, necessitating its integration with
more comprehensive methods such as CFD simulations for a complete understanding of
hull behavior.

2.3.1 Application and Benefits
The 2D+t method is particularly valuable during the concept and preliminary design
phases of high-speed vessels, where rapid and reasonably accurate performance
predictions are crucial. This method is especially effective in predicting the performance
of hard-chine sections, which are commonly used in high-speed crafts. By analyzing
pressure distributions or momentum variations of 2D sections along the hull length,
the 2D+t method calculates forces in both calm water and dynamic wave conditions.
This capability aids designers in optimizing hull shapes to achieve desired speeds and
performance metrics. The 2D+t method offers several benefits:
e Rapid Assessment: It provides quick performance predictions, allowing for
efficient iteration during the design process.
e Versatility: The method can be applied to various conditions, including
calm water and wave environments.
e Design Optimization: It assists in optimizing hull shapes by providing
insights into how different design parameters affect performance.
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Studies have validated the efficacy of the 2D+t method in both calm water (Niazmand
Bilandi et al., 2019, 2020) and wave conditions (Tavakoli et al., 2020), underscoring its
utility across a range of scenarios. The method's ability to provide accurate performance
predictions, resistance calculations, and dynamic motion simulations makes it an invaluable
tool in the early stages of hull design.

In this thesis, the 2D+t method has been developed for performance prediction of
stepped planing hulls in calm water and dynamic motions in waves. This is achieved by
using analytical and regression formulas originally developed for non-stepped hulls.
The current research assumes that a hard-chine prismatic planing hull is moving
forward with a velocity u corresponding to Frs = u/(gB)_1 in calm water or waves.
Two coordinate systems are considered:

e Body Frame (Gxyz): This frame moves forward with the vessel’s speed and
is placed under or above the CG on the calm waterline. The x-axis is parallel
to the calm water and positive forward, while the z-axis is normal to the
calm water and positive downward. The governing equations of the
vessel’s motion are formulated in this frame.

e Hydrodynamic Frame (0§nl): This frame is attached to the CG of the
vessel, with the middle panel showing a cross-section of the vessel. These
frames are illustrated in Figure 6.

Water wave

\}—\

Figure 6. lllustration of frames for mathematical modeling of stepped planing hull in calm water
and waves [P1].

2.3.2 Analysis of Sectional Forces

The 2D+t approach involves analysing the 2D sectional water entry problem at each time
step to determine the sectional forces acting on the vessel, as shown in Figure 7.
To evaluate these sectional forces, two methods are considered:

e Pressure Method: The pressure acting on the wall of the wedge is
calculated using Wagner's water entry solution (Wagner, 1932). Based on
the different phases displayed in Figure 7, the mean half-beam and its time
derivative for the wedge section are determined. Integrating the 2D forces
along the entire length of the boat provides the three-dimensional forces.
Detailed procedures and mathematical formulations are available in
Niazmand Bilandi et al. (2019, 2020) and updated comparisons with the
CFD method in Niazmand Bilandi et al. (2023a).
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e  Momentum Theory: This method calculates hydrodynamic forces on the
2D wedge section using momentum variation and cross-drag flow (Payne,
1994). It depends on the instant added mass of the sections, with the
formulation explained in [P1]. Sectional forces derived from this method
are used to develop equations for heave force and pitch moment.
To compute the hydrodynamic force acting on a single planing surface,
forces from sections along the surface’s length are integrated. The complete
procedure and formulations are detailed in [P1].

For both methods, a transom correction function introduced by Garme (2005) is
implemented to account for the effects of the transom/step. Additionally, the ventilation
length from the steps is assumed to follow a linear pattern of separation from the step,
known as the linear transom wave theory. Figure 8 illustrates how, by considering linear
wake theory, the ventilation length behind the step is calculated. This comprehensive
approach ensures a more accurate prediction of the forces acting on the hull, aiding in
the optimization of hull design for improved performance.

) . 2D section of front surface
2D section of middle surface

2D section of rear surface

aue|d uoneasasqo

Phase 1—Two dry chines.

Phase 2—Two wet chines.

Figure 7: Schematic representation of the concept of the 2D+t theory for a double-stepped planing
vessel navigating through calm waters.

vahs/tan(9+ei)
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8+9j
linear wake theory

Figure 8. The schematic of linear wake profile assumption.

33



2.3.3 Practical Applications

Both [P1] and Niazmand Bilandi et al. (2023a) demonstrate that the 2D+t theory can
simulate the dynamic motion of stepped planing hull vessels in waves, allowing for the
optimization of hull shapes for desired speeds in the early design stages. This method
provides critical insights for the safe and efficient operation of high-speed crafts.
However, due to the complex behaviour of stepped planing hulls in waves, it is
recommended to use CFD simulations at the final design stage alongside the 2D+t
method to ensure the reliability and accuracy of the results.

By combining the strengths of the 2D+t method and CFD simulations, designers can
achieve a more comprehensive understanding of hull performance, leading to the
development of high-speed vessels that are efficient, safe, and capable of superior
performance in various conditions.
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3 Results and Discussions

This section presents the key findings of the thesis, focusing on the extensive
investigation of various parameters in the design of stepped planing hulls in calm water
and waves, as published in journal and conference papers.

3.1 Progression Across Phases and Findings

Phase One involved developing a mathematical model and CFD setup to simulate the
performance of straight-stepped planing hulls in calm water and regular waves.
The models were validated with experimental data for calm water, but due to a lack of
data on stepped hulls in wave conditions, data from non-stepped hulls were used
(published in P1). The strong agreement between the models demonstrated their
effectiveness for early-stage design and studies of straight-stepped hulls, as presented in
a conference paper (Niazmand Bilandi et al., 2023a), which highlighted the need to
explore swept steps in the next phase.

Phase Two introduced swept steps to new hull models and evaluated their
performance in calm water through experimental tests. The hulls were developed and
tested at the towing tank of the Dipartimento di Ingegneria Industriale della Universita
degli Studi di Napoli “Federico 1I” (published in P2). To better understand pressure
distribution and flow separation — critical factors in hull performance — detailed CFD
investigations were conducted (published in P3). The experimental models featured
transparent bottoms, allowing observation of wetted surfaces and vortical flow
phenomena behind the steps, which enabled a verification and validation analysis for the
numerical study of these complex hulls. The analysis revealed that the overset mesh
approach was more accurate than the morphing grid method for complex hulls
(published in P4). Insights gained from Phases One and Two underscored the importance
of examining hull performance in irregular waves, leading to the initiation of Phase Three.

Phase Three expanded the study to irregular wave conditions, using CFD modeling to
analyze the dynamic responses of stepless, single-stepped, and double-stepped hulls
with straight steps in random seas. Discrepancies between CFD and experimental results
were analyzed by focusing on time history data and identifying peak and trough values
using a local Maxima/Minima approach (published in P5). Understanding these analyses
and the fluid flow of stepped planing hulls in random waves lays the groundwork for
extending the mathematical model in the future for parametric studies of planing hulls
in random wave conditions.

3.2 Straight-Step Performance: Model and CFD Development

In [P1], a mathematical model and CFD simulation setup for stepped planing hulls in calm
water and regular waves were developed. The mathematical model is based on the 2D+t
theory and linear wake theory from the steps. Figure 9 shows a sample of the calm water
tests for the Taunton et al. (2010) model, named C2, at a Froude Number of 4.77. Initial
values for heave and pitch were set, and simulations were run over time until
convergence was achieved. Both CFD and 2D+t results closely matched the experimental
data (dashed red line). Figure 9 compares results between the 2D+t method, CFD
simulations, and experimental data, confirming the accuracy and reliability of the 2D+t
method in predicting trim values and resistance within a reasonable range.
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Figure. 9. lllustrated are the time histories of heave and pitch motions for a double-stepped planing
hull in calm water at a Froude number of 4.77. The figure includes results from CFD simulations and
the 2D+t method, alongside experimental measurements indicated by the red dashed line from
Taunton et al.’s towing tank test (2010). This comparison demonstrates the precision of the
simulation methods in capturing the hull’s dynamic behaviour [P1].

Since there is no experimental data available to validate the mathematical model and
CFD simulation setup for stepped planing hulls in regular waves, we relied on the non-
stepped hull, known as the C2s model, for this purpose. The validation process utilized
the 2D+t method and CFD simulations to predict heave, pitch motions, and the
acceleration of the center of gravity in regular waves, using the C2s model depicted in
Figure 10. Experimental data previously published by Tavakoli et al. (2020) were pivotal
for this analysis. Table 2 illustrates the average error of the 2D+t and CFD methods in
predicting the RAO for heave, pitch, CG acceleration, and resistance of the C2s model
across various regular wave conditions, compared against towing tank test data.
Figure 11 provides a snapshot of the time histories for heave, pitch, and vertical
acceleration at the vessel's CG. These records indicate that both CFD and the 2D+t theory
closely track the experimental data. While acknowledging the inherent limitations of the
2D+t theory compared to CFD, particularly in capturing the complexities of planing
hulls in regular waves, it nonetheless demonstrates reasonable accuracy. Therefore,
the 2D+t method proves valuable for conducting parametric studies on planing hulls.
However, to ensure a robust final hull design, it is prudent to corroborate findings with
comprehensive CFD simulations.
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Figure 10. RAOs of heave, pitch, Vertical acceleration, and maximum value of the vertical
acceleration C2s model at Fry = 2.28 (Tavakoli et al. (2020)).

Table 3. The average error of 2D+t method and CFD for prediction RAO heave, pitch, CG acceleration,
and resistance in wave of C2s model of the Warped Hull Naples Systematic Series.

ZEG Rw

Z/ain G/kinain ? T
Ave. E% for CFD 10.53% 17.61% 12.42% 5.31%
Ave. E% for 2D+t 22.17% 20.52% 22.32% 9.6%
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Figure 11. Time history samples of heave, pitch, and vertical acceleration at the center of gravity
(CG) from experimental towing tank data, 2D+t data, and CFD simulations. These results are for a
non-stepped planing hull, C2s, in regular waves with a wavelength of A = 4.34L at Frg = 2.28. In
the plots z/a;, denotes RAO of heave, 8 /k;,a;, represent RAO of pitch and z; /g reflects RAO of
vertical acceleration at the CG.

Figure 12 provides a verification analysis between the 2D+t and CFD methods for a
two-stepped planing hull, named C2. It displays three panels showing the RAO of heave,
pitch, CG acceleration, and resistance at three beam Froude Numbers: 2.94, 3.83, and
4.77. The study covers a wide range of wavelengths, as presented in P1. Wavelengths
ranging from 2L to 4L are marked in gray, indicating the range that can cause the highest
response, which is of particular interest in this research. Both CFD and 2D+t models
predict that heave resonance occurs in this marked area. At wavelengths greater than
2.0, the 2D+t model tends to compute weaker heave, pitch, and CG acceleration
responses. This discrepancy between the two models is likely due to the CFD model's
ability to account for fluid oscillations around the sections, whereas the 2D+t model
assumes a high-frequency interaction between water and the solid body without
considering fluid oscillation. This assumption can lead to smaller sectional forces as the
waves become longer, making gravity effects more significant.

Despite the limitations of the 2D+t method, verification results show reasonable
agreement between the 2D+t and CFD methods in predicting the RAO of double-stepped
planing hulls. Additionally, the resistance of the vessel in waves is computed using
both CFD and 2D+t models in Figure 12. Both methods exhibit similar behavior across
a range of wavelengths and increasing speeds. The use of the 2D+t method represents
a significant advancement in improving stepped planing hull design during the early
stages for efficient and safe performance in various conditions. This method allows for
a detailed parametric study on adding steps, changing step height, and adjusting the
position of the step. Ultimately, integrating 2D+t with CFD simulations ensures more
accurate and reliable results, enhancing the overall design and performance of high-
speed vessels.
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Figure 12. RAOs of heave, pitch, Vertical acceleration, and wave resistance of C2 hull at different
operations speeds, Frg = 2.94, Frg = 3.83 and, Frg = 4.77. The dashed red line shows the wave
amplitude, reference line. Wavelengths between 2L and 4L are shaded in gray, as they are of
particular interest in this study for their potential to generate the highest response. In the plots, the
RAO of heave represents z/a;,, the RAO of pitch is denoted as 0 /k;,a;,, the RAO of vertical
acceleration at the center of gravity is shown as z¢¢ /g, and the RAO of wave resistance is expressed
as R, /A. Asterisk and triangle markers respectively show the 2D+t and CFD results ([P1], Niazmand
Bilandi et al., 2023a).



In Niazmand Bilandi et al. (2023a), a parametric study was conducted on stepped
planing hulls using the mathematical model (2D+t method) to explore the effects of
altering step position and height in both calm water and waves. The objective was to
identify the optimal step position and height by comparing these variations to a base
hull, specifically the C2 hull. Eight different configurations with varying step heights and
positions were examined. Detailed information about these cases is available in
Niazmand Bilandi et al. (2023a).

In the base model, the forward step is positioned at 31% of the hull's length (L) with a
height of 2.17% of the beam (B), while the aft step is located at 18.5% L with a height of
2.17% B. For Case 5, the forward step is positioned at 50% L with a height of 4.35% B,
and the aft step is at 31% L with a height of 4.35% B. Performance predictions and
dynamic motion analyses in regular waves using the mathematical model identified
Case 5 as the most optimal design, exhibiting the lowest values of both wave resistance
and added resistance compared to the base model. This indicates that the design
parameters of Case 5 are well-suited to reducing wave resistance and enhancing vessel
performance, making it a valuable reference for future vessel design optimization. In the
final phase of the study, CFD simulations for Case 5 in calm water and regular waves were
conducted to verify the accuracy of the mathematical model’s results.

Figure 13 compares the wetted surfaces of the base hull and Case 5. Figure 14 presents
the time histories of heave, pitch, vertical acceleration, and wave resistance for Case 5,
as determined by both the 2D+t method and CFD simulations. While the results for
heave, vertical acceleration, and wave resistance are consistent between the two
methods, the pitch response shows some discrepancies. The 2D+t method tends to
predict smaller pitch motions, likely due to an additional pitch damping moment, despite
the similar heave response and vertical acceleration observed in both methods. These
findings suggest that fine-tuning these parameters can lead to significant performance
improvements, further validating the utility of the 2D+t method in the early stages of hull
design. However, for a comprehensive understanding of the fluid dynamics around the
hull, CFD simulations are essential in the final design stages. This research primarily
focused on straight step shapes. The effects of different step shapes on performance
prediction are discussed in [P2] and [P3].

Figure 13. Comparison of the wetted surface areas for the base model (C2) and the optimal hull
design (Case 5) at Frg = 3.83. The figure highlights the differences in wetted surface patterns,
illustrating the hydrodynamic improvements achieved with the optimized step configuration in case
5 (Niazmand Bilandi et al., 2023a).
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Figure 14. Comparison of CFD and 2D+t simulations for Case 5 in regular wave conditions with a
wavelength of 3.12L at Frg = 3.83. This figure illustrates time history of the dynamic responses,
including RAO of heave (z/a;y,), RAO of pitch (6 / k;,a;,), RAO of vertical acceleration at CG (z¢¢/g),
and RAO of wave resistance (R,,/A), as predicted by both methods. The results demonstrate the
efficacy of the 2D+t method for preliminary design validation, with CFD simulations providing
further accuracy and insight into complex fluid interactions (Niazmand Bilandi et al., 2023a).
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3.3 Swept-Step Hulls: Experimental and CFD Analysis

In [P2], a systematic series of forward-swept stepped planing hulls, based on the
systematic series of Taunton et al. (2011), has been developed. While Taunton et al.
(2010) maintained a constant hull length and varied the L/B ratio, B, and step number
(with identical step shapes), the present study (VMV Series) keeps the L/B ratio constant
and focuses on the effects of various design parameters on hull performance, specifically
resistance and running attitude. The design parameters considered include the number
of steps, step height, and longitudinal step position. Eight hulls with different design
parameters were developed, named C02, C03, C04, and CO5 for single-stepped hulls, and
C06, C0O7, C08, and CO9 for double-stepped hulls.

Calm water tests for all eight hulls were conducted in the towing tank of the naval
section of the Dipartimento di Ingegneria Industriale (DIl) at the Universita degli Studi di
Napoli “Federico Il,” using three different static trim conditions (+1°, -1°, and 0° trim).
The “Down-Thrust” methodology was implemented during towing tank tests to
counteract the low weight and sensitivity to external forces of the hull models. This
unique testing approach ensures the model remains free from equipment and
instrumentation weights, replicating the real system of forces on the hull at full scale.
More details about the procedure and results are provided in [P2].

A notable finding from the experimental campaign is the observation of the hulls’
bottom due to the transparent bottom, which allows for visualizing the wetted surfaces
and ventilation in various step heights and positions. This is also beneficial for validating
CFD simulations. Figure 15 illustrates the wetted surfaces and flow separation
phenomenon on the aft body behind the step of C07 hull at maximum speed for three
different conditions: Trimmed Forward (-1°), Trimmed Aft (+1°), and Even Keel (0°).
For details on other hulls and speeds, refer [P2]. Figure 16 compares resistance, wetted
surface, and trim values for all stepped hulls at Frp ranging from 0.8 to 4.96, with an
even keel (0°). Analyzing the resistance test results in the very-high-speed range of Frg
between 3.9 and 4.97, hull C04, which has one step located at 48.3%L with a step height
of 0.91BTC, performs the best. Among the double-stepped hulls in the same speed range,
hull CO8 shows the best performance in calm water. In the high-speed range of Frp
between 2.8 and 3.9, hull CO5, with one step at 48.4%L and a step height of 2.73BTC,
performs best. Hull CO7 is the best-performing double-stepped hull in this range. For the
medium-speed range of Frz between 1.9 and 2.8, hull CO5 performs best, and for the
low-speed range of Fry between 0.8 and 1.9, hull CO6 performs best.

For a final decision on which step configuration offers the best performance,
seakeeping in regular and irregular waves and dynamic stability should be considered.
Experimental work is time-consuming and expensive, often requiring model scaling and
not fully capturing the fluid dynamics around the hull. Therefore, CFD simulations are
necessary to gain deeper insights into the fluid flow around the stepped hulls. In [P3] and
P4, CFD simulations are considered for these hulls, with experimental methods used for
validation.
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Trimmed Aft (+1°)

Figure 15. Wetted surfaces of CO7 hull (double-stepped hull) at the maximum test speed condition
(Frg = 4.97), shown at different static trim angles: Trimmed Forward (-1°), Trimmed Aft (+1°), and
Even Keel (0°). For details on other hulls and speeds, refer [P2].
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Figure 16. Comparison of resistance, wetted surface, and trim values for all stepped hulls at various
operational speeds, with an even keel (0°). The data includes comprehensive measurements taken
under different speed conditions. For further details and in-depth analysis of the data, refer to [P2].

In [P3], a CFD method is employed to investigate the hydrodynamic behavior of a new
systematic series of forward swept-stepped hulls with eight different step configurations
(known as the VMV systematic series). This study aims to provide a comprehensive
analysis of how varying step configurations affect hull performance, including resistance
and dynamic trim, under different operating conditions. Additionally, it seeks to
understand the flow behavior around and beneath these hulls, and the pressure
distribution on them using numerical methods, which are challenging to capture with
experimental results.

Figure 17 shows a sample of validation results comparing CFD simulations with
experimental data for CO7 hull. The comparison illustrates the accuracy of CFD in
predicting the dynamic wetted surface, resistance, trim angle, and sinkage of the hulls.
For details on other hull configurations, refer [P3]. Table 4 presents the average error in
predicting these parameters for all models, demonstrating that CFD can reasonably
predict the performance of these types of stepped planing hulls. The low average errors
indicate the robustness of the CFD approach in replicating the experimental results.

In Figure 18, the fluid flow around and beneath the CO5 hull in the spray and
ventilation areas is shown for both CFD and experimental results, indicating reasonable
accuracy. The visualization of the spray area and ventilation zones using CFD aligns
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closely with experimental observations, showcasing the method’s capability to capture
complex flow phenomena.

Furthermore, the study highlights the advantages of using CFD for design optimization.
By simulating different step configurations, designers can evaluate the impact of each
configuration on performance metrics such as resistance and trim without the need for
extensive physical testing. This approach not only saves time and resources but also
allows for rapid iteration and refinement of hull designs.
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Figure 17. Comparison of the CFD results against the experimental results of Vitiello et al. (2022),
from the left to the right, are: dynamic trim, resistance, sinkage, and wetted surface, for the CO7
hull. For details on other hull configurations, refer [P3].

Table 4. The average error for prediction trim angle, sinkage, resistance, and wetted surface.

Models C02 C03 Cco4 C05 C06 Cco7 C08 C09
Ave.E.% 7.98% 3.05% 6.06% 4.85% 2.14% 0.04% 5.39% 1.41%
Ave.E;.% 6.85% 1.52% 4.06% 3.91% 4.06% 0.03% 3.44% 0.8%
Ave.ER% 5.16% 0.04% 1.18% 5.48% 2.40% 3.81% 1.88% 1.39%
Ave. E,,% 5.55% 6.72% 4.66% 2.29% 3.97% 0.22% 7.71% 9.11%
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Figure 18. The spray area for the CO5 hull at Frg = 3.31 [P3].

Estimating the wetted surface of a hull is typically complex and requires underwater
cameras and CAD software. However, using transparent models can simplify the process.
[P2] used transparent-bottom hulls in towing tank tests, capturing video frames with a
mounted camera and analyzing them with 3D CAD software to estimate the wetted
surface accurately.

In CFD simulations, a threshold value of 0.5 for the fluid volume fraction is used to
determine the wetted surface. Figure 19 compares the wetted surfaces of C07 hull
obtained through CFD and towing tank tests, showing that the results are generally
similar at all speeds. For other hulls refer in [P3].
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Figure 19. Comparison of numerically calculated wetted surfaces with the experimental results of
Vitiello et al. (2022) for CO7 hull (double-stepped hull). The CFD results are juxtaposed with towing
tank test data, demonstrating a consistent agreement across various speeds. For details on other
speeds and hull configurations, refer [P3].

CFD simulations offer detailed insights into pressure distribution and flow patterns
that are difficult to observe experimentally, thereby providing a comprehensive
understanding of hydrodynamic performance. Figure 20 illustrates water volume
fractions at different velocities, demonstrating how step configurations influence flow
patterns in CO7 hull (double-stepped hull). As speed increases, airflow behind the step
(indicated by green vectors) intensifies, potentially exiting through either the chine or
the transom. Volume fractions range from O (indicating full air) to 1 (indicating full water),
with intermediate values indicating mixed phases.

Higher step heights, whether in single-step or two-step hulls, create diverse flow
patterns aft of the step, influenced by its positioning. This airflow-water mix often
forms vortices directed towards subsequent steps or the transom. Straight steps
typically produce small air-water bubbles without significant vortex formation, whereas
forward-swept steps are more conducive to vortex generation. Flow beneath the hull
can be directed to the transom via the spray rail, reducing spray resistance. These
observations suggest potential avenues for optimizing stepped planing hull designs in
future studies.
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Figure 20. Calculation of the water volume fraction influenced by hydrodynamic forces, showing
areas of water (red) and airflow (green vectors) resulting from the step configuration for CO7 hull
(double-stepped hull). This figure highlights the interaction between water and air at different
velocities, illustrating the effects of step height and positioning on flow patterns and spray
dynamics. For information on other hull configurations, refer to [P3].

Figure 21 illustrates the pressure distribution on the bottom of the C07 hull, showing
two pressure zones for a single-step hull and potentially three for a two-step hull,
depending on flow separation. Changes in hull geometry, step addition, height
adjustments, or positioning affect pressure distribution and the center of lift force.
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Figure 21. Pressure contours on the bottom of the CO7 hull (double-stepped hull). This figure
displays the distribution of pressure across the hull surfaces, demonstrating how changes in step
height and position impact the pressure zones. For additional hull configurations, refer to [P3].

In Figure 22, the wake profile formation from the steps of the CO7 hull at different
Froude numbers is depicted along the 1/4 beam section and centerline. CFD predicts
these profiles, which are challenging to replicate experimentally. The consistency with
experimental data on wetted surfaces suggests similar wake profiles can be expected.
Formulating predictions for wake profiles remains a potential focus for future research.

In conclusion, CFD proves effective in investigating the hydrodynamic behavior of
forward swept-stepped hulls, offering accurate predictions and valuable insights into
flow characteristics that complement experimental methods. However, rigorous
Verification and Validation (V&V) of CFD models remains crucial to ensure reliability and
applicability in practical design contexts.
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Figure 22. Wake profile formation resulting from the steps at two maximum Froude numbers,
depicted along the 1/4 beam section (X=B/4) and centreline (X=0) for CO7 hull (double-stepped hull).
This figure illustrates the wake dynamics and flow separation patterns influenced by the step
configurations, highlighting how the presence and positioning of steps affect the water flow and
subsequent wake profiles.

In [P4], the study focuses on the V&V of CFD models in predicting the dynamic trim
and hull resistance of high-speed planing hulls. The goal is to offer a deeper understanding
of V&V analysis in this specific field, ensuring that CFD simulations are both accurate and
reliable. This validation process is crucial for establishing the credibility of CFD models in
naval architecture and for guiding future hull design optimizations based on CFD results.

Therefore, for this paper the V&V procedure is performed for complex planing hull,
for the CO5 stepped hull and C1 interceptor hull. These models have been previously
designed and tested by De Luca and Pensa (2017) and [P2]. Both hull types being
investigated have bottom ‘discontinuities’ causing flow separation. Analysing them
together allows us to study the effects of these discontinuities on hydrodynamic
behaviour, enhancing our understanding and contributing to a more comprehensive V&V
analysis. The verification results for mesh and time step are obtained using SIEMENS PLM
Star-CCM+ with two mesh motion techniques: overset/chimera and morphing mesh
methods. Discretization uncertainties are estimated using a least squares method in a
Matlab-based code. The results are validated by comparing them with towing tank tests
from De Luca and Pensa (2017) and [P2]. Figure 23 presents a block diagram of the Least
Squares method, detailing the systematic steps involved. This method is crucial in
numerical simulations for accurately estimating grid and time step uncertainty, especially
in complex flow phenomena, where accuracy and reliability are paramount.
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Figure 23. Block diagram illustrating the implementation of the Least Squares method utilized in
this study to assess mesh and time-step uncertainty for trim and resistance values of the C0O5
stepped hull. For detailed equations and further information, refer to [P4].

Figures 24 show the impact of time-step uncertainty on trim and resistance for the
two hulls. For the CO5 hull, using overset and morphing mesh techniques, the average
time-step uncertainty errors are 0.93% for resistance and 2.29% for trim with overset,
and 2.34% for resistance and 1.14% for trim with morphing mesh. This indicates limited
impact of time-step changes on results. The resistance uncertainty is more critical than
trim. Overset techniques have lower temporal uncertainty compared to morphing mesh,
but accuracy also depends on grid and experimental uncertainties.
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Figure 24. Time-step uncertainty error assessment for trim and resistance values of the CO5 stepped
hull, conducted using the least squares method. The evaluation uses overset and morphing mesh
techniques at a Froude Number of 4.97, with mesh configurations of 15.4M for the overset
technique and 15.17M for the morphing technique [P4].

Figure 25 depicts the grid uncertainty analysis of trim and resistance for the C0O5
stepped hull at a maximum beam Froude number of 4.97. Detailed grid uncertainty
analyses for other Froude numbers can be found in [P4]. The symbol U, in the figures
denotes experimental or data uncertainty. For trim values, the apparent order of
convergence P is less than 0.5 for the overset mesh technique, indicating first-order
convergence. In contrast, the morphing mesh technique shows P greater than 2 for all
Froude numbers except 1.93 and 3.91, suggesting higher-order convergence except for
those specific cases, where it aligns with both first and second-order estimations.

Regarding resistance values, the overset mesh technique exhibits P less than 0.5,
indicating first-order convergence. Conversely, the morphing mesh technique P greater
than 2 for most Froude numbers except 3.31, 3.91, and 4.97, where P drops below 0.5.
Therefore, a first-order error estimator is employed across all cases to quantify
uncertainties. As speed increases (beam Froude Number), discrepancies between
numerical and experimental results grow, particularly noticeable in the 8.9M and 11.2M
mesh setups, predominantly in the overset mesh technique. This discrepancy is

attributed to intensified turbulent flow, which introduces greater uncertainty in the
simulations.
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Figure 25. Mesh uncertainty error assessment for trim and resistance values of the C0O5 stepped
hull, conducted using the least squares method. The evaluation uses overset and morphing mesh
techniques at a Froude Number of 4.97. Results for other Froude numbers are detailed in [P4].

After calculating mesh uncertainty (U ) and time step uncertainty (Urs), the simulation
uncertainty (Ugy) can be determined by taking the square root of the sum of their
squares. These uncertainties for both CFD setups in predicting the trim angle and

resistance force of the CO5 hull are listed in Table 4.

Table 5. Simulation Uncertainty Error of CO5 stepped hull for Mesh Configurations 15.4M (Overset)

and 15.17M (Morphing) [P4].

Overset
Frg Ugp% Urs, % Usn % Ug, % Urs, % Usn . %
1.93 3.70% 0.93% 3.82% 11.85% 2.29% 12.07%
2.86 12.19% 0.93% 12.23% 18.55% 2.29% 18.69%
3.31 16.23% 0.93% 16.26% 25.55% 2.29% 25.65%
3.91 23.45% 0.93% 23.47% 5.87% 2.29% 6.30%
4.50 28.18% 0.93% 28.20% 17.52% 2.29% 17.67%
4.97 39.51% 0.93% 39.52% 17.00% 2.29% 17.15%

Morphing
1.93 7.34% 2.34% 7.70% 3.29% 1.14% 3.48%
2.86 1.71% 2.34% 2.90% 2.12% 1.14% 2.41%
3.31 4.30% 2.34% 4.90% 4.60% 1.14% 4.74%
3.91 4.36% 2.34% 4.95% 3.49% 1.14% 3.67%
4.50 16.34% 2.34% 16.51% 1.96% 1.14% 2.27%
4.97 15.42% 2.34% 15.60% 2.91% 1.14% 3.13%
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To validate the CFD setups used in this research, an essential indicator called the
Uncertainty Value (Uy) is introduced. Uy, is calculated as the square root of the sum of
the squares of the experimental or data uncertainty (Up) and the simulation uncertainty
(Usy)- This value is crucial because stepped hulls present unique challenges in simulation
due to their complexity, particularly in predicting resistance and wetted surfaces, which
require exceptionally fine meshes near the step.

The validation process compares U, with the percentage error |E|, calculated as
(EXP-CFD)/EXP, where EXP is the experimental value and CFD is the CFD value. Validation
is achieved when Uy, is greater than or significantly greater than |E|. If Uy is less than
|E|, it indicates modeling issues or inadequate mesh configurations. Tables 5 and 6
summarize the validation studies for the C05 stepped hull and C1 interceptor hull,
categorizing validation outcomes as “yes,” “yes, at Uy, level of uncertainty” (where Uy, is
twice |E|, or “No.” Tables 5 and 6 show that the CFD model using the overset technique
successfully validated the resistance for all Froude numbers except 1.93, while the
morphing mesh method only validated resistance for Froude numbers > 3.91.
The overset technique also validated the trim angle for all Froude numbers, whereas the
morphing mesh technique only validated trim for Froude numbers 2.86 and 3.31.
Figure 26 compares the wetted surface area observed in towing tank tests with that
monitored in CFD simulations, focusing on a Froude Number of 4.94. It displays results
from both mesh motion techniques and illustrates the impact of cell number on the
ventilation area.

Table 6. The validation results for the resistance of the CO5 stepped hull using two different mesh
configurations (15.4M for Overset and 15.17M for Morphing) across various speeds [P4].

Overset
Frg Er% Upp%  Usy,% Uy % validation achieved
1.93 7.10% 0.33% 3.82% 3.83% No

2.86 3.84% 0.27%  12.23% 12.23% Yes, at UV level of Uncertainty
331 2.09% 0.22% 16.26% 16.26% Yes, at UV level of Uncertainty
391 | -1.65% 0.18%  23.47% 23.47% Yes, at UV level of Uncertainty
450 | -5.97% 0.15%  28.20%  28.20% Yes, at UV level of Uncertainty
497 | -6.47% 0.14%  39.52%  39.52% Yes, at UV level of Uncertainty

Morphing
1.93 | 10.55% 0.33% 7.70% 7.71% No
286 | 6.37% 0.27% 2.90% 2.91% No
3.31 5.23% 0.22% 4.90% 4.90% No
3.91 3.23% 0.18% 4.95% 4.95% Yes

4.50 0.28% 0.15% 16.51% 16.51% Yes, at UV level of Uncertainty
4.97 -1.11% 0.14% 15.60% 15.60% Yes, at UV level of Uncertainty
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Table 7. The validation results for the trim values of the C05 stepped hull using two different mesh
configurations (15.4M for Overset and 15.17M for Morphing) across various speeds [P4].

Overset

Frg Ex% Upp%  Usyp% Uy % validation achieved

1.93 4.06% 2.65% 12.07% 12.36% Yes, at UV level of Uncertainty
2.86 1.48% 2.65% 18.69% 18.88% Yes, at UV level of Uncertainty
331 0.67% 3.04% 25.65%  25.83% Yes, at UV level of Uncertainty
3.91 -7.92% 3.26% 22.5% 22.73% Yes, at UV level of Uncertainty
4.50 -5.24% 3.47% 17.67%  18.01% Yes, at UV level of Uncertainty

497 | -11.49% 3.39% 17.15% 17.49% Yes
Morphing
1.93 5.36% 2.65% 3.48% 4.38% No
2.86 3.19% 2.65% 2.41% 3.58% Yes
3.31 0.76% 3.04% 4.74% 5.63% Yes, at UV level of Uncertainty
391 | -5.78% 3.26% 3.67% 4.91% No
4.50 -4.59% 3.47% 2.27% 4.15% No
497 | -13.30% 3.39% 3.13% 4.61% No
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Figure 26. Comparison of wetted surface area and ventilation in CFD simulations of the stepped C05
hull using Overset mesh and Morphing mesh techniques, varying mesh densities, and towing tank
test results at Froude number 4.94. Results for other Froude numbers are detailed in [P4].

These studies (P1, P2, P3, and P4) establish a comprehensive framework for optimizing
the design of stepped planing hulls in calm water and regular waves by integrating
experimental and computational methods to enhance performance and safety.
However, the dynamic motion of planing hulls in irregular or random waves still requires
investigation. Advances in CFD simulations now allow for highly accurate predictions in a
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wider range of wave conditions, which are essential for understanding the nonlinear
dynamics of these hulls. [P5] will focus on CFD simulations of stepless and stepped
planing hulls in random waves.

3.4 Performance of Stepped Hulls in Random Seas: A CFD Perspective

In [P5], the commercial CFD software SIEMENS PLM STAR-CCM+ is used to model the
dynamic behavior of stepless and stepped planing hulls in irregular waves. The aim is to
create a CFD model for simulating these hulls in random waves, providing a thorough
understanding of their statistical behavior, including the highest values and exceedance
probabilities of motions, as well as the relationship between these probabilities and
statistical indexes like skewness and kurtosis. Additionally, the study aims to understand
the spectra of heave, pitch, and accelerations of stepless and stepped planing hulls. For
this purpose, we have chosen the C hull, designed and tested by Taunton et al. (2011),
because experimental results are available for one, two, and non-stepped hulls tested
under different irregular conditions (shown in Table 7).

Table 8. Simulation particulars for seakeeping models in irregular waves (Taunton et al., 2011).

Configuration Model u (m/s) Frg Hs(m) Tp(s) k(m?) K:kHS/Z

case 12 C 6.25 294 0.092 257 0.609 0.028
case 13 C 10.1 471 0.092 2,57 0.609 0.028
case 14 C 12.05 5.67 0.092 257 0.609 0.028
case 15 C 12.05 5.67 0.092 172 1.360 0.063
case 16 C 12.05 5.67 0.046 257 0.609 0.014
case 17 C 12.05 5.67 0.138 257 0.609 0.042
case 19 C 6.25 294 0092 172 1.360 0.063
case 27 C1 6.25 294 0.092 257 0.609 0.028
case 28 C1 10.1 471 0.092 257 0.609 0.028
case 29 C1 12.05 5.67 0.092 257 0.609 0.028
case 30 C2 6.25 294 0.092 257 0.609 0.028
case 31 C2 10.1 471 0.092 257 0.609 0.028
case 32 C2 12.05 5.67 0.092 257 0.609 0.028
case 33 C2 12.05 5.67 0.092 172 1.360 0.063

Initially, it is crucial to Ensure that adequately many waves are encountered during
simulations for accurate statistical calculations in irregular seas. The background domain
is generated using the same grid configuration as in the seakeeping simulations. Table 8
compares wave characteristics between theoretical JONSWAP, experimental data, and
current CFD results.
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Table 9. Wave characteristic comparison: theoretical JONSWAP vs. experimental data vs. current
CFD results [P5].

Error CFD with

Definition Theoretical CFD . Exp.
theoretical
significant wave o
Hg (m) height 0.092 0.086 6.5% 0.109
A (m) average wave 0.0575  0.054 6% 0.0687
height
T(s) mean wave period 2.15 2.075 3.5% 2.21

The analysis of discrepancies between CFD simulations and experimental results
focuses on time history data to identify peak and trough values. The amplitudes of pitch
and heave motions, as well as CG acceleration relative to the mean, are extracted from
these time histories. Mean, RMS, and ratio (r) values for crests and troughs are then
compared to experimental data. The ratio (r) for maxima is the proportion of negative
values among all maxima, while for minima, it is the proportion of positive values. The
following factors contribute to discrepancies between CFD results and experimental
data:

e High-speed planing hulls exhibit nonlinear behavior, which intensifies with
speed.

e Nonlinearity affects the time histories of motions and accelerations.

e Time history data of mechanically generated waves from towing tank tests
should be used to generate irregular waves in CFD simulations, not just spectra
(Judge et al., 2020).

e Accurate comparisons require ensuring similar numbers of motions in CFD and
experimental data.

e Differences in recorded motions can impact parameters like 1/3 and 1/10
values, especially with larger motions.

e Alack of comprehensive experimental data on wave time histories and recorded
motions complicates analysis.

e Minor variations in wave elevation time histories can significantly affect
response parameters such as heave, pitch, and CG acceleration, even if energy
spectra and significant wave height match.

e Detailed attention to towing tank test response characteristics, including time
history of waves, number of motions, probability distributions, individual
maxima/minima, and statistical analysis values (1/3, 1/10, 1/100 peaks), is
necessary.

Discrepancies in mean, RMS, and maxima/minima of heave and pitch between CFD
and experimental data arise from these inherent variations. For an example comparison,
Figure 27 shows the distribution parameters of heave, pitch motion extremes (maxima
and minima), and gamma distribution parameters of minima CG acceleration for the C2
(double-stepped) hull under various operating conditions. Comparisons for other hulls
are detailed in [P5]. These comparisons illustrate the favorable accuracy of the CFD
model in capturing the statistical behavior of accelerations for both stepless and stepped
hulls.

60



-@-Case 30, - Case :’:DEXp ~y-Case 31 S54!035&: 31EXp

#-Case 32, +/-Case 32, Case 33y ~/=Case B

o1 Heave maxima Heave minima Pitch maxima l Pitch minima . CG Acc.
. U B b -
0.08 -0.02 * 3 -1 L4 12
§ 0.06 -0.04 9 AVAR ¢ 2 9 © v ¥ 9
2004 * 00 4 » v 6
= o ¥V o 1 O ¥ ¥ I
0.02 -0.08 v X 3
0 L4 0.1 [J‘ -4
2 3 4 5 6 "9 3 4 5 6 2 3 4 5 6 2 3 4 5 6
0.1 0.1 4 R
0.08 0.08 3 3 . -
© 0.06 006 ) ol @ 5 *|
04 O VWV * 004 § VY K 0O VY ¥ @ Vv
002 @ 0.02 * 1 1
0 0 0 0
2 3 4 5 6 3 4 5 6 2 3 4 5 6 2 3 4 5 6
0.5 0.5 0.5 0.5
0.4 0.4 0.4 0.4
03 0.3 0.3 03
0.2 0.2 ol 0.2 v ol 02 ®
0.1 A e
0.1 0.1 w0l :
0 @ ~ O
s 0 o 0 v PG A
Fr 2 3 4 Y 6 2 3 4 75 6 2 3 4 5 6
B Frp Frg Frp

Figure 27. Comparison of distribution parameters for heave and pitch motion extremes (maxima
and minima), as well as gamma distribution parameters of minima CG acceleration, between
experimental (unfilled) and CFD (filled) data for the C2 (double-stepped) hull under various
operating conditions. For other cases, refer to [P5].

The probability distributions of heave, pitch, and CG acceleration offer crucial insights
into the dynamic behavior of planing hulls under various wave conditions. Unlike
conventional ships, whose seakeeping behavior follows linear analysis methods due to
the linear relationship between local wave elevation and vessel motions and
accelerations, planing hulls exhibit a nonlinear relationship. This nonlinearity results in
complex time histories of motions and accelerations, characterized by sharp peaks and
flat troughs, making linear analysis methods unsuitable (ITTC, 7.5-02-04-05, 2014; ITTC,
7.5-02-07-02.1, 2014). The intensity of this nonlinearity increases with speed.

In this research, the probability distributions of heave and pitch motions, along
with CG accelerations derived from CFD simulations, are analyzed to identify the
appropriate probability distribution functions that match them. The heights, maxima,
and minima of heave/pitch motions and vertical accelerations are normalized using
the Root-Mean-Square (RMS) of the data. Figure 28 illustrates the probability
distributions of heave, pitch, and CG acceleration for the C (case 14), C1 (case 29), and
C2 (case 32) hulls under the same sea conditions and speed. Deviations from the
expected distributions, as seen in Figure 28 for heave, pitch, and CG acceleration,
are attributed to the presence of sharp peaks and flat troughs in the time histories,
highlighting the nonlinear nature of high-speed vessel responses. For other cases, refer
to [P5]. These findings are consistent with prior research by Fridsma (1971), Begovic
et al. (2016), and De Luca and Pensa (2019).

These results underline the importance of considering nonlinear effects when
analyzing the seakeeping performance of planing hulls. The accurate prediction of
probability distributions enhances our understanding of vessel motions and
accelerations, which is critical for designing safer and more efficient high-speed vessels.
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Figure 28. Statistics of normalized heights, maxima, and minima for heave, pitch motions and CG
acceleration for the C (case 14), C1 (case 29), and C2 (case 32) hulls under the same sea conditions
and speed. For other cases, refer to [P5].
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To investigate the impact of speed and wave steepness on heave and pitch motion, as
well as CG vertical acceleration, a statistical analysis of CFD measurements was
conducted (refer to [P5]). The analysis considered a range of statistical indicators,
including the mean, 1/3, 1/10, and 1/100 highest values, as defined in Table 9 for
dynamic response analysis of hulls in random waves.

Table 10. Statistical indicators for dynamic response analysis of hulls in random waves.

Indicator Description

Mean Value Shows the central tendency of the data, indicating the typical

dynamic response of each hull.

1/3 Highest Provides insight into the extreme or upper-tail behaviour of the

recorded motions.

1/10 Highest | Offers a better understanding of extreme events during the vessel's

ride.

1/100 Highest | Identifies the most extreme outliers, informing us of the most

extreme events.

Figures 29 depict the statistical analysis for heave and pitch motion, along with CG
vertical acceleration for hulls C, C1, and C2, under identical sea conditions and
operational speeds (e.g., cases 12, 27, 30; cases 13, 28, 31; and cases 14, 29, 32).
The effects of adding steps to the hull on these statistical parameters are explored.

In the context of seakeeping, it is essential to monitor the heave and pitch range of
motion when adding one or two steps to the hull, ensuring these parameters remain
within acceptable limits established for non-stepped hulls. For range of heave motion
statistical indicators of present hulls, consider the following points:

The mean value, representing the central tendency, is overdamped across all
hulls. However, the mean heave response for the hull with one step (case 29) is
higher than the other two hulls at the highest speed, while the hull with two
steps has the lowest mean value.

The 1/3 highest values for the hull with one step are consistently higher than
the other two hulls at all speeds, while the hull with two steps shows lower
values.

The 1/10 highest values are similar for all three hulls, with the hull with one step
being higher at the highest speed.

The 1/100 highest values for the hull with one step at lower speed (case 27) are
lower than the non-stepped hull, but higher for other cases.

And for range of pitch motion statistical indicators of present hulls, consider the
following points:

The mean and 1/3, and 1/10 highest values for hulls with steps are higher than
the non-stepped hull at higher speeds but lower at the smallest speeds.

The 1/100 highest values vary, with the hull with one step being 7% higher at
the smallest speed and 4% higher at the highest speed, while the hull with two
steps is 20% higher at the smallest speed and 4% lower at the highest speed.

However, the most critical factor is the statistical indicator of vertical acceleration at
the center of gravity (CG). High accelerations not only compromise the comfort of
passengers and crew but also present significant operational challenges for cargo
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handling. Additionally, phenomena such as slamming can generate substantial loads,
thereby affecting the fatigue life of the vessel's structure. Ensuring that vertical
accelerations are minimized is essential for maintaining both the structural integrity and
operational efficiency of the vessel. Table 10 shows the percent changes in the statistical
indicators of vertical acceleration at the CG when steps are added to the hull compared
to non-stepped hulls. For range of vertical acceleration at the CG statistical indicators of
present hulls, consider the following points:
e The mean value for hulls with steps is lower than the non-stepped hull at all
speeds.
e The 1/3, 1/10, and 1/100 highest vertical acceleration values for stepped hulls
are higher at the smallest speed but lower at mid and high speeds.
e The most extreme outliers of vertical acceleration for the hull with two steps at
the highest speed are 31% lower than the non-stepped hull, and for the
one-stepped hull, 9% lower.

Table 11. Percent change in statistical indicators of vertical acceleration at the center of gravity for
stepped vs. non-stepped hulls.

CGHmean CGH1/3 CGH1/10 CGH1/100

g g g g
C1
Case 27 -7% 93% 60% 33%
Case 28 -64% -79% -75% -59%
Case 29 -65% -66% -48% -9%
Cc2
Case 30 -15% 133% 69% 39%
Case 31 -64% -78% -69% -32%
Case 32 -67% -73% -64% -31%
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Figure 29. Effect of step configurations on heave, pitch, and CG acceleration statistics with
increasing Froude numbers in identical irregular wave conditions [P5].

Figures 30 and 31 present the probability density functions (PDFs) and Exceedance
Probability Functions (EPFs) for wave profiles, heave, pitch, and CG acceleration of
non-stepped hull C (Case 14), one-stepped hull C1 (Case 29), and two-stepped hull C2
(Case 32) planing hulls under identical wave and operating conditions. In Figure 29,
the solid red curve represents a Gaussian distribution, with its peak indicating the mean
value. When a PDF follows this Gaussian curve, it implies that the recorded signal exhibits
Gaussian behaviour. Figure 30 displays the EPFs for crest height in wave profiles, heave,
pitch, and CG acceleration, with the solid red curve representing the Rayleigh distribution.
Greater divergence from the Rayleigh curve indicates stronger nonlinearities and a
higher likelihood of extreme events.

The skewness (S) and kurtosis (K) values shown in Figures 30 and 31 for heave, pitch
motions, and CG acceleration provide insights into the vessel’s behaviour in random
waves. Skewness measures the asymmetry of each response cycle, while kurtosis
assesses the peakedness. High kurtosis values suggest a greater likelihood of extreme
events. Generally, CG acceleration is not expected to follow a normal distribution. High
kurtosis in CG acceleration indicates a higher probability of extreme events, potentially
causing discomfort, injury, or damage. A positive CG acceleration value signifies that
large accelerations are mostly upward.

In Figure 30, the PDFs of recorded water waves generated in the numerical tank align
with the Gaussian distribution, suggesting no nonlinearities in wave propagation.
The PDFs of recorded heave motions and vertical acceleration are positively skewed for
all cases, with the one-stepped hull (C1, Case 29) showing the highest skewness.
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The pitch motion PDFs for all cases closely match the Gaussian distribution. Additional
case PDFs can be found in [P5].

In Figure 31, deviations from the Rayleigh distribution in the EPF data indicate that the
data is not well-represented by the Rayleigh distribution. A kurtosis value greater than
3.0 causes significant divergence from a normal EPF. The kurtosis values for heave and
vertical acceleration are lower for the two-stepped hull than for the non-stepped and
one-stepped hulls under the same sea conditions and speeds, indicating fewer extreme
events for the two-stepped hull. The kurtosis values for pitch displacement are similar
across all three hulls and remain below 3.0.

IU:mrave profile Heave Pitch CG Acc.

<
— 10!
U < he: )
) s b \
o 102 &,
© S=0.08
10°*
525 0 25 5 5 <25 0 25
¢/v/my ¢/vmo
(@)]
o
(]
m =} fa ¥l
S Bk
5=0.05
525 0 25 5 5 -25 0 25 5 5 95 0 25 5

(/vmg G /Mo ¢/v/mo ¢/vmo

p.d.f

5=0.8 ¥ |
5 525 0 25 5

¢/vmo

0 25 5

5
C//mg ¢/v/mg

-5 -2

Figure 30. Probability Density Functions for wave profiles, heave, pitch, and CG acceleration of the
non-stepped hull, C (case 14), one-stepped hull, C1 (Case 29), and two-stepped hull, C2 (Case 32)
planing hull under same wave and operating conditions. The solid red curve represents a Gaussian
distribution, and S represent the skewness value. For other cases, refer to [P5].
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4 Conclusions

Stepped planning hulls have become a noteworthy design for safe water operations.
Properly designed stepped hulls can enhance fuel efficiency. Their motion follows
nonlinear dynamics due to the varying wetted area of the vessel over time. This thesis
investigates the hydrodynamic performance and dynamic behavior of stepped planing
hulls under various operating conditions, aiming to optimize fuel efficiency at high speeds
through strategic step placement and design.

In the initial phase of the thesis, a mathematical model based on the 2D+t approach
was developed to replicate the hydrodynamic performance and unsteady motion of
straight-stepped boats in calm water and head sea conditions. This model utilizes the
solution of a high-frequency radiation problem, known as the Wagner problem, to calculate
sectional forces by applying the momentum variation law or pressure distribution
variation. Additionally, a simplified model was used to estimate the ventilation area
behind each step. Concurrently, a CFD model was employed to simulate the hydrodynamic
performance and unsteady motion of stepped boats in calm water and waves. Due to the
lack of experimental seakeeping tests for stepped boats, the CFD model was crucial for
verifying the mathematical model. The CFD model was also validated for non-stepped
planing hulls in regular waves. Key findings from the analysis include:

e Model Validation and Performance: Both the 2D+t model and the CFD model
effectively predict vessel performance in calm water conditions. However, the
2D+t model shows significant errors at low speeds due to unrealistic
assumptions. In regular waves, both models produced similar results, validating
the 2D+t model’s reliability for simulating the unsteady motion of double-
stepped hulls, despite some discrepancies in long waves.

o Effects of Step Design on Vessel Performance: The mathematical model
provided valuable insights into how step design impacts unsteady planing
motion in regular waves. Tests on stepless and double-stepped boats in head
waves revealed that the double-stepped design enhances vessel performance
by reducing heave and pitch responses and vertical acceleration. This
improvement results from dividing the wetted area into three parts, which
increases damping forces and decreases wave loads.

e Influence of Step Heights: mathematically modelled of two double-stepped
boats with different step heights showed that a shorter front step reduces
heave motion, particularly in the resonance zone, but increases vertical
acceleration. This behaviour is due to the larger wetted area, which raises both
total damping and exciting forces. It shows that the mathematical model can
simulate different step height and also position of step.

e Model Enhancements and Design Guidelines: The mathematical model’s
accuracy for simulating the unsteady planing motion of double-stepped hulls
can be improved by incorporating the oscillation motions of sections and
providing a more precise prediction of the transom wave. For design guidelines,
a designer can use a mathematical model, such as the 2D+t theory, to
investigate the effects of different parameters on the hull through systematic
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series analyses. This approach allows the designer to select the optimal range
for their design. Following this initial analysis, CFD simulations can verify the
results obtained from the mathematical model and ensure they fall within a
reasonable range. CFD simulations also facilitate the evaluation of full-scale
models. Finally, experimental tests can be conducted on the finalized hull
design. This comprehensive procedure enhances accuracy and saves both time
and money.

In the second phase, calm water resistance experiments were conducted at the towing
tank of the naval section of the Dipartimento di Ingegneria Industriale (DIl) at Universita
degli Studi di Napoli “Federico Il.” These experiments involved eight models of a new
stepped hull series, each featuring a forward-swept step with varying heights and
positions. All models were constructed with a transparent bottom to quantify the wetted
surface and observe vortical flow phenomena behind the steps. Due to the low weight
of the models, making them sensitive to externally applied forces, the towing tank tests
implemented the “Down-Thrust” methodology.

Understanding pressure distribution under stepped planing hulls and streamlines
during flow separation from steps and chines is challenging with towing tank tests alone.
Therefore, a CFD method was employed to investigate the hydrodynamic behavior of the
forward-swept stepped planing hulls in detail, with eight different step configurations.
The uncertainty of CFD models in predicting the dynamic trim and hull resistance of one
forward-swept stepped hull was also assessed using four different grids and two mesh
motion approaches—overset and morphing mesh. Fitted convergence trends based on
the least squares method were used to estimate the grid and time step uncertainties for
each CFD simulation, proving to be the most robust method for obtaining these
estimates. The comparative analysis showed that the choice of mesh technique and
number of cells significantly affect the accuracy of CFD simulations. The overset mesh
technique exhibited better performance across a wider range of Froude Numbers
examined in the validation analysis, particularly for the forward-swept stepped hull
validated at the UV level of uncertainty. Key findings from the analysis include:

e Step Height and Flow Separation: Increasing the step height of a stepped
planing hull from 0.91% BTC to 2.73% BTC leads to flow separation behind
the step and creates a high-pressure region at reattachment points. This
high-pressure region generates additional lift, significantly affecting the trim
angle. The lowest trim angles were observed in CO5 for single-stepped hulls and
in CO7 for two-stepped hulls. Optimal step heights can significantly enhance
performance.

e Step Placement Effects: The positioning of steps on single-stepped hulls
significantly impacts their performance characteristics. Moving the step forward
from a position slightly behind the centre of gravity reduces resistance at high
speeds, despite increasing the wetted surface area. This forward placement acts
akin to a reverse deflector, effectively minimizing spray drag and overall
resistance. Conversely, adding a step near the transom (transformed from one
step to two steps) decreases trim but increases both wetted surface area and
resistance. Placing a step forward in the hull alters the dynamic trim angle,
reducing it at lower step heights and increasing it at higher step heights during
high-speed operations. The impact on wetted surface area varies with step
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height, influencing overall resistance, particularly evident in configurations with
higher step heights due to increased spray formation. These findings underscore
the critical role of step placement in optimizing the hydrodynamic performance
of single-stepped hull designs.

Two-Stepped Hull Optimization: Rearranging the rear step towards the bow at
lower step heights in two-stepped hull designs, exemplified by the CO8 model,
effectively reduces hull drag by mitigating or preventing spray formation.
However, with higher step heights like those in the C09 model, where flow
separation occurs, shifting the step forward increases hull resistance due to
intensified spray formation. These insights underscore the importance of
strategic step placement in enhancing performance and minimizing resistance
in two-stepped hull configurations.

Optimal Performance Across Speed Ranges: The performance of different hull
configurations varies significantly across distinct speed ranges. In very-high-
speed conditions (Frg = 3.9-4.97), hulls with specific characteristics, such as
C04 (single step at 48.3%L, step height 0.91% BTC), demonstrate superior
performance. Among double-stepped hulls, CO8 stands out for its effectiveness
in calm water at these speeds. Moving to the high-speed range (Fry = 2.8-3.9),
hull CO5 (single step at 48.4%L, step height 2.73% BTC) emerges as the top
performer, with CO7 leading among double-stepped designs. For medium-speed
conditions (Frg = 1.9-2.8), hull CO5 continues to exhibit optimal performance,
while hull C06 excels in the low-speed range (Fry = 0.8-1.9). These findings
emphasize the critical role of step position and height in optimizing hull
performance across various speed regimes.

Impact of Step Height on Flow Patterns: Increasing the step height in both
single-step and two-step hulls creates a mixed flow pattern in the dry back part
of the step, influenced by the step position. This pattern, consisting of a mixture
of air and water that leads to vortex formation, is directed to the next step or
the transom. For straight steps, these flow patterns typically consist of small
bubbles made up of air and water, and vortex formation is generally not
observed. However, vortex generation becomes more likely when the step is
forward-swept.

CFD and Experimental Validation: CFD models and experimental tests are
essential for validating the hydrodynamic performance and dynamic behaviour
of stepped hulls. CFD helps in understanding pressure distribution, streamlines,
and flow behaviour, complementing physical experiments.

The third phase of this study utilized CFD modelling to investigate planing hull
behaviour in irregular waves. It aimed to analyse the dynamic responses of stepless,
single-stepped, and double-stepped hulls, providing insights into their performance
under random wave conditions. This phase also sought to establish a robust CFD model
capable of simulating real sea conditions, offering advantages over traditional
experimental methods in towing tanks, which are costly and time-consuming.
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The analysis encompassed a comprehensive statistical examination of CFD results,
focusing on probability distributions, statistical metrics such as skewness and kurtosis,
Exceedance Probability Functions (EPF), and spectral characteristics of heave, pitch, and
vertical acceleration across different hull configurations. These insights significantly
enhance the understanding of planing hull dynamics in irregular waves, benefiting naval
architecture design and advocating for the adoption of CFD simulations. Key insights
include:

e Complex Motion Patterns: High-speed planing hulls, whether stepped or
non-stepped, exhibit intricate and non-linear motion and acceleration patterns
in irregular waves. These patterns, characterized by sharp peaks and flat
troughs, challenge traditional linear analysis methods used for slower vessels.

e Extreme Event Probability: High kurtosis values indicate a higher probability of
extreme events, influencing hull design considerations for safety and
performance. A kurtosis value greater than 3.0 indicates a significant departure
from a normal EPF. For heave and vertical acceleration, the kurtosis values
exceed 3 for all three hull types at maximum speed under the same wave
conditions, indicating a higher probability of extreme events. Notably,
the double-stepped hull exhibits lower kurtosis values compared to the
non-stepped and single-stepped hulls, suggesting a reduction in extreme
events. In contrast, the kurtosis values for pitch displacement remain below 3.0
for all three hulls, indicating a less significant departure from normality under
the same conditions.

e Extreme Value Analysis: At both low and high speeds, the double-stepped hull
generally shows better performance with lower extreme values, whereas the
single-stepped hull exhibits mixed results with some higher extreme values,
particularly in vertical acceleration at low speed.

Overall, double-stepped hulls tend to offer more consistent improvements in stability
and performance, especially at high speeds, compared to single-stepped hulls and non-
stepped hulls.

Future research on stepped planing hulls should focus on enhancing mathematical
models to include additional degrees of freedom, such as roll motion, and developing
models for irregular wave conditions, including head waves, following waves, beam
waves, and oblique waves, as well as maneuvering motions like circle turns and zig-zag
maneuvers. Advancements in the 2D+t model should account for yaw angles, compute
maneuvering forces, and analyze heeled and yawed hulls. Investigating the effects of ice
on stepped hull performance, despite its complexity, remains crucial. CFD models require
further development to incorporate the effects of steps on the maneuvering motions of
planing hulls in calm water and waves, using both free-sailing and captive approaches,
and to address dynamic stability. Additionally, employing 6DOF simulations of unsteady
planing in various sea conditions, including following waves, beam waves, and oblique
waves, will provide deeper insights. These efforts will enhance the design, performance,
and versatility of stepped planing hulls, leading to safer and more efficient marine
vessels.
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Abbreviations

CFD Computation Fluid Dynamics

CICSAM Compressive Interface Capturing Scheme for Arbitrary Mesh
CG Centre of Gravity

EPF Exceedance Probability Function

Exp Experimental data

FFT Fast Fourier Transform

FVM Finite Volume Method

HRIC High-Resolution Interface Capturing

HSC High Speed Craft

IMO International Maritime Organization

ITTC International Towing Tank Conference

LBP Length Between Perpendicular

PDF Probability Density Functions

RANS Reynolds Average Navier-Stokes

RAO Response Amplitude Operator

RMS Root-Mean-Square

SIMPLE Semi-Implicit Method for Pressure-Linked Equations
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Symbols

Amplitude of the incoming wave (m)
Maximum Beam of the boat (m).
Chine breadth at transom (m).

Beam Froude Number (-).
Beam Froude Number (-).

Gravity acceleration (m/s?).

Body fixed frame (Coordinate system).
Step height (m).

Significant wave height (m).

Average wave height.

Wave number (m™).

Kurtosis.

Wave steepness.

Length over all (m).

The ventilation area for each planing surface (m)
Length of waterline (m).

Longitudinal position of centre of gravity (CG) with respect to
transom (m).

Mass of the boat (Kg).

nt" order spectral moment.

Normal unite vector.

Hydrodynamic frame (Coordinate system)

Fluid pressure (N/m?).

Ratio of negative values among the maxima values divided by the
total number of maxima values. Similarly, for the minima values,
represents the ratio of positive values among the minima values
divided by the total number of minima values.

Resistance (N).

Skewness.

Wetted surface (m?).

Time (s).

Wave period (s).

Peak wave period (s).

Mean wave height.

Boat speed (m/s).

Velocity field in the fluid domain (m/s).

Heave displacement (m), speed (m/s), and acceleration (m/s?).
Mean of highest height of heave (m).
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Zuim Mean of 1/n highest height of heave (m).

Zymean Mean of highest height of CG acceleration (m/s?).

ZHl/n Mean of 1/n highest height of CG acceleration (m/s?).

0,0,6 Pitch angle (rad), velocity (rad/s), and acceleration (rad/s?).
Oymean Mean of highest height of pitch angle (rad).

Mean of 1/n highest height of pitch angle (rad).
Local Pitch angle (rad)

wavelength (m)

Displaced volume (m?3).

Volume fraction of the water-air flow (-).

8-E<|>“5_D§>
=
S~
S

Wave angular frequency (rad/s).
Wy Peak wave angular frequency (rad/s).
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ARTICLE INFO ABSTRACT

Keywords: The double-stepped design of lifting surfaces, planing in water, has been seen to benefit the calm-water per-
Double-stepped planing hull formance by distributing forces over the washed area. The unsteady motion of such surfaces in waves, however,
Seakeeping

is not well understood. It is not clear how steps can influence the response of a planing vessel operating in waves.
In the presented research, this problem is analyzed by developing a model, which is established using a 2D + t
framework. Meanwhile, a CFD set-up is also designed to numerically replicate the motion of double-stepped
planing hulls subjected to gravity waves. It is demonstrated the results of both models agree. Performing
mathematical simulations, it is demonstrated that a double stepped design can decrease the heave and pitch
responses of the vessel in the resonance zone. More importantly, mathematical data confirms that wave-induced
motions of a vessel are highly sensitive to the heights of steps. A vessel with a shorter front step has smaller
vertical responses, especially over the resonance zone, while it may have larger vertical acceleration at high-
speeds. This is caused by the larger washed area of the middle surface, which can increase damping forces,
while it allows larger wave forces to impact the vessel.

Wave-induced motions
Mathematical simulation
CFD simulation

The problem with the instability of single-stepped boats slowed
down their applications in coastal seas. In the early 2000s, a new design
approach for stepped boats was suggested. Instead of one, two trans-
verse steps were used on the bottom, which, on the whole, were seen to
modify the pressure distribution over the entire length of boats. This
type of design, which is known as double-stepped hullform, was seen to
lead to smaller resistance force and trim angle, the angle between
baseline and calm water line. The good performance of this type of
vessel attracted renewed attention of boat designers. There is an accu-
mulative series of research analyzing their performance in calm-water
conditions, confirming their satisfactory performance in a smooth sea.

The steady planing problem of the double-stepped planing hulls has
been well understood. Experimental studies have been performed
(Taunton et al., 2010; Lee et al., 2014), Numerical and mathematical
approaches have also been used to model their calm-water performance
. (Veysi and Ghassemi, 2016; De Marco et al., 2017; Dashtimanesh et al.,
and Pope, 1961; Clement and Desty,. 19.80)'. But it was eventu.ally re- 2018; Niazmand Bilandi et al., 2018; Niazmand Bilandi et al., 2019a,
ported that, due to the unbalanced distribution of hydrodynamic pres- Esfandiari et al., 2019; Du et al., 2019). Hydrodynamic of double-stepped

sure ox{e}‘ the yvettec.l .surface of e.a smg?e.-steppe(.i boat, the occurrence planing hulls in waves, however, is unclear. The steps lead to ventilation
probability of instability may be intensified at high-speeds.

1. Introduction

The need to design high-speed stable boats has derived naval ar-
chitects to seek many different types of hullforms since early 1900s.
Among different types of designs, planing hulls have always been
considered as one of the popular hullforms, that can well operate at
high-speeds. These vessels have been used for high-speed operations in
the sea since the early 20 century. In the late 1950s and early 1960s, a
new generation of planing hulls emerged (Savitsky, 1985). A step, which
leads the water flow to be separated from it, was proposed to be added to
their bottom (Fig. 1). At the first stage, such a design was found to be
very interesting and attracted the attentions of different groups of boat
designers. A set of papers and reports, including the calm water per-
formance of these hulls, were published in 1960s-1980s (e.g. Clement

Abbreviations: AMG, Algebraic Multi-Grid; CFD, Computation Fluid Dynamics; CFL, Courant-Friedrichs-Lewy Number; CG, Center of Gravity; DFBI, Dynamic
Fluid Body Interaction; Exp, Experimental data; HRIC, High-Resolution Interface Capturing; LSQ, Hybrid Least Squares; ITTC, International Towing Tank Conference;
RAO, Response Amplitude Operator; RANS, Reynolds Average Navier-Stokes; SIMPLE, Semi-Implicit Method for Pressure-Linked Equations.
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Nomenclature T Wave period (s)
Ti Transom reduction function (-)
A 42, /4 Linear added mass coefficients caused by vertical and u Boat speed (m/s)
angular accelerations u; frictional velocity (m/s)
Ao, /9, Angular added mass coefficients caused by vertical and 4 Relative forward speed of 2D section (m/s)
angular accelerations Vee The Vertical position of the CG (m)
a, d 2D added mass (Kg/m), and its time derivative (Kg/s) 7°. 7° Relative vertical speed (m/s) of a 2D section and its time
a Amplitude of the wave (m) rate (m/s?)
B, Byry  Maximum Beam of the boat (m), and its beam at water line v = [Vx.Vy, ;] Velocity field in the fluid domain (m/s)
(m) w Weight of the boat (N)
c, ¢ Half beam of spray (m) and its time rate (m/s) w, Vertical velocity of the wave
Cr Frictional drag coefficient (-) Xp Bow position with respect to CG (m)
d, Normal distance from the wall of the vessel X5, Step position with respect to CG (m)
D, Material derivative Xs, step position with respect to CG (m)
Ty, Ty, I frictional drag, pressure frictional force and spray X7 Transom position with respect to CG (m)
frictional force (N) X, X, X displacement, velocity, acceleration vector
F force vector 7, %, Z Heave displacement (m), speed (m/s), and acceleration
F = [Fy,F),F;| Fluid force acting on the vessel (N). Different (m/s?)
components refer to the surge, sway and heave forces Y] Deadrise angle of the vessel (deg)
2y 2D buoyant force (N/m) B Local deadrise angle of the vessel (deg)
Fry = u/(¢B) ' Beam Froude Number (-) Y The numerical domain
fy Body force (N) Ys The part of the numerical domain occupied by the rigid
T Fluid force acting on the 2D section (N) body
fz» Mg, Fluid force (N) in heave direction and moment (N-m) in the Ap Rigid body boundary
pitch direction on a single planing surface Ay Inlet boundary
F;, Mj  Fluid force (N) in heave direction and moment (N-m) in Ap Left-patch boundary
pitch direction excluding the added mass contributions Ao Outlet boundary
g Gravity acceleration (m/s?) As Symmetry boundary
Gxyz Body fixed frame (Coordinate system) Asp Bottom boundary
hs Step height (m) Ay Top boundary
hy(x)  Water depth (m) Vi Spray angle
i i-th planing surface 5Cy Frictional drag coefficient due to hull roughness (-)
I Mass moment of inertia (Kg-m?) € Phase shift of the wave (-)
K Wave number (m™1) . Wave steepness (-)
Lo The longitudinal position of the centre of gravity (CG) for 4 Water surface elevation (m)
transom (m) 6, 0,6  Pitch angle (rad), velocity (rad/s), and acceleration
Ly, The ventilation area for each planing surface (m) (rad/s%)
Ly total keel length washed by water and the ventilation areas 6 Local Pitch angle (rad)
(m) 2 wavelength (m)
Ly, Ly, Ly Length of each planing surface(m) v Kinematic viscosity (m?/s)
m Mass of the boat (Kg) Ha Air viscosity (Kg/m-s)
M = [M,,My.M,] Moment vector (N-m). Different components refer Hegp Viscosity of the mixture of water (4,) and air (y,) at any
to the heel, pitch and yaw moments point in the domain (Kg/m-s)
a Added mass forces (Kg/m) u Turbulent viscosity of the flow (Kg/m-s)
#®, .#®® Added mass moments (N-m) y Water viscosity (Kg/m-s)
M mass Matrix Peit Density of the mixture of water (p,,) and air (p,)at any
n Normal unite vector point in the domain (Kg/m®)
OXYZ Earth frame (Coordinate system) Pa Density of the air (Kg/m?)
Oéné Hydrodynamic frame (Coordinate system) » Density of the water (Kg/m?)
P Fluid pressure (N/m?) o Normal stress tensor
Re Reyonlds number w wave angular frequency (rad/s)
i Wetted surface (m?)
t Time (s)

the middle surface is nearly dry. Compared to a stepless design, the
performance of a double-stepped body in waves can be different. To
understand the effects of steps on the performance of planing hulls,

areas and distribute forces over the bottom of the vessel (Garland and
Maki, 2012). Added mass and damping forces/moments of the middle
body are expected to be scant compared to the front and rear surfaces as
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Stagnation Point

g Separated Flow

Fig. 1. A sketch showing the effects of step on the fluid motion around a
planing surface with trim angle of 6. In the lee of a step, water flow is separated
and re-attaches the rear lifting surface, causing a second lift force which is
comparable to the one acting on the front surface.

exposed to water waves, their dynamic motion should be modeled.

The dynamic of ships in waves, also known as seakeeping, has been
modeled by many researchers since the early 1950s. ideal flow
assumption, zero-viscosity hypothesis, and the linear potential theory
are used to model the problem. Using these assumptions, Radiation
along with Diffraction problems emerge. Solutions to these problems
give the added mass, damping force, and exciting force at different
frequencies. The linear theory and these two problems are well
explained in Newman (1977).

Radiation and Diffraction problems have been seen to be solved in
the frequency domain by applying different analytical methods. Laplace
Equation governs domain, which represents the continuity equations for
an incompressible fluid flow with zero-viscosity. Depending on the
physics of the problem, different methods including Eigenfunction
matching, Multiploe methods, Green Integration among others can be
used. A very deep overview of these methods is presented in Linton and
Mclver (2001).

For the case of ships, the strip theory can also be used (Salvesen et al.,
1970; Ogilvie and Tuck, 1969), which utilizes the sectional damping and
added mass coefficients of ship section, those which can be computed by
using Lewis Section. The Radiation problem related to a
two-dimensional cylinder is solved and then is mapped to the sections of
the ship. This method has been seen to be valid for the case of
displacement hulls.

For the case of a planing hull, advancing in water waves, some dif-
ficulties emerge. Since the vessel positions itself at a non-zero dynamic
trim angle and the Centre of Gravity (CG) locates at a different level
compared to zero-speed condition, hydrodynamic pressure turns into an
important contributor to the generation of fluid forces. In this case, the
linear potential assumption can lead to different physics which is far
from what happens in reality, and classical frequency-dependent added
mass and damping coefficients may not be consistent with real physics.
Simply stated, the response of the vessel in the vertical direction is ex-
pected to be high and it starts to oscillate, leading to large variation in
the wetted area of the vessel. In this situation, added mass and damping
coefficients are likely to be response-dependent, which is different from
the classical linear theory definition. Therefore, non-linear-based
models can have been more accurate in this case.

Zarnick (1978) developed a nonlinear model for the mathematical
replication of the motion of planing hulls in waves. The problem was
solved in the time domain, while another time-scale was used to model
the motion of the sections of the boat, i.e., the sectional motions of the
boat were modeled through a qusie-steady approach. The sectional
forces were found using added mass forces. The model gave
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response-dependent added mass forces and exciting forces. It was seen
that it can simulate the motion of vessels with a high level of accuracy.
The model is also known as the 2D + t method.

The application of Zarnick’s model was later extended to other
planing motions, such as steady performance and asymmetric/drift
motions, where the model was expected to be consistent with real
physics to a higher level (Xu et al., 1999; Sebastiani et al., 2008; Gha-
dimi et al., 2016; Dashtimanesh et al., 2019). The reason was that Zar-
nick’s model assumes that sectional forces emerge from the added mass
forces, and the frequency of fluid motion around the section is infinite.
The model has been seen to be used for modeling of the maneuvering
motion of planning hulls, and acceptable performance of the model is
reported, while its accuracy is still required to be modified (Tavakoli and
Dashtimanesh, 2019).

In the recent year, the 2D + t method is used to simulate steady
performance of the double stepped planing hulls (Niazmand Bilandi
et al., 2020). This model is developed by assuming that the water sep-
aration from step follows the transom wave theories. The general idea
comes from the work of Savitsky and Morabito (2010), who formulated
the transom wave in the lee of the vessel, aiming to provide a
non-sophisticated formulation for performance prediction of stepped
planing hulls. Niazmand Bilandi et al. (2020) used this idea by simpli-
fying it. They assumed that the transom wave has a linear shape as the
water flowing toward the lifting surface behind the step travels a rela-
tively small distance. In such a condition, the steep waves cannot be
developed and a linear shape can be assumed for the water flow, sepa-
rated from the step. It has been observed that it has a great level of
accuracy. But, no mathematical model has been developed for the un-
steady motion of double-stepped hulls, subjected to water waves, while
there is a pressing need to simulate seakeeping of these hulls, as
explained earlier.

Meanwhile, the Computational Fluid Dynamics, CFD, has been
applied for simulation of seakeeping of ships and boats in the last two
decades. It has been reported that CFD models can predict the response
of the ships/boats exposed to water waves with reliable accuracy. CFD
models solve turbulent viscous flow around ships/boats, allowing us to
model high-order phenomena, such as turbulent dissipation, emerging
during the mutual interaction between water waves and ships (e.g. in
Huang et al., 2020). Of course, such a phenomenon cannot be easily
modeled through mathematical modeling as many simplifications occur
when these models are developed. While CFD models are very popular
and accurate, they are time-consuming. They are not recommended to
be used in the case a boat/ship has not been designed. They are better to
be utilized in the last stages of the design of a ship. The comparison
between mathematical and CFD models can let us know how their re-
sults can differ.

For the case of double-stepped planing hulls, experimental tests,
highlighting their seakeeping in head sea condition, lacks at the current
stage. Therefore, CFD models can be used to model their problem, and
their results can be compared against those of 2D + t model. Of course,
such a comparison cannot be considered as a validation study, but it can
provide important messages regarding the performance of both models.
Low differences between their results can show that they both are per-
forming well enough to be used for improving our understanding of the
problem.

The present paper aims to fill the gap in modeling of planing motion
of stepped surfaces in water waves by offering two models, including a
nonlinear mathematical model and a CFD one. The mathematical model
is established by extending the Zarnick’s method for double-stepped
planing hulls. The CFD model is developed based on a Finite Volume
Method, and an overset technique, which is applied to model the rigid
body motion. The 2D + t model and an example of the CFD set-up, that
can be used to simulate vertical motions of a double-stepped planing
hull, were previously presented in a conference proceeding (Niazmand
Bilandi et al., 2019). But, the details of the 2D + t model and the way
that it is developed were not presented. In addition, the presented results
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were restricted to one forcing condition, and one design. In the present
research, the 2D + t model is explained in detail. Moreover, a wide range
of results is presented, which provides us with an understanding
regarding the effects of step on the vertical motion of double-stepped
planing hulls, advancing in waves.

The present paper is outlined as follows: The mathematical model
and CFD model are respectively presented in Sections 2 and 3. The
validity of models in replication of the steady performance of the vessel
in calm water is evaluated in Section 4. A comparison between the re-
sults of CFD and the mathematical model is presented in Section 5.
Results of the paper are presented in Section 6, and it is shown how a
double-stepped design can affect the dynamic response of a planing
vessel in waves. Section 7 includes the concluding remarks.

2. The 2DOF mathematical model
2.1. Formulating the dynamic motion

Consider a hard-chine vessel with two bottom steps operates at
planing regime, which is identified as Fry>2.0. Here Frz = u/ (¢B) ',
and represents beam Froude Number. uis the speed of the vessel, B is its
beam, and g is the gravity acceleration. The water surface, the interface
between water and air, may have elevation, i.e., water waves can exist.

Assume that water waves are monochromatic, unidirectional, and
propagate toward the boat with an encounter angle of n. The angle be-
tween wave direction and boat speed is defined as the encounter angle.
The boat is supposed to perform in an open sea condition, i.e., the spatial
domain is not bounded at all. The water depth is assumed to be deep
enough to satisfy a deep-water wave condition.

Surface waves are assumed to be linear and no wave breaking and
modulation instability occur, i.e., linear wave theory, also known as Airy
Theory, governs the surface waves. The water surface elevation, at any
point, therefore, obeys

{=acos(kX —wt + ¢). 1)

In Eq. (1) ais the amplitude of wave, ® = 27/T is the wave angular
frequency, k = 2x/ is the wave number, and ¢ is the phase shift of the
wave. T is the wave period and 4 is the wave number. « is found using the
deep-water dispersion equation, given by

k=g 0% 2)

Heave and pitch motions are assumed to be induced by water waves.
Sway and yaw motions are assumed to be scant and are neglected. No
roll motion is also allowed. Assuming that thrust force passes through
the CG of the vessel, motion equations can be formulated as

mz = F.+W,

16 = M,. ®

In Eq. (3) m and I are mass and pitch inertia of the vessel. F, and M,
respectively refer to vertical force and pitching moment generated by
fluid flow. W is the weight force.
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Eq. (3) shows the relative motion of a body frame attached to CG of
the vessel, with respect to a hydrodynamic frame which advances with
the vessel, and never has any oscillations. Both frames are right-handed
and are positive downward. Both of these coordinate systems are shown
in Fig. 2.

2.2. Model development

The body of a double-stepped planing hull consists of three lifting
surface, including front, corresponding to x € [x;,, x}), middle, x € [x;,,
X, ), and rear, x € [xr,X;, ), surfaces. x;, and x;, respectively refer to the
longitudinal positions of the front and rear steps in body frame. x; and xr
refer to the longitudinal positions of the bow and transom in the
aforementioned frame.

The length of each planing surfaces is found as

Li=x, — Xy s (4)
Ly =x,, — x,, (5)
Ly =x;, — xr. (6)

It is hypothesized that heave force and the pitching moment acting
on the body of the double-stepped planing hull can be divided into three
components, each of which separately acts on one of aforementioned
lifting surfaces. Therefore the fluid vertical and angular forces are re-
written as

3
F.= zfzn
4:1 @
My = Z my,.
i=1

In Eq. (7), f;,and my, respectively denote the heaving and pitching
forces acting on a single planing surface.

It is hypothesized that water, flowing toward the surface behind each
step, tends to travel linearly. The schematic of this assumption is drawn
in Fig. 3. This assumption is known as the linear transom wave theory
and has been observed to be relatively true for the case of double-
stepped planing hulls when water partiality washes the planing sur-
faces (Dashtimanesh et al., 2018). Following this theory, the ventilation
area corresponding to each planing surface, identified with i, may be
written as

hs .
Lu=maray Ve 2,3} ®)
Here, hy, , is the height of each step, @ is the pitch angle and 6; is the

local pitch angle.

Note that the basis of assumption made to compute the wetted area
behind step can be found in the work of Savitsky and Morabito (2010).
They hypothesized that the profile of the water surface behind a step is
similar to that of a transom wave. They performed a series of experi-
mental tests and reported non-sophisticated equations to compute the

Water wave
R —

-

Fig. 2. Pictograph of a double stepped planing vessel exposed to monochromatic waves. The vessel advances with speed of u, corresponding to Fry= u/ (gB) .
Water waves propagate toward the vessel, representing a head sea forcing condition. Hydrodynamic forces, generated by the fluid flow, are formulated in a
hydrodynamic-frame, shown by &7¢. An earthly-framed coordinate system, shown by xyz, is used to derive the equations of the motion.
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Fig. 3. The schematic of linear wake profile assumption used for establishment of the 2D + t model.
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Observation plane on the path of the rear surface

Observation plane on the path of the front surface

Observation plane on the path of the middle surface

Fig. 4. The concept of 2D + t theory for a planing hull. The upper panel shows a planing hull passing through a fixed plane, marked with red color. As it can be seen
from a front view (left), the three-dimensionless motion can be represented by a water entry problem. The lower panel shows how the method can also be used for a
double-stepped planing hull. Three observation plans are used, and then three water entry problem emerge. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

water surface profile. In the present research, their hypothesis is
simplified, and the transom wave is assumed to have a linear shape. The
reason for such a simplification is that the wetted surface of each planing
surface is small, and thus the developed transom wave is not steep.

2.2.1. Sectional forces
The sectional forces of the vessel are found using the 2D + t model. A

water entry problem is used to replicate the planing motion at any time-
step. To understand this method, it is required to view the problem from
an observation plane locating in the path of the vessel as shown in upper
panel of Fig. 4. This theory can also be used for the double-stepped hulls
by assuming that three water entry problems occur as displayed in lower

panel of Fig. 4.
Consider that a wedge section enters water. Hydrodynamic force

acting on a section is assumed to be generated by momentum variation

and cross drag flow (Payne, 1995), which is given by
T ==Di(a?")+ Cep(pc 77) . 9

Here, D; is the material derivative, ais the added mass of the section, 7
is the relative vertical speed of the section, C¢p is the cross flow drag
coefficient, c is half-wetted beam for of each section, and p is the fluid
density. The first term of Eq. (9), found using a Lagrangian approach,
can be expanded as

D(a7)=a7 + 7a— o, (a7"). 10)
Here, 7/ is the relative longitudinal speed of a section. The method for
computation of added mass and watted length of section is explained in

Appendix A.
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Overall, the above equations show that sectional forces are found
using momentum variation, which depends on the instant added mass of
the section. The added mass of the section is computed by utilizing the
solution of a water-entry problem. i.e., a radiation problem with an
infinite-frequency, known as Wagner Solution, is applied and then
added mass of the section is formulated. Such a hypothesis might not fit
with the real physics. When a vessel oscillates in any direction, fluid
motion around any section of it is likely to oscillate with the same fre-
quency. But such an inconsistency has been found not to be a big worry
as the water entry problem has been reported to have proper accuracy in
computation of the sectional forces of a boat advancing in waves.

The relative local speeds of any section of the vessel are computed by
using the heave speed of the boat (2), pitch rate (§), vertical velocity of
the free surface, and boat speed (u), as

7" = (Z—w:)cos(0 + ;) + usin(6 + 6)) — 0¢, (11)
# =ucos(0+6;) — (2—w.)sin(0+6). 12)

Here, w,is the vertical speed of the fluid motion caused by the water
waves. To find more accurate sectional force, it is also assumed that
gravity can generate buoyant forces, which can be calculated by

2P, =0.5(2pgch 5 (x)). 4

Here the product of ¢ and hj (x) gives the sectional wetted area. Here,
hy (x) is the sectional water depth, that varies locally. g is the gravity
acceleration constant. This wetted area includes the additional area
caused by water-pile up, known as Wagner Condition. Sectional forces
are used to derive equations for heave force and pitch moment later.

2.2.2. Hydrodynamic forces acting on the body

Hydrodynamic force acting on a single planing surface is computed
separately. To do so, it is needed to integrate forces of sections over the
length of the surface. Sectional force contains, momentum variation,
cross drag and buoyant forces as shown earlier. Equations (14) gives the
integration of sectional forces in heave direction as follows

= / Ti(3) (= Di(a7) + Caplpe 72) dx | cos(0+6,)

Li

+ /] ()P, )dx Vie {1,2,3} a4

Li

In this equation, .7; is the transom modification function. The upper
and lower limits of integration have been presented in Egs. (4) through
(6). Note that the direction of buoyant force is different from that of the
sectional forces computed by (13). The transom and steps, are all, hy-
pothesized to modify the sectional forces, i.e., the Kutta condition gov-
erns at steps and transom, and thus forces should converge zero at
related sections. A transom modification function can be implemented
to serve this aim mathematically. This function will be presented later.

By computing the moment of sectional forces with respect to centre
of gravity, the pitching moment of each single surface is formulated as

me, = /(7,(.1)( ~Dy(a7") + Cep(pc 7%) )xdx + /in(x)_fff/ xdx Vi
L; Li
€{1,2,3}
(15)

The effects of transom on sectional forces are activated by using a
tangent hyperbolic function. This function gives a value of zero as x—
X7, , and also converges 1.0 as x—oo. Such a behaviour agrees with the
real physics. The aforementioned function was proposed by Garme
(2005), and is given by
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Ti(x) :mnh<275,<x—x,—,)> vie {1,2,3} (16)

Here 7 is a coefficient that determines the location at which transom
effects emerge. This coefficient is a function of beam Froude Number
and approaches oo as Fr—oo0. 7 is recommended to be found by (Garme,
2005)

¢ = 0.34BFr, vie {1,2,3} a7

For more technical information regarding Egs. (16) and (17) and the
way they have been formulated, please refer to Garme (2005). The ef-
fects of transom function on sectional forces appear at different stations,
that are given by

=X, vie {1,2} (18)

=Xxr Vi€ {3} (19)

The equations for three-dimensional forces can be developed by
summing the sectional forces. Integration of the 2D forces over the entire
length of each planing surface gives the three-dimensional force. Thus,
the three-dimensional heave force of each lifting surface is formulated as

fo= ( — (A icos(0 + 6,) )7 + .20 + ./ ®®0 (zc0s(0 + 6;) — ucos (0 + 6)) )

DL LD D HLD 2 )eos(6+6)

+ /-Ti(x)f;// dx | Vie {1,2,3}
Li

(20)

By using the same approach, the pitching moment, generated by the
water flow, is formulated as

my, = (#®cos(0+6)) )z —.#/2%0 +.#20(2sin(0 + 0)) — ucos(0+6;) )

+m§? +m,? +m,? +m% +mf+m§? +m,?
+ /y,-(x)fi,’?,)xdx vie {1,2,3}
L

21

Note that the force and moment, presented in equations (20) and
(21), are three-dimensional and formulated by the expansion of the two-
dimensional forces. Each of the above equations contains several terms.
The first three terms indicate the added mass contribution in the body
frame. These terms are a result of integration of sectional added mass
terms are shown with .7;.

The fourth terms in Equations (20) and (21), are products of added
mass force and velocities, which is an absolute nonlinear term. Some
terms are shown by superscripts bounded in a circle. These terms refer to
the forces/moments generated by integration of the added mass rate
along with cross drag force.

Formulations for these terms are all presented in Appendix B. Note
that, terms that are indicated with M-@ are wave forces, and others
refer to response-dependent damping forces/moments. Last terms in
both equations are the buoyant forces/moments. These terms represent
the stiffness mechanism contribution to total forces/moments acting on
the vessel advancing in waves. Note that it was previously described that
forces are in vertical direction.

Added mass forces/moments, that are shown with .# are given by

//,:/.7,»(x)udx Vi e {1,2,3} (22)
L;

M = /.7,(x)a xdx vie {1,2,3} 23)

L;
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7 — / Zi(x)a Pdx vie{1,2.3) (24)

Li

2.2.3. Motion equations

The movement of the boat is formulated using the rigid-body law as
explained earlier. Forces are substituted in the motion equation, and
give a set of differential equations as

(M7 )i+ S g0 = FF + W (25)

L g7+ (I +.709)0 = M}

Here, the summation of ./ terms are defined as the added mass co-
efficients, and are extracted from the fluid forces, and transferred to the
left hand side of both equations, which helps us to simulate the problem
over the time domain. Added mass terms are shown with .%7,,, .%7,, %/,
and .¢/y. Equation (25) governs the motion of the vessel advancing in
waves and is needed to be solved over the time.

The rest of the forces are kept in the right hand side of the equations
and are formulated as

5
F = Z fo = A E— A g0, (26)
i=1

3
My =" my, — i — A ogh).

i=1
Added mass coefficients are given by

3

o = Z M cos* (0+6,) (27)
i=1
3
Ay = — Z.//l’cos 0+6), (28)
i=1
3
Ay = — Z.//,.cos (0+6) (29)
P
3
A=y M® (30)
i=1

Equations (28) and (29) present .%/,, and .%/,,. The instant values of
these two added mass terms are equal. It important to note that the
added mass terms are influenced by the response of the vessel. Simply
stated, they are time-dependent and are different from the classical
added mass coefficients formulated in linear theory. Moreover, it should
be noted that the force and moment, identified with a * superscript
contain damping, restoring and non-linear mechanisms. The formula-
tion developed for added mass coefficients, and forces, show that the
developed model treats the problem by considering non-linearities of the
fluid motion. Under such an assumption, the problem is not solved in the
frequency domain. Instead, it is solved over the time, which will be
explained.

The motion equation of double-stepped planing hull can be is re-
written in a vector form as

MY =F*, 31

where, M is the mass Matrix, and X = [z(t) 0(t)] is the displacement
vector. F* is the force vector. The mass matrix and force vector are
defined as

_|m+ A Ay

M= A g, 1+ Ly |’

(32)

At any time interval, the acceleration vector is found as
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X=M""F*, (33)

Using acceleration vector, velocity vector, X, and displacement
vector, X are computed as

X= / Xadt, (34)

X= /thA (35)

in each time step. There will be a phase lag between waves and the
motion of the vessel. But, the phase lag of the vessel is not of interest in
the present research, and we will not present the related data.

In the case that the wave height is set to be zero, the steady motion of
the vessel is replicated. The vessel reaches the dynamic equilibrium. In
this condition, the vertical force, generated by fluid, equals the weight
force. In addition, the pitching moment is zero as the center of pressure
settles at CG.

2.2.4. Drag forces

The drag force is assumed not to have any contribution in vertical
motions of the vessel. It is hypothesized that this force is only generated
by water flow and air drag is assumed to be nil. Three different com-
ponents are assumed to cause the drag acting on the bottom of the vessel,
as

D =G+ Dy + D, (36)

Here 7y, is the frictional drag that is generated by the shear stresses
near the wall of the vessel. &, is the drag force that is induced by the
hydrodynamic pressure. Note that for the case of a planing surface,
pressure distribution in longitudinal direction is not symmetric at all,
and it is expected that pressure generates a large amount of force. & is
the spray drag, that is common to occur in the bow of planing surfaces,
as an amount of water jet flows toward the bow of the vessel, leading to
generation of spray.

The idea used for computation of hydrodynamic forces, is also used
to compute the drag forces, i.e, drag force acting on each planing surface
is computed separately and then the total drag forces are computed.
Drag forces are found by

3
Tr=""dp, (37)
i=1
3
Ty=> d, (38)
i=1
3
Ti= d,. (39)

The frictions drag force of each planing surface, denoted with d, is
computed by using the ITTC recommendation (ITTC, 1978) as

d, =05 (C/ +6Cy)pu*. 7, (40)
where C; is the frictional drag coefficients and 6Cy is the additional

friction coefficient due to roughness of the surface. .”; is the area
washed by water. Wetted area of each planing surface is computed by

7 2b

= . (41)
cos(f + ﬂ,)
The frictional drag coefficient is found by
C;=0.075(logR; —2)° (42)

where Rg is the Reynolds number. Reynolds number of the whole
planing vessel is used for each planing surface as
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Re=v'uLy (43)

Here, v is the kinematic viscosity of water. Ly is the total summation
of the keel length washed by water and the ventilation areas, given by

Ly=) Le+) Ly, (44)

Keel wetted length of each surface can be computed by
Ly, = / dx . (45)
Xy
The drag force generated by pressure is found as

d, = (/91@)( —Di(a7) + Cep(0.5pc 7)) dx) sin(0 + 6;) Vi

€{1,2,3} (46)
The spray drag acting on each planing surface is computed by

d,, = fcos(y;) vie{1,2,3} (47)

where f” is given by

C(0.5p0 7%)B?

5 = Tintryoos(B + 57

vie {1,2,3}, (48)

y; is the angle between the whisker spray edge and the keel line in
waterplane area, given by

I ntan(0 + 6;)
7o (zmnw+ﬁ,->>

Here, p; is the local effective deadrise angle. The formulations pre-
sented for computation of the spray drag are all taken from Savitsky
et al. (2007).

vie {1,2,3} (49)

3. The numerical model

Consider a three-dimensional spatial domain with a Cartesian right-
handed coordinate system of OXYZ. The vessel is assumed to be exposed
to waves in this domain, which is spanned within Xo <X <X, Y, <Y <
Yr and — H < Z < H,. A schematic showing this domain and the vessel
is presented in Fig. 5. The velocity field in the whole domain is presented
by v(x;t) = [Ve(x;t) vy (x;t) v;(x; t)]" which may vary over the time.

Consider that fluid around the vessel, which can contain the mixture
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of water and air, is viscous, and also incompressible. Continuity of the
mass flow and momentum conservation hold the domain in this condi-
tion. Hence, Reynolds Averaged Navier-Stokes equations, RANS, govern
the motion of fluid at any point in the fluid domain, as

Vv =0, (50)

0,(pv) + V.(pwv) — V.(uVv) = Vp —f, + Vv.Vu in Y/Yy (G

Here, p is the density of the mixture of the air and water. p in the
above equations refer to the pressure. Also, y is the dynamic viscosity of
the air-water mixture. The fluid flow is assumed to be turbulent, and
turbulent viscosity is expected to affect the shear stresses, and thus the
velocity field. A k-e model is used for this aim. Details of the turbulent
model are explained in Appendix C.

The two-phase flow is modeled using a volume fraction method. A
fraction, shown by y, is defined, which represents the fraction of water
over air at any point. A conservation equation governs on this fraction in
the whole domain as

a(y) + V.(pry) = 0

Viscosity and density of the fluid in every point of the domain are
found locally as

==Yt + aer (53)

in Y/Y, (52)

P =1 =P + Puater (54)

A numerical wave maker is prescribed at X = Xy, that generates
surface waves as

U(Xp, 1) = aexp( —iwr), (55)

which propagate toward the vessel, where i = v/—1. Water waves are
expected to follow the linear water wave theory as they are set to have
gentle steepness. Waves propagate toward the left end of domain and are
damped at Ap and A, in A, order to stop any reflection of wave energy
from boundaries of the domain. This forcing conditions replicates a head
sea wave condition, which is modeled in the present research.

Water and air are prescribed to flow toward the boat from A; with a
velocity of -u. Also, flow with velocity of -u is also set on A, which
provides and open water condition around the vessel. The zero-gradient
pressure and zero-gradient velocity govern on every point of Ao, which
matches with an outlet boundary condition. On the walls of the boat a
no-slip condition is satisfied, i.e., u|,.4, = diAp. As the vessel has no yaw
and sway motion, and also is not heeled, the fluid motion is expected to
be symmetry with respect to the XZ plane. Therefore, a symmetry

Ay

Ar

Fig. 5. Numerical domain used for replication of the dynamic response of a double-stepped planing surface in water waves.
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Table 1
Summary of the boundary conditions applied to the numerical domain.

Wave damping

Boundary Symbol Type

Hull surface Agp No-slip wall

Inlet Ap Velocity inlet

Outlet Ao Pressure outlet v
Top Ay Velocity inlet

Bottom Asp Velocity inlet

Left-patch Ap Velocity inlet v
Symmetry As Symmetry plane

boundary, shown by Ag, is defined, which accelerates the simulations
and reduces the storage of data as well.

The upper patch of the domain, Ay, is set to act as an inlet with a
constant velocity, being equal to that of the vessel. This provides a
perfect open-sea condition. All the aforementioned boundaries condi-
tions are summarized in Table 1.

Motion equations can be solved using rigid body equations over the
time. The force, F, and moment, M, vectors acting on the planing body
are computed as

F://(p+a').ndAB

M://(p+¢r).n x rdAg

(56)

(57)
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Here, ¢ is the normal stress tensor, n is the normal vector and r is the
distance vector. The solution of a rigid body dynamic equations, pro-
vides the values of instant heave and pitch of the solid body over the
time. All the presented equations, including the fluid and rigid body
motions, are solved by using a CFD code, StarCCM+ (STAR-CCM+,
2011). An implicit approach is used for decomposing the unsteady
terms. The temporal terms are discretized by applying a 2nd order
method. The convection terms are decomposed by embarking a 2nd
order method. The gradient discretization is performed through Hybrid
Least Squares (LSQ) approach. The fluid equations are numerically
solved by using a SIMPLE, (Semi-Implicit Method for Pressure Linked
Equations) algorithm. The Algebraic System of equations is numerically
solved by applying an AGM (Algebraic Multi-Grid) method. The
two-phase flow is solved by using the VOF method as explained earlier.
The convection of the VOF is modeled by using an HRIC (High--
Resolution Interface Capturing) method. The dynamic response of the
rigid body is solved by employing a DFBI (Dynamic Fluid Body Inter-
action) planar motion carriage framework. The mesh motion is treated
with an overset technique. The rigid body is placed in a region which
moves with the planing vessel. Therefore, no re-meshing or deformation

of the cells occurs over time. An interpolation between the background
region and the overset region is performed by utilizing a linear method.

The computation grid is generated by using the toolbox of the CFD
code, StarCCM+ (STAR-CCM-+, 2011), as well. The strategy for grid
design is based on the previous numerical researches highlighting the
wave-ship/wave-structure interaction. Examples can be found in Tez-
dogan et al. (2015), Mousaviraad et al. (2015) and Huang et al. (2019).
Cells are set to be fine near the free surface and the hull surface, where
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Fig. 6. Designed mesh for discretization of the spatial domain. The middle panel shows the entire domain. The upper and lower panels respectively show close-up

views of the cells around the free surface and the vessel.
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fluid is expected to be strongly turbulent and shear stresses should be
computed with a high level of accuracy. Higher resolution is applied for
the cells covering the wake of the vessel to ensure that the wake effects
are captured and modeled properly. Since an overset method is used for
dynamic simulations, cells are not deformable at all. A layout of the
mesh used for the simulation of the problem is shown in Fig. 6. Please
note that it is ensured that the wave height locates in about 20 cells.
Different grids are generated using a mesh refinement ratio of v/2. The
summary of these grids is shown in Table 2. A mesh sensitive study is
performed and it is found that Gs can be used for numerical replication
of the problem. The summary of the mesh sensitive study is presented in
Appendix D. Also, the accuracy of the model in the generation of gravity
waves is evaluated in Appendix E.

A personal computer, PC, equipped with a 3.1 GHz Intel 12-proces-
sors and 36 GB memory, is used to run simulations. Each simulation is
run over 60,000-time steps. Every single simulation required nearly
~100 h on the machine.

4. Case conditions

Mathematical and numerical simulations are performed for two sets
of planing models. These models are designed and presented in two of
the previous research (Taunton et al., 2010; Lee et al., 2014) high-
lighting performance of stepped planing hulls. Effects of step and their
location on the resistance and running attitude of planing hulls are
evaluated and discussed in the related papers.

The first planing model set is designed at the University of South-
ampton by Taunton et al. (2010). Effects of two steps on the performance
of a planing model were studied, and it was observed that two steps can
highly decrease the resistance of the vessel. The stepless and
double-stepped boats are named as models C and C2, respectively. Both
vessels have similar body plans and are 2 m long, but one has two
transverse steps, located at 0.158L and 0.31L. The mean deadrise angle
of these vessels is 22.5°, which is the most common deadrise angle used
for planing hulls performing in the real sea. Body plans of the models are
shown in Fig. 7, and their dimensions, as well as other principal char-
acteristics, are listed in Table 3.

Dynamic motions of models C and C2 are simulated in the head sea
condition in the present research by applying both CFD and 2D + t
models. A comparison between the obtained results can be very helpful
in verifying the accuracy level of the 2D + t model. In addition, dynamic
responses of model C and C2 are compared against each other. This can
improve our understanding of the effects of steps on the movement of a
planing craft in waves.

The second planing model set is designed in Virginia Tech in the
early 2010s. The related hulls are developed to study the effects of step
height on the performance of a double-stepped planing surface. Two
models, including Case 4 and Case 6 are selected to be studied in the
present research. The first mode, Case 4, has two steps with different
heights of 0.007B and 0.021B. The second one, named Case 6, has two
steps with similar heights of 0.014B.

A comparison between dynamic responses of cases 4 and 6 can in-
crease our understanding of the influence of the step height on the dy-
namic response of a double-stepped planing craft in waves. Details of
these two models are also presented in Table 3. The body lines corre-
sponding to these models are shown in Fig. 7.

Table 2
Different grids used for modeling the problem.

Grid Name Grid Number (Million)
Gy 2.010235
Gy 2.452366
Gs 2.778091
Gy 3.025686
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The wave forcing condition used in the current research is also
presented in Table 4. Waves cover a wide range of wavelengths, that can
provide us with RAO plots. All waves are set to have gentle steepness.
These forcing conditions are selected from the research of Begovic et al.
(2014), who studied the unsteady motion of warped planing hulls.

5. Calm water performance tests: A validation study

Before performing a study on dynamic responses, calm water per-
formance of the different hulls are computed using CFD and 2D + t
methods, aiming to check their validity in computing hydrodynamic
forces, and the equilibrium condition of the double-stepped vessels in
calm water condition.

It is very important to note that there is no experimental work
highlighting the dynamic of double-stepped craft advancing in planing
regime. Therefore, we have first validated both CFD and 2D + t methods
in modeling the calm water performance. Then, we have compared
dynamic motion results computed by these two models against each
other in the next Section.

The calm water experiments are performed by setting waves to have
a steepness of zero in both models. Thus, the water surface will be in
equilibrium condition. The boat has heave and pitch motions, both of
which converge to steady values. Steady heave and pitch give dynamic
trim angle and CG rise-up of the vessel.

5.1. Calm water tests for models C and C2

A sample of the calm water tests of model C and C2 at Froude
Number of 4.77 is shown in Fig. 8. As seen initial values are set for heave
and pitch, and then simulations are run over time up to the time they
converge. Both CFD and 2D + t results are observed to provide results
close to experimental data, dashed red line.

As mentioned earlier, steady planing simulations are run for every
single Froude Numbers to model the calm-water operation of model C2,
i.e, similar to what is presented in Fig. 8, the motion of the model C2 in a
calm-water condition is run for all speeds and the data is found. The
summary of simulations is presented in Fig. 9. Trim angle and resistance
of the vessel are both presented. Trim angle of the vessel is expected to
reach small values at high beam Froude Numbers, i.e, Fr > 4. Both CFD
and 2D + t models are seen to follow this behavior. At small Froude
Numbers, a peak in trim angle vs. Fr plot can be seen. CFD model can
well capture this peak. But 2D + t method is not able to do so. There
might be some reasons for this fact. The most probable one is the low
speed of the vessel, which can affect the validity of the 2D + t model. At
such a speed, for instance, the transom might not get fully dried, and the
ventilation may not follow the linear wake theory. Also, the 2D + t
theory is expected to have better accuracy at higher speed, where the
solution of the infinity-frequency water penetration assumption used for
commutation of sectional forces is likely to be consistent with the
physics of the motion.

Computed values for the drag are also presented in Figure. The drag
force becomes larger by the increase in Froude Number as it should. CFD
and 2D + t model are seen to provide data with good accuracy. Both of
these methods, however, can slightly over-predict the drag force at very
high-speed. Note that, the CFD results have been previously presented in
Niazmand Bilandi et al. (2020) as the same set-up was used. Here it
should be clarified that the CFD setup, used in the present research is an
extension of what was performed in Niazmand Bilandi et al. (2020). The
key difference between the CFD set-up used here, and the one used in the
previous research is the ability of the present set-up in modeling of the
wave-induced simulations. The data presented in this sub-section is
related to the calm-water performance operation, and thus the extended
set-up, which is able to model the wave-induced motion of the vessel, is
not run for this case. Therefore, the data of the previous research is
plotted in Fig. 9. Please note that the CFD results that are presented in
Section 6, and also Appendix F, are run with the CFD set-up designed in
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Fig. 7. Body plans of the cases studied in the present study. Model C (a) and model C2 (b), which are studied by Taunton et al. (2010). Model Lee et al. (2014) (c):

Case 4 and Case 6.

Table 3

Main particulars of the studied planing models.
Parameter Model C Model C2 Case 4 Case 6
I/B 4.348 4.378 4.44 4.44
A/pr3 0.255 0.255 0.451 0.451
b 22,5 22.5 15 15
LCG (%L from transom) 33 33 40 40
L'(‘/L NA 0.31 0.5 0.5
LSZ/L NA 0.158 0.25 0.25
Height of the front step/B NA 0.0174 0.007 0.014
Height of the rear step/B NA 0.0326 0.021 0.014

Table 4

Generated waves.
Wave Condition  (rad/s) a(m) k (1/m) F=KXa /L
1 2.513 0.045 0.644 0.029 4.88
2 3.142 0.035 1.006 0.035 3.12
3 3.770 0.032 1.449 0.046 217
4 4.398 0.02 1.972 0.039 1.59
5 5.026 0.02 2.575 0.051 1.22
6 5.655 0.02 3.260 0.065 0.96

the present research. All of the results in Section 6 are related to
wave-induced motions of a double-stepped planing hull.

5.2. Calm water tests for cases 4 and 6

Trim angle and drag force of cases 4 and 6 are also simulated by using
the steady simulations of the 2D + t model. The CFD simulations of the
wave-induced motions are only performed for model C2, the results of
which are presented in Section 6. The reason is that CFD simulations

need a long time to be performed, which is nearly ~100 h. This time is
much longer compared to the time the mathematical model is run. In
addition, the set-up for the CFD model is designed to provide some
additional data, which can be used for evaluating the behavior of the
developed mathematical model. As it was mentioned earlier, there is no
experimental data highlighting seakeeping of stepped planing hulls.
Hence, CFD runs are performed to evaluate the differences between the
results of CFD and 2D + t model in the computation of wave-induced
motions of the vessel, which are present in Section 6. To sum, CFD
simulations are not run for cases 4 and 6.

The computed values are compared against experimentally
measured data. The computed trim angle is seen to be close to the
experimental data, but it diverges from experiments at the highest
speed. For the Case 6, this divergence is not significant. Overall, 2D + t
method has seen to have reasonable accuracy level in modeling of the
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Fig. 9. Dynamic trim angle and resistance of model C2 at various Froude
Numbers. CFD results are also presented in Niazmand Bilandi et al. (2020).
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Fig. 8. Sample of the time history of heave and pitch motion of a double stepped planing hull advancing in still water at Froude Number of 4.77: Simulations
performed by CFD and 2D + t method are plotted. The red dash line shows the value measured in towing tank test by Taunton et al. (2010). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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steady performance of the Case 4 and Case 6.

The steady heave values, computed by both CFD and 2D + t models,
are seen to follow each other. Some differences might be caused by the
errors in the prediction of the trim angle. As it was seen, the trim angle
was under-predicted. So, the vessel settles down at a lower height to
establish the balance between the weight and fluid vertical force.

The related data is shown in Fig. 10. 2D + t model is again seen to
follow the experimentally measured drag forces. There are still some
over-predictions, which are seen to be greater for Case 6. To summarize,
the 2D + t model is seen to provide a reasonable level of accuracy in
computation of the performance of the cases 4 and 6. There are some
errors, the source of which can be studied in future.

6. CFD vs. mathematical model

In the previous section, both models were used to reproduce the
steady performance of double-stepped planing hulls advancing in still
water. Runs were performed over the time to evaluate their accuracy
level in prediction of the steady performance. The accuracy level of both
methods were observed to be promising.

In this section, the results of CFD and 2D + t models in replication of
unsteady planing motion are compared against each other. As
mentioned earlier, no experimental based published paper/report
highlighting regular wave effects on stepped planing surfaces is avail-
able. Therefore, it is attempted to compare the results obtained by CFD
and 2D + t against each other to verify that both methods can work
relatively accurate. But one point should be mentioned here. The present
simulations are performed for the case of double-stepped planing hulls.
The accuracy of the 2D + t model in simulation of wave-induced motions
of stepless boats has been previously observed in a wide range of studies.
In addition, another version of the present CFD model, which was
designed to model wave-induced motions of a stepless boat, was previ-
ously tested by the authors. Motions of a hard-chine vessel, operating in
regular waves, was modeled replicated by CFD and 2D + t model. The
results were presented in Tavakoli et al. (2020). Note that, the CFD
set-up used in the related paper was different from the one used here.
The difference was the mesh structure around the vessel, which was
particular to a stepless boat. So, it can be concluded that an early version
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Fig. 10. Dynamic trim angle, vertical position of CG, and resistance of Case 4
(Left) and Case 6 (right) at various beam Froude Numbers. Circle and asterisk
symbols respectively show the CFD and experimental data.
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of the present CFD set-up, has been previously seen to compute the
vertical motions of stepless boat, advancing in waves, with a fair level of
accuracy.

Model C2 is tested in all forcing conditions at two beam Froude
Numbers of 2.94 and 3.83. Heave and pitch response along vertical
acceleration at CG are sampled at each time step. The data are presented
in this section.

Fig. 11 shows the heave response of the model C2. Two panels are
displayed, showing the heave RAO at two beam Froude Numbers of 2.94
and 3.83. The wavelengths ranging from 2L to 4L are marked with gray
color as they can cause the highest response, and are of interest in the
present research. The reference line, referring to wave amplitude, is also
plotted (the dashed red line). If the plotted data is below the line, it
imposes that rigid body motions are smaller than that of the waves.
Otherwise, it signifies that the rigid body motion is greater compared to
wave motion.

As observed, both CFD and 2D + t model predict that heave reso-
nance occurs at the marked area. At wavelengths larger than 2.0, 2D + t
model has seen to compute weaker heave response. The inconsistency
between two models can cause such a difference. The CFD model can
compute water fluid oscillation around the sections, but 2D + t model do
not consider oscillation for fluid flow, instead it assumes that water and
solid body mutually interact with a very high frequency. It can lead to
smaller sectional forces as the waves become longer inasmuch as gravity
effects becomes more significant. It is interesting to note that authors
have seen such a difference between CFD and 2D + t results in stimu-
lation of heave response of a stepless boat. Readers who are interested
are invited to find related technical discussions in Tavakoli et al. (2020).

Pitch response of model C2 is presented in Fig. 12. The dashed red
line shows the reference line, referring to the wave steepness. It can be
seen that both CFD and 2D + t models capture a reassurance at a
wavelength being between 2L and 4L at speed of 6.25 m/s. At the higher
speed, it can be seen that both models predict that the pitch response
converges a constant value as wavelengths becomes longer than 2L.
Again, the CFD model predicts higher values. The possible reason for the
differences between the results of the two models is assumptions made
for each of them. The 2D + t model neglects the gravity and computes
sectional forces for an infinite frequency. This might lead to larger
damping forces, and smaller exciting forces, especially over the reso-
nance zone, where motions are significant.

Vertical acceleration of model C2 at its CG is computed by both
methods. The related data is shown in Fig. 13. Both models have pre-
dicted that vertical acceleration can reach higher values at resonance
zone. But 2D + t model gives large values for vertical accelerations
induced by short waves, e.g., 1L. Such a difference can be attributed to
the method by which forces are computed. It has been previously
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Fig. 11. Heave response of model C2 in waves. The dashed red line shows the
wave amplitude, reference line. Circle and square markers respectively show
the 2D + t and CFD results. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. As of Fig. 11, but for pitch response. The dashed red line shows the
wave steepness, reference line. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13. As of Fig. 12, but for vertical acceleration at CG.

observed that when waves are short, 2D + t model might compute
negative sectional forces that can lead to large variation of vertical force
in a single cycle, which consequences in larger vertical accelerations
compared with what is computed by CFD. Technical information can be
found in Tavakoli et al. (2020). Moreover, note that the mathematical
model neglects the contribution of viscous forces as well. When the bow
of the vessel re-enters water, viscous pressure can also contribute
(Huang et al., 2021). This can also be another reason for larger vertical
acceleration that the 2D + t model computes at small frequencies.

Examples of the time histories of heave, pitch and vertical acceler-
ation, computed by both CFD and 2D + t models, are also presented in
Appendix F. These results are not presented in this Section as they might
make the paper hard to follow.

As it was explained earlier, it is impossible to evaluate the accuracy
of 2D + t model in reproducing the unsteady motions of a double-
stepped boat subjected to waves as no experimental data is available.
Instead its results were compared against a CFD model in this section. It
was seen that their data follow each other at most of forcing conditions.
There are some differences between the computed data, especially at
long waves. The inconsistency between the models, which is related to
the way sectional forces are computed, is likely to be the main reason.
Also, the turbulent nature of the flow, especially the water jet flowing
toward the middle and rear surfaces can also cause extra shear stresses
that are excluded from the 2D + t model. But it is important to note that
turbulence is expected to be stronger for the case of shorter waves as
their orbital velocity is higher.
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7. Effects of step on dynamic responses of a double-stepped boat

In the previous sections, the performance of 2D + t model in
computing the dynamic response of a double-stepped vessel operating in
planing mode was evaluated. It was observed that it can compute the
running attitudes and resistance of a hard-chine stepped planing boat
advancing in smooth water with a good level of accuracy, especially at
higher speeds. Then it was shown how it computes the dynamic response
of a double-stepped boat under the forces of head sea waves.

The comparison between the results of CFD and 2D + t models show
that the 2D + t model can provide reliable data and can be applied for
improving our understanding of the unsteady planing motion of double-
stepped boats. In this section, this model is used for this aim.

7.1. Adding two steps to the bottom

Heave and pitch responses of model C and C2 are found by using the
developed mathematical model. Motions of these two vessels were
mathematically replicated at four different beam Froude Numbers,
ranging from 1.9 to 4.77. Waves with different frequencies were
generated to have RAO plots with enough wavelengths.

Heave response of both models are shown in Fig. 14. At the two lower
speeds, heave responses of both models seem to be over-damped, and do
not reach a significant peak value in the resonance zone. At very long
waves, such as 1 = 3L, heave responses of both models converge to 1.0.
Model C2 is observed to have smaller response at most of the forcing
conditions. At the longest wave, heave response of this model is slightly
larger compared to that of model C.

At the Frg = 3.83, heave response of model C reaches its maximum
value at a wavelength ranging between 2L to 4L. Waves can also reso-
nate heave response of model C2. But, heave response corresponding to
resonance of model C2 is much smaller compared to that of model C at
this speed.

Finally, at the highest beam Froude Number, no resonance emerges
in heave response of model C2, while a resonance is seen to emerge in
the heave response of model C. At the all forcing conditions, model C is
found to have greater heave response.

Pitch responses of both model C and C2 are presented in Fig. 15. It
can be seen that, at the lowest speed pitch response of both models is
over-damped, i.e, pitch amplitude is not highly intensified at frequencies
near the natural frequency of both vessels. Model C2 is seen to have
smaller response at most of the forcing conditions at this speed.

At the higher speeds, the pitch response of model C becomes larger,
and resonance occurs. But model C2 is not affected in that way. Reso-
nance only occurs when model C2 advances at Froude Number of 4.77.
At larger Froude Number, response is seen to be over-damped and pitch
response is observed to be below, or nearly equal the steepness of the
incoming wave. In addition, it is obvious that model C2 has smaller pitch
response at all speeds.

Vertical acceleration of both models are shown in Fig. 16. As seen,
vertical acceleration of both models increases by the increase in speed
which agrees with the previous observations. Model C has been found to
have larger vertical acceleration at its CG. At the highest speed, vertical
acceleration of model C reaches up to 1.7g, which is quite large and can
be very harmful for the crew of the vessel.

Overall, it is observed that model C2, which has two transverse steps,
has a better performance in head sea condition. i.e, its heave and pitch
responses as well as vertical acceleration at CG are smaller compared to
those of model C. This provides us with an important message that a
double-stepped design can affect the hydrodynamic behavior of a vessel
advancing at planing regime. One of the main reasons that leads to such
a better performance is likely to be the changes in the wetted surface
pattern of the vessel. Three different surfaces which are partially washed
by waves can increase the damping forces and moments, which reduce
the heave and pitch response of the vessel in resonance zone. Note that,
the effects double-stepped design on heave and pitch responses was seen
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Fig. 15. As of Fig. 14, but for pitch response. The dashed red line shows the steepness of the incoming wave. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 16. As of Fig. 15, but for vertical acceleration.

to be more significant at the two higher speeds. This matches with the with similar heights. Sectional half-beam and deadrise angle of these
physics of problem. As the speed of a double stepped hull increases, two hulls are the same.

effects of step on flow pattern becomes greater and leads to larger Heave responses of Case 4, triangle markers, and Case 6, cross
ventilation area, and also it reduces the dynamic trim angle. markers, are displayed in Fig. 17. Pitch response of Case 4 is seen to be

smaller compared to that of case 5 at higher speed. In addition, vertical
motion of this vessel, Case 4, is not resonated by waves at the marked

7.2. Step height area, and the heave response plot is showing an over-damped behavior.
Note that, at smaller Froude Number, Frg = 3.89, heave response of Case

In this sub-section, vertical motions of two different double-stepped 4 is seen to be larger, compared to Case 6, at short waves.
hulls are mathematically simulated in head sea condition. One of the Pitch response of cases 4 and 6 are plotted in Fig. 18. Both models

hulls, Case 4, has a shorter front step, and the other, Case 6, has two steps
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Fig. 19. As of Fig. 18 but for vertical acceleration at CG.

show an over-damped behavior in pitch direction. Their responses are
seen to be very close to each other. At longer waves, Case 4 is seen to
have smaller response. But at very short waves, it can have larger
response.

Vertical acceleration of cases 4 and 6 are displayed in Fig. 19. It can
be seen that vertical acceleration of both models follow each other at the
lower Froude Numbers. At the higher-speed, however, vertical acceler-
ation of Case 4 is seen to be relatively larger compared to that of Case 6.

15

The differences at the highest speed are not significant, but it can reach
up to 1.3g at some forcing conditions.

On the whole, the results presented in this subsection confirmed that
the response of the dynamic of a double-stepped boat is sensitive to
proportion of step heights. Heave response of the vessel is highly
influenced by the step height. When the front step is set to be shorter,
heave motion is highly decreased and a very weak resonance might
occur. But, it can lead to larger vertical acceleration at CG of the vessel
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when speed is increased. Such a phenomenon is expected to be affected
by distribution of the wetted area of the vessel. Compared to a case for
which both steps have similar heights, larger area of the middle body,
and less area of the rear body, are washed the water flow. Such a wet
area pattern is expected to influence the damping forces/moments of the
vessel by increasing them, i.e, when front step is shorter, damping force
increases. Therefore, heave response is reduced and a very weak reso-
nance might occur. But, the larger wet area can allow a larger volume of
water to periodically impact the vessel, causing a larger vertical force. In
this condition, the vertical acceleration is expected to be larger.

8. Concluding remarks

Double-stepped planing hulls have been turned into one of the
interesting designs that can be used for a safe operation in water. Their
motion obeys nonlinear theories and is far from being linear, as the wet
area of the vessel varies over time.

In the current research, a mathematical model, based on the 2D + t,
was developed to replicate the unsteady motion of double-stepped boats
in head sea condition. The model uses the solution of a high-frequency
Radiation problem, known as Wagner, to compute sectional forces by
applying momentum variation law. A simplified model was also applied
to compute the ventilation area behind each step.

In parallel, a CFD model was used to simulate the unsteady motion of
the double-stepped boats in waves. This model was applied due to the
lack of available experimental seakeeping tests of double-stepped boats.

Both models were found to be valid enough to be used for perfor-
mance prediction of the vessel in calm water conditions. The related
simulations were performed by setting the water waves to be zero,
which resembles a smooth water test. The 2D + t model was seen to have
large errors at low speeds, where the assumptions of the 2D + t model
are expected to be inconsistent with reality.

Rough water tests then were carried out. Results of both models were
compared against each other, showing their results follow each other.
There were some differences in long waves. Heave and pitch responses
computed by 2D + t model were seen to be smaller, which is expected to
be linked to the assumptions of the 2D + t model. This model is based on
the infinite-frequency Radiation problem, which simplifies fluid motion
around the section when unsteady motions occur. When waves become
longer, such an assumption can lead to inconsistency with the physic of
the problem. But, the relative agreement between CFD and 2D + t results
confirmed that the 2D + t model is reliable enough to be used for
simulation of the unsteady motion of double-stepped hulls.

The mathematical model was used to improve the understanding of
the effects of steps on the unsteady planing motion in waves. Vertical
motions of a stepless boat and a double-stepped hull were both were
mathematically replicated in head sea by using the 2D + t method. It was
seen that the stepped design can positively affect the performance of the
vessel. Heave and pitch responses were both seen to be reduced when
two steps were added to the bottom of the vessel. Vertical acceleration
was also seen to be reduced when two steps were added to the bottom of
the vessel. For the case of a double-stepped boat, the wetted area pattern
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is divided into three sub-areas, on which the hydrodynamic pressure is
distributed. Such a change in the wetted area pattern of the vessel is
likely to be the main reason that reduces vertical motions of double-
stepped boats.

Two double-stepped boats with similar sectional deadrise angles and
beams were also mathematically modeled in the head sea condition. The
main difference between these two designs was the step heights. In one
case, both steps have the same heights. But the other vessel had a shorter
front step. Quantitative comparison between the results demonstrated
that in the case the front step is shorter, heave motion, especially in the
resonance zone, is reduced, while vertical acceleration may be
increased. A shorter front step may increase the washed area of the
middle surface. A larger washed area can increase the total damping
force, and also can increase the exciting force. Therefore, such behavior
was observed for the vessel with a shorter front step.

The model developed in the present research provided an under-
standing of the unsteady planing motion of double-stepped hulls. The
performance of the model can be modified by consideration of oscilla-
tion motions of the sections and also by assuming a more accurate
prediction for the transom wave. In addition, the model can be further
developed to consider more degrees of freedom. Specifically, the roll
motion can be considered in the model, which is likely to be very
important for the case of high-speed vessels as they might show unstable
behavior in the transverse direction. More importantly, as was
mentioned before, experimental studies, highlighting wave-induced
motions of double-stepped planing hulls are lacking at the present
stage. It is very vital to perform systematic experimental studies on the
motions of double-stepped planing hulls exposed to water waves. This
can provide us with an understanding of the unsteady motion of double-
stepped planing through experimental observations. In addition, the
data provides us with a benchmark that can be used for the validation of
mathematical or numerical simulations.
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The sectional added mass of a solid wedge shape body entering water is found using the Wagner Solution as

a :g pc?

A1)

Here c is the half wetted beam of the solid body and vary over time. Time rate of added mass is found by computing derivative of Equation (A.1)

with respect to time as

a = m pcc

(A.2)

As explained earlier. c is a function of time. Therefore, its time rate emerged as we compute the differential of the right side of equation A.2. Half-

wetted bam of the section and its time rate are calculated through
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c=(1+y)c (A.3)

é=(1+w)c (A.4)

where 1 + y is the water-pile up that is found by applying Wagner condition. For the case of a Wedge shape body entering water with constant speed,
1 + y is found to be n/2. ¢ refers to the transverse location of intersection between calm water line water, and is computed using the shape function of
the section. When water reaches the chine, it values converges to a constant number, being equal to the half-beam of the vessel. It is, therefore,
computed by

(hy () ftan(B) hy(x) <z
60*{023 hy/(x)zz:/ (A.5)

Time rate of c, is also computed by

. {h ) (x)/tan(/i) ho(x) < 2 “6)

0 h//()() >z

Note that, ¢, is set to be zero after chine wetting. It is important to mention that we have simplified the water entry simulation after chine wetting.
In a real water entry problem, as the water reaches the chine, its is separated and can affect the fluid the motion around the solid body. But we have
simplified the problem by neglecting such a phenomenon.

Appendix BIntegral terms emerged in three-dimensional forces

The integration emerged in the final three-dimensional forces acting on each planing surfaces are presented in this Appendix. Integration emerged
in force are found by:

1o = (/f/‘,-(x)ad,(wz)dx) cos(0+6;) Vie{l,23} (B.1)
Li
e =- (/J‘.(x)aw,m) sin(@+6;) Vie{1,2,3} (B.2)
Li
== (/,“7;(x)avd,(w,)dx) sin(0+6;,) Vie{l,2,3} (B.3)
Li
1o = (/,7,(x)aud,(w,)dx> cos(0+6;) Vie{l1,2,3} (B.4)
Li
1o = 7#pal,, Vie{l,2,3} (B.5)
o =- (/.’/",-(x)d 7dx> Vie {1,2,3} (B.6)
Li

e =- (/.'/‘,-(x)cc,](p 7)b) dx) vie{1,2,3} (B.7)

Li

Integration that are emerged in the three dimensional moment are given by:

mP = (/,7‘(x)ad,(wz)xdx> cos(0+6;) Vie{l,2,3} (B.8)
Li
md =— (/.‘7,(x)awﬁxdx> sin(0+6;) Vi€ {1,2,3} (B.9)
Li
mg =— (/.7,(x)a 77'd*(w,)dx> sin(0+6;) Vi€ {1,2,3} (B.10)
Li
my = (/.;‘7;()()11 7/dx(w_,)xdx) cos(0+6)) Vie{1,2,3} (B.11)
Li
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mQ = 7 Wxrpa,  Vie{1,2,3} (B.12)

my =— (/z@)a °7/xdx) vie {1,2,3} (B.13)
Li

my =— (/<7,»(x)CCD(p 7)b) xdx) vie {1,2,3} (B.14)
Li

Appendix C. Turbulence model and y + values

The k-¢ model is used to simulate turbulence flow around the domain. The turbulent viscosity is hypothesized to be a function of kinetic energy, k,
and its time rate dissipation, e:

kZ
#=pCu (c.1)

Turbulent kinetic energy and its dissipation are linked through two conservatives based equations as

d
5 (PR) + V. (pvk) + V. (Heg kVK) = V. (g s VK) + Py — pe (c.2)
sk
9 e &
&(Pf) + V.(pve) = V. (4, Ve) + CorpPi = Cap - (c.3)
e

se

whereC,, C.1, and Cpare constants that are equal to 0.09, 1.44, and 1.92 respectively.
To treat flow behaviour near walls of the vessel, a standard y+ model is used. y+ is defined to be calculated as

diu, :y+
v

(c.4)

where d is the normal distance from the wall of the vessel,u.is the frictional velocity, and v is the kinematic viscosity of water. The frictional velocity is
related to the shear stress acting on the wall of the vessel as

- /'77”" ©5)

The y+ value is set to vary between 30 and 300 on the wall of model C2 when it advances in waves. Its distribution on the wall of the model C2 is
shown in Fig. 20. Readers who are interested in reconstruction of the turbulent fluid motion around a planing vessel are referred to Hosseini et al.
(2021).

Wall Y+
30 97.5 165 232.5 300
[ R - ’En

Fig. 20. Distribution of y+on the bottom wall of model C2 for Fng = 2.94.
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Appendix D. Mesh sensitivity study for CFD model

A sample of the mesh study is shown in this Appendix. Vertical motions of model C2 are numerically replicated in the fluid domain. Simulations are
performed to replicate the motion of vessel at beam Froude Number of 3.83, and wavelength of 3.12L. Simulations are performed using all four
generated grids. Heave and pitch responses are computed. The summary of data is shown in Fig. 21. It is observed that heave and pitch responses of the
vessel converge by the increase of the cells.

The data presented in Fig. 21 ensures the fine gird, Gs, can provide reliable data, and grids with greater numbers of cell do not affect the simu-
lations. Therefore, the fine grid is opted to use for modeling the unsteady planing motion of model C2 in different forcing conditions.

< 2 ~ T T
% L5 ° v © © .
1 | 1 Il
1.5 2 205 3 3.5
%106
E 2
%
& 1.5 -
g 1 1 | 1
1.5 2 2.5 3 3.5
Number of Cells %106

Fig. 21. Results of the performed mesh study. These results correspond to the heave and pitch motions of model C2. Froude Number is 3.83, and wavelength is 3.12L.

Appendix E. Wave generation by CFD model

Samples of generated waves by the numerical model are presented in this Appendix to evaluate the performance of CFD model in generation of
water waves. Tests are performed in an open-water condition, and the numerical domain is vessel-free.

Water waves with a length of 1.6L, corresponding to the frequency of 0.7 rad/s are generated in the right end of the domain. Wave steepness is set
to be 0.039. This condition matches with one of the forcing conditions used in the present research, 4th row of Table 4.

Time history of generated waves at a point, with a longitudinal position of 0.5L from the inlet, is shown in Fig. 22. Also, water surface elevation
corresponding to linear wave, given by theory, is plotted in this Figure. It can be seen that the numerical data matches with the theory, showing that
the CFD model is working well.

WP1 —CFD = -Theoretical

TR

o
n

C/ Ain,
(wm

na | )

0 2 A 6 8 10 12 14

Fig. 22. Free surface elevation generated by CFD model in an open-water condition at a point with a distance of 0.5L from the wave maker. The results are also
compared against Airy Theory to check the validity of the numerical technique.

19



R.N. Bilandi et al. Ocean Engineering 236 (2021) 109475

A sample of water surface is shown in Fig. 23. The water surface elevation in the whole domain is shown. An uni-directional pattern for the waves is
observed which ensures that the CFD model do not lead to any multi-directional waves. Therefore, it is guarantees that the generated wave model
provides a clean fully head sea condition.

-0.02 -0.012 -0.004 0.004 0.012 0.02 ¢
I

Fig. 23. Three-dimensional view of the uni-directional waves generated by the numerical model. The snaphshot presented here corresponds to the wavelength of
1.6L and steepness value of 0.039.

Also, the time history of the wave waves at three different virtual wave probes are plotted. These probes, shown by WP1, WP2, and WP3, are
located at longitudinal positions of 0.5L, 2.5L, 4.5L from the wave maker. Note that WP1 gives the water surface elevation presented in Fig. 23. Also
WP2 locates where the CG of the vessel is located in the wave-body testes.

Time histories are plotted in lower panel of Fig. 24. Each time history is bounded with two different dotted lines, referring to a;; and -a;,. It can be
seen that, the water is initially at rest, but as the wave energy reaches to the point, it starts to oscillate around its initial value, equilibrium condition.
Water surface elevation at none of the probes is seen to go beyond the dashed lines. This means that the energy of waves is well damped at all
boundaries, and therefore, no reflection effects emerges in simulation.

Left side

The Vessel
0.5L =
2L - 5
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Fig. 24. Upper row shows the location of three different virtual wave probes. Note that the tests are vessel-free and the vessel with a low transparency is drawn to
show the location of the vessel in the tank when its mutual interaction with waves is numerically modeled. Lower panels show the time histories of the mono-
chromatic wave propagating in the numerical tank. Time history of water surface elevation is shown since the initial time to show how the generated gravity wave is
developed. The second probe is placed at the CG of the vessel is located. Note that all results correspond to an open-water condition and the vessel is not placed in
the domain.

Appendix F. Sample of time histories of the response of model C2

Samples of time histories of heave, pitch and vertical acceleration of model C2 are presented in this Appendix. Samples are extracted from both CFD
and mathematical models, which are respectively shown by solid blue and dashed black plots in all Figures and panels.

The presented data cover two different beam Froude Numbers of 2.94 and 3.83, which correspond to speeds of 6.25 and 8.13 m/s, respectively.
Two different forcing conditions with wavelengths of 1.59L and 3.12L are considered. The smaller wavelength represents a situation with small heave
and pitch responses, but can have large vertical acceleration. The other wavelengths, however, can causes larger heave and pitch responses, but can
induce smaller vertical acceleration.

Fig. 25 displays examples of the heave response of the model C2 over the time. As seen, heave response, computed by both models, show harmonic
behaviour, and seems to follow a linear response. At the shorter wavelengths, CFD and 2D + t method are seen to fit very well. At the longer
wavelength, there are some differences, and 2D + t method computes smaller response.

Fr,=294 A\1=312 2D+t —CFD
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4 1.6 1.8 2 2.2
Fr =3.83, \/1=3.12

z / Ay,

1.6 1.8 2 2.2
Fr,=3.83, \/1=1.59
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—_ N W
T

=~

1
t/T
Fig. 25. Time histories of heave response of model C2. Results correspond to two different beam Froude Numbers of 2.94 and 3.83. Two different wavelengths of
1.59L and 3.12L are considered. Solid blue and dashed black plots respectively refer to CFD and 2D + t models.

Samples of pitch response of model C2 are shown in Fig. 26. As seen, like what was observed for heave response, time-dependent pitch of the vessel
is harmonic. Both CFD and 2D + t model provides very similar results at shorter wavelength. At the longer wavelength, larger pitch response is
computed by CFD model.
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Fig. 26. Time histories of pitch response of model C2. Results correspond to two different beam Froude Numbers of 2.94 and 3.83. Two different wavelengths of
1.59L and 3.12L are considered. Solid blue and dashed black plots respectively refer to CFD and 2D + t models.

Time history of vertical acceleration at CG, computed by CFD and 2D + t models, are plotted in Fig. 27. This parameter is seen to show nonlinear
behaviour. As apparent, crest of vertical acceleration is sharp. Crest is seen to be sharper at higher speed and shorter wave. The crest, corresponding to

2D + t model, is also seen to be skewed toward left. Physically, 2D + t model is more likely to compute larger spectral values for second and third
harmonics.
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Fig. 27. Time histories of vertical acceleration of model C2 at CG. Results correspond to two different beam Froude Numbers of 2.94 and 3.83. Two different
wavelengths of 1.59L and 3.12L are considered. Solid blue and dashed black plots respectively refer to CFD and 2D + t models.
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ARTICLE INFO ABSTRACT
Keywords: This work addresses the experimental study of a new systematic series of stepped planing hulls. Indeed, the
Stepped planing hull interest in the stepped planing hulls is constantly growing, both in the industrial/commercial and academic

Towing tank tests
Hull systematic series
CFD benchmark

fields. Designers and boat builders have been orienting toward the multi-stepped hulls solution to ensure good
dynamic stability, reliable seakeeping and operability at high speeds. However, there is a lack of a compre-
hensive stepped hull systematic series with various step configurations including a forward V-shaped step, as
typically used on modern boats. For the abovementioned reasons, a systematic series of eight different models of
stepped hulls have been developed and tested. The towing tank tests have been carried out at the naval basin of
the Universita degli Studi di Napoli “Federico II” Dipartimento di Ingegneria Industriale (DII) in calm water at
different speeds (Fry = 1.077-6.774) and for three different static trim conditions. All models are built with a
transparent bottom to visualize the wetted surface and the eventual development of vortices generated behind
the step. The eight models are defined by modifying three significant design parameters for stepped hulls (i.e. the
number of steps, longitudinal step position, and step height).

mainly suitable for the low range of speeds in the planing regime. The
Southampton systematic series, instead, based on the stepped hull form,
was tested at a wide range of speeds.

Stepped planing hulls have sparked up a tremendous interest in
recent years, and few researchers have tried to provide an understanding
of their performance in smooth/rough water (Niazmand Bilandi et al.,
2020a&2021). These vessels are used for a wide range of purposes (e.g.
military & patrol, fishing, and leisure). However, due to the lack of
available data about systematic studies of the stepped hulls, there still is
a non-trivial question for the designers to define the height, the position,
and the shape of the step(s). Indeed, there are only a few studies that
have tried to measure the performance of stepped planing hulls in calm
water and in waves.

From 1960 to 1990, a few authors (Clement and Pope, 1961; Moore,
1967; Clement and Desty, 1980) had some contributions in the perfor-
mance prediction of stepped hulls. Clement and Koelbel (1991) studied
the effects of the step design on the performance of planing boats.
Clement and Koelbel (1992) and Clement (2003) published two reports

1. Introduction

Nowadays, the design of high-speed craft is strongly conditioned by
two anti-synergetic needs: the first is the reduction of fuel consumption
and improvement of the speed, and the second is the improvement of
comfort on-board (De Luca and Pensa, 2017). To reach a balance be-
tween these needs, it is necessary to study the effects of various pa-
rameters on hull resistance as well as seakeeping and manoeuvring
motions. Several researchers have tried to develop a systematic series of
planing hulls (Clement and Blount, 1963; Keuning and Gerritsma, 1982;
Keuning et al., 1993; Kowalyshyn and Metcalf, 2006). However, these
systematic series not only have not been developed for energy efficiency
purposes but also their seakeeping and maneuvering behaviour have not
been analysed in most of the cases. Just two systematic series report
some considerations related to energy efficiency, specifically the Naples
systematic series (De Luca and Pensa, 2017) and Southampton system-
atic series (Taunton et al., 2010). However, Naples systematic series is
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Nomenclature
Ar Area of transom (m?)
Ax Area of maximum transvers section (m?)
B Breadth (m)
Bc Maximum chine breadth (m)
B, Bias systematic uncertainty
Bre Chine breadth at transom (m)
G Basis constant
Fry Volumetric Froude number
Fry, Froude number based on Ly,
Hs Height of the step (mm)
K Constant value
LSP Longitudinal Step Position (mm)
Lwt, Waterline Length (m)
Loa Length overall (m)
Ns Number of steps
P, Precision uncertainty
RTy Total model resistance (N)
S Wetted surface (m?)
SDev; Standard deviation of jth run
U Uncertainty
Uy Total uncertainty
Uy k-input parameter uncertainty
74 Hull speed (m/s)
Zg Sinkage (m)

Zo Sinkage referred to the O of the coordinate system (m)
v Displacement volume (m?)

Greek symbols

A Constant value

A Displacement weight (N)

P Density (kg/m3)

A Expansion coefficient

At Time step (s)

T Dynamic trim angle (deg)
Acronyms

CFD Computational Fluid Dynamics
CNC Computer Numerical Control
DAQ Data acquisition device

DT Down Thrust

EFD Experimental Fluid Dynamics
FRP Fibre Reinforced Plastic

ITTC International Towing Tank Conference
LCB Longitudinal Centre of Buoyancy

LCG Longitudinal Centre of Gravity
PVC Polyvinyl Chloride

RIB Rigid Inflatable Boat
RSS Root Sum Square
UA Uncertainty Analysis

in which an efficient configuration of one-stepped hulls has been
suggested.

In addition to those initial studies, Taunton et al. (2010, 2011) were
one of the pioneers who carried out experimental work on two-stepped
hulls. They provided a set of towing tank data that were suitable for the
validation of numerical and mathematical models. Vitiello et al. (2012)
also performed model experiments and sea trial tests on a two-stepped
hull in the towing tank of the Universita degli Studi di Napoli “Federico
II’. White et al. (2012) have performed some experiments on
two-stepped hulls and concluded that stepped hulls may improve the
powering performance of planing boats only under certain conditions.
Lee et al. (2014) have studied two-stepped hulls by various transverse
step configurations and displacements. They observed that in all cases,
two-stepped hulls led to a resistance reduction. Some researchers have
also tried to develop numerical methods for calm water performance
prediction of stepped hulls. Brizzolara and Federici (2013) used
Computational Fluid Dynamics (CFD) to investigate the resistance
reduction in stepped planing hulls. Sheingart (2014) investigated the
influence of a cambered-shaped step on the performance of V-stepped
planing hulls using a numerical method. Dashtimanesh et al. (2018)
tried to develop a numerical setup based on the morphing mesh
approach in CD-Adapco StarCCM+ in which the two-stepped planing
hull was free to heave and pitch.

Moreover, some researchers have developed mathematical models to
evaluate the stepped hulls performance. Svahn (2009) used the existing
wake formulas (Savitsky and Morabito, 2010) and extended Savitsky’s
(1964) method for performance prediction of one-stepped hulls. Dan-
ielsson and Strymquist (2012) tried to develop Svahn’s model for
two-stepped hulls. However, they failed in the implementation of the
wake formula for the two-stepped hull because of its range of applica-
bility and other issues. Accordingly, Dashtimanesh et al. (2017) assumed
a Linear Wake Pattern and presented a simplified mathematical model
for performance prediction of double-stepped planing hulls based on
Savitsky’s formulas. Then, Niazmand et al. (2019 and 2020b) developed
a mathematical model based on the 2D + T method for the performance
prediction of two-stepped hulls.

It is worth mentioning although there are many studies about calm
water performance of stepped hulls, the effects of step height and po-
sition, the number of steps and step shape are still unknown. The focus of
most of the previous studies has been on transverse steps while trans-
verse steps are not the case suitable for industrial/commercial applica-
tions where forward or backward V-shaped steps, instead, are largely
implemented. To tackle this challenge, towing tank measurements can
be used to provide an early understanding of the performance of boats
with various step shapes, numbers, heights and positions.

Therefore, in the current work, an experimental campaign, con-
ducted on a new systematic series of stepped hulls with various step
configurations, has been designed at the naval section of Dipartimento di
Ingegneria Industriale (DII) of the Universita degli Studi di Napoli “Federico
II. This study aims to measure resistance, trim, sinkage and wetted
surface for eight stepped hull models with a systematic variation of
relevant design parameters, i.e. step numbers, step height, and longi-
tudinal step position in three different starting trim conditions. All
models are built with a transparent bottom hull to visualize the
complicated fluid flows underneath the stepped hulls. All experimental
tests have been performed in calm water and it has been tried to capture
the wetted surface during the towing tank tests. All the 3D CAD models
are available on Github (Vitiello, 2022).

The remaining part of this work has been organized as follows: the
Rigid Inflatable Boats (RIB) state of the art has been reported in section 2
where there is a market analysis of the boats similar to the parent’s hull.
A comparison based on the Gabrielli-von Karman efficiency transport
diagram has been provided in addition to a review of available sys-
tematic series with and without steps. The description of the models’
characteristics, as well as their building details, have been presented in
Section 3. In section 4, the facilities with laboratory instrumentation and
measurements devices have been described. Moreover, the test pro-
cedure has been discussed in Section 5. Results and Discussions along
with uncertainty analysis have been reported in Section 6 and the paper
has been finalized by a conclusion in Section 7. The towing tank test
results are presented in Appendix A, the experimental uncertainty
analysis is shown in Appendix B, and the wetted surface photos at all
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speeds for all the models are available in Appendix C.
2. State-of-the-art

In this section, a market analysis of boats similar to parent’s hull has
been reported to have a better understanding of stepped hulls back-
ground. It is a comparison based on Gabrielli-Von Karman efficiency
transport diagram by considering all available planing hulls systematic
series (with and without steps). At the end of this section, a comparison
between Taunton’s Systematic Series (Taunton et al., 2010) and the
present series has been shown.

2.1. Stepped hulls RIB

Table 1 has collected the state of the art of RIB available on the
market. In this table have been listed the main boat data, in specific:
length overall (Loa), beam max (B), L/B ratio, sea trial power installed,
weight/Sea trial power ratio, maximum speed during the sea trial test,
®, S/L, K-value, volumetric Froude number, and Transport efficiency
(E7), that according to Gabrielli and von Karman (1950), is defined as:

w-v

~ 5102, W

Er
where V is the speed in m/s, W is the displacement in metric tonnes and
the Pd is the propeller delivered power in kW. Er is the weight/power
ratio and represents the quality of the whole means of transport. The
Gabrielli-von Karman transport efficiency index can be assumed as a sort
of “efficiency” ranking based on the maximum speeds of the type of the
hull available.

As reported on Gabrielli-von Karman graph in Fig. 1, on abscissa axis
there is the volumetric Froude number and on the ordinate axis there is
the Transport Efficiency. The hard chine hulls show the best efficiency
index at very low Fry numbers up to 0.8. At Fry between 0.8 and 1.5, the
round bilge hulls are the most efficient hulls, and at Fry number between
1.5 and 6.0, the Surface Effect Ship (SES) shows the best efficiency
index. Finally, for speeds growing up to Fry 6.0, the stepped hulls have
undisputed supremacy. Specifically, for volumetric Fr higher than 6,
there are several stepped planning hulls above the threshold trend line of
the hard chine hull, showing the best efficiency of the stepped hull at
these extremely high speeds. The following stepped RIBs, in ascending
order of Fry, have a better Gabrielli-von Karman efficiency index
comparing with hard chine hulls: Anvera 48, Technohull Omega 45,
Magazzu MX 12 and MX 11, Buzzi 42, MV Marine Mito 31 (Fig. 2),
Technohull 38 Grand Sport.
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Fig. 1. Gabrielli-von Karman - transport efficiency index.
2.2. Systematic series overview

The state-of-the-art planing hull systematic series has been shown in
Table 2 where there are 7 hard chine hull series and 2 stepped hull
series.

Warped hard chine hulls (Naples Systematic Series - NSS) reported in
De Luca and Pensa (2017) were designed at the naval section of the
Dipartimento di Ingegneria Industriale (DII) of the Universita degli Studi di
Napoli “Federico II” as the VMV Stepped Hull series shown in this paper.
The NSS series was designed with a deadrise angle constantly growing
from astern to forward and by an A1/Ax close to 1.0.

The other systematic series with a single chine (Hubble, 1974;
Keuning and Gerritsma, 1982; Keuning et al., 1993; Taunton et al.,
2010) have a constant deadrise angle along one-third of the hull.

Taunton’s systematic series (Taunton et al., 2010) and the present
VMV Series have the same Byc/B¢ ratio but with a different section
geometry. In Taunton et al. (2010) a monohedric hull bottom with a
constant deadrise angle of 22.5° is considered, on the contrary, in VMV
Series there is warped bottom with a transom deadrise angle of 23.0°
and an angle of 31.0° at the midship section. The following Table 2
summarizes the main hull data of the referenced series.

A detailed comparison between the Taunton’s systematic series
(Taunton et al., 2010) and VMV Series has been presented in Table 3.
The main differences are related to, the hulls’ dimensions, the

Table 1
The state of the art of RIBs.
Shipyard Model Loa B L/B A P A/P Vinax ® S/L Fry Er
(Commercial name)
[m] [m] [t] [HP] [Kn]

Anvera 48 14.50 4.91 2.95 10.00 740 13.51 44 6.79 6.38 4.94 4.01
BSK Marine Skipper NC 100C 9.85 2.90 3.40 2.68 800 3.35 70 7.15 12.31 9.80 1.58
BSK Marine Skipper Desire 120S 12.40 3.50 3.54 6.50 1880 3.46 70 6.70 10.97 8.45 1.63
Buzzi 42 RIB sport 13.20 3.60 3.67 9.02 1730 5.21 70 6.39 10.64 8.00 2.46
Joker Boat Clubman 30 9.50 3.28 2.90 4.00 600 6.67 48 6.03 8.60 6.28 2.16
Magazzit MX-11 coupe 11.00 3.80 2.89 5.50 900 6.11 60 6.28 9.99 7.45 2.47
Magazzil MX-12 gransport 12.00 4.80 2.50 6.00 900 6.67 60 6.66 9.56 7.34 2.70
MV Marine Mito 29 8.65 3.30 2.62 2.87 600 4.78 58 6.14 10.89 8.02 1.87
MV Marine Mito 31 9.35 3.30 2.83 3.20 600 5.33 60 6.40 10.83 8.15 2.16
MV Marine Mito 40 12.14 3.86 3.15 5.98 900 6.64 53 6.74 8.40 6.49 2.38
MV Marine Mito 45 13.50 4.18 3.23 5.65 740 7.64 44 7.64 6.61 5.44 2.27
Pirelli 1400 13.70 3.64 3.76 7.95 900 8.83 51 6.92 7.61 5.95 3.04
Pirelli 42 13.10 4.10 3.20 8.50 800 10.63 46 6.47 7.02 5.31 3.30
Tecnohull seaDNA999 10.30 2.80 3.68 2.70 300 9.00 40 7.46 6.88 5.59 2.43
Tecnohull 38 Grand Sport 11.10 3.20 3.47 4.20 1350 3.11 103 6.94 17.07 13.37 2.16
Tecnohull Explorer 40 12.10 3.50 3.46 4.50 900 5.00 60 7.39 9.52 7.70 2.02
Tecnohull Omega 45 13.80 3.50 3.94 5.93 900 6.59 58 7.69 8.62 7.11 2.58
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Fig. 2. Mito 31 body plan and profile.

Table 2
Planing hull systematic series — state-of-the-art.
Series L/B range @ range Bre/Be
Clement and Blount (1963) 2.00 2.97 0.66
7.00 8.46
Keuning and Gerritsma (1982) 1.95 2.99 0.66
6.82 8.36
Keuning et al. (1993) 3.41 3.29 0.66
7.00 8.25
Hubble - A (1974) 3.20 4.0 0.35
9.26 10.0
Hubble - B (1974) 2.32 4.0 1.00
9.28 10.0
Kowalyshyn and Metcalf (2006) 3.24 4.98 0.96
4.50 0.87
Taunton et al. (2010) 3.77 6.25 1.00
6.25 8.70
Grigoropoulos and Loukakis (2002) 4.00 6.18 -
7.00 10.00
NSS De Luca and Pensa (2017) 3.24 4.83 0.95
5.86 7.49
VMV Stepped Series (present study) 3.41 6.24 1.00
Table 3

Comparison of main characteristics of two stepped hull series, Taunton et al.
(2010) and VMV stepped Series (present study).

Model  Unit Taunton Taunton Taunton Taunton VMV
model A Model B model C model D Stepped

Series
(present
study)

L [m] 2.00 2.00 2.00 2.00 0.91

B [m] 0.32 0.39 0.46 0.53 0.268

A [N] 119.25 175.83 243.4 321.95 30.71

L/vY [ 8.7 7.64 6.86 6.25 6.24

3

L/B [-] 6.25 5.13 4.35 3.77 3.41

p [deg] 22.5 22.5 22,5 22,5 23

LCG [%L] 0.33 0.33 0.33 0.33 from 0.30
to 0.34

displacements, and the design criteria of the hulls.

In Taunton et al. (2010), the length of the hulls has been kept con-
stant and the L/B ratio, B, and step number (with the same step shape)
have been varied. Instead, in the present study (VMV Series), L/B ratio
has been kept constant and the main focus has been on the effects of

various design parameters on the hull performance (resistance and
running attitude). The considered design parameters are including the
Number of steps (Ns), Height of steps (Hs) and Longitudinal Step Posi-
tion (LSP) explained in detail in the next sections.

3. Description of the hull models
3.1. Parent hull

The parent hull used in this study represents an example of a modern
high-speed hull for Rigid Inflatable Boats (RIB). This hull can be a
representative hull for typical pleasure or military high-speed craft. The
parent hull comes from a RIB built by MV-Marine S.r.l., type Mito 31
(Fig. 2) powered with two outboard engines.

The assumed parent hull is a traditional stepped hull with longitu-
dinal spray rails and without an artificial bottom cavity or artificially
inflated air in the cavity and without the bracket for engines. The parent
hull is a hard chine hull with two transverse steps with a forward V
shape, with the Center of Gravity (CG) located in the center of the sur-
face between the first and second steps. This step shape is different from
the arrow-like and transverse bottom step is as reported in Sverchkov
(2010). The parent hull performance data are available in Miranda and
Vitiello (2014).

All models have the same main geometric dimensions (keel line,
chine line, deadrise angle, displacement, LCG, step shape, step angle) of
RIB Mito 31, with a 1:10 scale ratio.

Starting from the parent hull, the design parameters have been
defined based on a critical review of the literature related to the stepped
hull design. The specific design parameters, which have been selected to
cover a wide domain of investigation, have been described as follows:

e Step Number (Ns): Following Peters (2010) and Akers (2003), the
single or double-step choice depends on the length-to-beam ratio and
speed. For instance, a low aspect-ratio lifting surface of a boat with a
narrow beam requires two steps for lift.
Step Height (Hs): Peters (2010) defines a minimum and maximum
value for step height (31.8 mm-65.5 mm in full scale). Akers (2003)
in accordance with Norman Skene (1938), specifies that high steps
are not necessary and that experience shows steps as lower as 16 mm
could be effective. Sailing at high speed, a high height of steps could
affect the angle of attack of the flow on the eventual successive steps
conditioning the buttock lines behind the first step.
e About Longitudinal Step Position (LSP), there are different ap-
proaches in the literature. The first one, in accordance with
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Acampora and Racer (1995), Akers (2003) and Peters (2010), is
based on the idea that it is necessary to have the LCG close to the
forebody stagnation line to have a correct distribution of the vertical
forces between forebody and after body (Savitsky and Morabito,
2010). The second one, according to Clement and Pope (1961), de-
rives the LSP as a function of the main hull geometric parameters.
However, the step is always further forward than the LCG. The third
one, based on Clement (1964), defines a design approach for a
stepped hull similar to hydrofoil boats or aeroplanes. This approach
tries to find the optimum configuration of a lifting surface to obtain a
maximum lift-drag ratio. The CG position, as well as the centre of
pressure, are not negligible points since they could trigger dynamic
instabilities phenomena.

Based on the abovementioned design parameters, the hull models of
the present series have been generated by varying the number of steps (1
or 2), the Hs (20 mm and 60 mm, full scale), and the LSP, as summarized
in Table 4.

3.2. Models identifications

All the models in the present study are identified with an Identifi-
cation Number (ID). This ID is composed of six alphanumeric characters
(i.e. C02_1_20_0), in particular:

e C02 - indicated the hull progressive number, from 2 to 9.

e 1 - Indicate the step number (1 or 2).

e 20 - Indicate the step height in mm (20 or 60 mm in full scale, the
scale factor is 10).

e 0 — Indicate the Longitudinal Step Position: 0 for LSP = LCG; 1 for
LSP 140 mm forward of LCG.

In Table 4, all models are reported with their geometric character-
istics. O-XYZ is located at the intersection between keel line and transom
with X-axis positive forward, Y-axis positive right hand, and Z-axis
positive up.

3.3. Models building

The hull models for towing tank tests were designed with commer-
cially available 3D CAD software. The 3D CAD files are available on the

Table 4
Geometric characteristics of the hull models.
ID number Steps Step Longitudinal Step Longitudinal
Number; Height Position (LSP) Center of Buoyancy
(Ns) (Hs) (LCB)
[mm] [mm] [mm]
€02.1.200 1 2 0: 277
step 1 = 300 mm
C03.1.60_0 1 6 0: 291
step 1 = 301 mm
C041201 1 2 +1.4: 276
step 1 = 440 mm
C05.1.60_1 1 6 +1.4: 286
step 1 = 441 mm
C06.2200 2 2 0: 283

step 1 = 147 mm
step 2 = 300 mm
C072.600 2 6 0: 307
step 1 = 149 mm
step 2 = 302 mm
C0822011 2 2 +1.4: 282
step 1 = 288 mm
step 2 = 441 mm
€092 60_1 2 6 +1.4: 310
step 1 = 290 mm
step 2 = 443 mm
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Github platform (Vitiello, 2022). To provide a full view of the water flow
under the hull, the models have a full transparent bottom built only with
high-gloss neopentylic gelcoat transparent surface and isophthalic
transparent resin. The side of the model was built in Fibre Reinforced
Plastic (FRP) with a surface of high-gloss neopentylic gelcoat trans-
parent, isophthalic transparent resin and two layers of glass fibre
Chopped Strand Mat (CSM) of 450 gr/m?, to ensure the necessary
structural strength.

The hull models are built with female moulds realized with a hand-
made layup with composite materials. In order to build the female
mould, in a hand-made layup, was manufactured a model for the mould.
The model for the mould was designed in 3D CAD/CAM and the female
mould was built in FRP, the two parts are built through the following
step:

o milling of high-density PVC foam with CNC five-axis machine with a
rough finish to build a model for mould,;

covered with a spray polyester paste;

milling the foam covered with the polyester pastes with CNC ma-
chine five-axis with a good finish;

spraying the polyester gelcoat;

tooling in hand-made and after applying the polish and wax;
spraying the polyester gelcoat for mould;

laminating the FRP with glass CSM and isophthalic resin in hand-
made layup;

CAD/CAM building process ensures that the model hull tolerances
(for breadth, draught, and length) are in the range of +0.5 mm, as
requested by the ITTC procedures (7.5-01-01-01, 2002). In particular,
the length manufacturing tolerance is less than 0.05%, and very special
attention was paid to the shaping of chines and steps to ensure very hard
edges.

4. Facility and equipment

The calm water tests were conducted in the towing tank of the naval
section of the Dipartimento di Ingegneria Industriale (DII) of the Universita
degli Studi di Napoli “Federico II”. Details of the towing tank are outlined
in Table 5. The front view of the tank carriage is shown in Fig. 3.

The details of the laboratory instrumentation implemented in the
experimental tests and the measurement techniques are reported in
Appendix A and also available in De Marco et al. (2017).

The dynamometer carriage is equipped with a Programmable Logic
Controller, a sensor network and a Data-AcQuisition (DAQ) device. The
sensors necessary for these tests are an encoder for measuring the speed
carriage, the load cell for resistance measurement, the balance for
models and ballast weights, a digital thermometer for acquiring the
water temperature, an accelerometer for trim measurement, two lasers
(one located at the stern and another located at the bow of the model) for
sinkage measurement, two photo cameras and one video camera for
sinkage measurement, wetted surface and the vortex phenomena
recording.

The digital thermometer used during the tests allows a range from
—5 °C to 40 °C, with an accuracy of 0.1 °C and a resolution of 0.1 °C as
reported on the datasheet.

The dynamometer carriage speed was measured by a high-quality

Table 5

Main particulars of the towing tank of Universita di Napoli “Federico II”.
Parameter Value Unit
Length of the tank 137.0 m
Width of the tank 9.0 m
Depth of the tank 4.25 m
Maximum carriage speed 10.0 m/s
Max acceleration/deceleration +1.0 m/s?
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Fig. 3. A front view of the carriage of the Universita di Napoli “Federico II”
towing tank.

encoder and a counter/timing card. The high-quality encoder was not
fixed to any wheel drive of carriage and rolls without rolling resistance
driven by the carriage (it gives 1000 pulses per one round, 1 pulse for
each mm). The encoder sensor has an accuracy of 1 mm/m and a reso-
lution of 1 mm. The period between two pulses was measured by a
counter/timing card at 32 bits with a clock of 80 MHz. The card has a
range from 1.25 x 10 ~8 5 to 53.69 s; the clock at 80 MHz has an ac-
curacy of +4 x 10 ~3 MHz and a resolution of 1.25 x 10 ~%s.

The resistance measurements were acquired by a high-quality load
cell (precision class 0.003) with a conditioning-acquisition card. The
specific load cell used in this test has a range up to 50 N, an accuracy of
0.003%, and a resolution of 0.005 N. The conditioning-acquisition card
has a software programmed range of 50 N, an accuracy of 0.08%, 16-bit
resolution, and a sampling rate up to 200 kSamples/s. For these mea-
surements, the row data were oversampled at a rate of 10 kSamples/s
and compressed at a rate of 500 Samples/s for ulterior reduction of the
noise.

Running trim measurements were performed by an accelerometer
and a conditioning-acquisition card. The accelerometer sensor has a
range of 40 m/s?, accuracy of +0.1%, and resolution virtually infinite.
The conditioning-acquisition card has a software programmed range of
40 m/s?, an accuracy of 0.1%, and a 16-bit resolution.

Sinkage was measured by two high-quality laser sensors and a
conditioning-acquisition card. The two lasers have a range from 0.2 to 1
m, an accuracy of 0.5 mm, and a resolution of 0.05 mm. These laser
devices were placed perpendicularly on the water surface, at two
different positions (at the fore section and the aft section of the models).
The conditioning-acquisition card has a software programmed range of
up to 1 m, an accuracy of 0.1%, and a 16-bit resolution.

The weight of the model and ballast were measured with a scale with
a range of 600 N, accuracy of +0.1 N, and resolution of 0.1 N.

5. Test procedure

Calm water measurements are performed following the ITTC pro-
cedures (7.5-02-02-01, 2011) with a stop (over 10 min) between two
consecutive runs to ensure calm water condition. The displacement
condition for resistance tests is 30.705 N with three different trim con-
ditions (+1°, —1°, and 0° trim) and eight speeds: 1.290, 2.357, 3.131,
4.631, 5.368, 6.340, 7.301, and 8.050 m/s (Appendix A).

Speed, resistance, sinkage, trim angle and photo/video recording are
the data acquired. Digital photos and videos for each run were acquired
by three cameras, one in the right-fore hand, the second in the right-aft
hand and the third camera with a 50 mm lens placed on the towing
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carriage, in a perpendicular position to the model’s centre of gravity.
This third camera was set for the measurement of dynamic wetted sur-
face and capturing the vortical flow under the hull.

The resistance dynamometer has been placed on the towing carriage
and connected to the model through a quasi-inextensible rope Spectra™,
which is a super fibre made by Honeywell©. The calm water resistance
experiments are conducted with a “Down-Thrust” (DT) methodology
according to Miranda and Vitiello (2014). The towed point is located in
the intersection between the direction of thrust of engines and the keel
line at the bow. In this way, the model tested has 4 degrees of freedom
with only the yaw and drift motions restricted. To avoid any instability
phenomena, the models have been built with two guide masts, realized
in carbon fibre, located at the bow and at the stern, which engage two
forks in stainless steel (Fig. 4). DT measurement solution ensures the
high sensitivity of the hull model to the externally applied forces (i.e. the
instrumentation weight). The DT procedures can be considered as a free
running-like resistance test and this solution ensures reproducing the
real system of forces exerted by the outboard engines and the same
dynamics of the real boat.

The sinkage is calculated through the measurements of two lasers
located in the fore and aft section of the model, acquired by a digital
photo made with a 50 mm camera placed perpendicularly to the model’s
centre of gravity (CG) and elaborated with a 3D CAD model.

To estimate the dynamic wetted surface, as mentioned above, a hull
with transparent bottom was built to ensure a full view of the water flow
under the hull. The experimental wetted surface values are estimated
through digital analysis of video frames acquired by a 50 mm camera put
on CG. For each speed, the top view pictures (see Appendix C) acquired
from the camera are post-processed with the 3D CAD software to mea-
sure the dynamic wetted surface.

6. Results and Discussions

The results of calm water resistance tests are presented in Appendix
A. The experimental results are exposed in terms of non-dimensional
total resistance (RTy/A), dynamic trim angle (t), non-dimensional dy-
namic sinkage (Z(-,/Vl/ 3), and non-dimensional dynamic wetted surface
(S/V*?). The results are raw data without a fairing post-process.

The uncertainty Analysis (UA) of the towing tank test results, re-
ported in Appendix B, has been carried out following the ITTC proced-
ures for uncertainty analysis in resistance towing tank tests (7.5-02-02-
02, 2002). The UA shows a total uncertainty in an acceptable range for
planing hull towing tank tests. The measures with the highest uncer-
tainty are the sinkage and wetted surface. The wetted surface uncer-
tainty is mainly related to the spray areas which are difficult to be
estimated based on the recorded photos and videos.

An interesting finding of the present experimental campaign is the
observation, thanks to the hulls’ transparent bottom, of some vortices
developing into the aft body region behind the step and partially
continuing downstream in the wake. This vortex phenomenon has been
detected only for hull models with a step height of 6 mm and appears at
speeds greater than 2.36 m/s (Fry >1.97). This vortex phenomenon was
already described in De Marco et al. (2017) and the towing tank video
recording of the C03 hull was openly released on 2016 (Vitiello and
Miranda, 2016). For more details, fluid flow and wetted surface pictures
of present stepped hulls in trimmed forward condition at all speeds are
reported in Appendix C.

Analyzing and comparing the resistance test results in the range of
Fry between 5 and 6.7 (very-high-speed), the hull C04 trimmed aft has
the best performance. In the range of Fry between 3.4 and 5 (high-
speed), the best results are for the hull CO5 trimmed aft. For the range of
Fry between 2.6 and 3.4 (medium-speed range), the best hull is the CO5
even keel, and in the range of Fry between 1.1 and 2.6 (low-speed
range), the best results are for the hull C06 trimmed fore.

Regarding the effect of static trim angle on the hull performance, the
experimental results are according to the general principles that for low
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R

Fig. 4. Towing tank test with down-thrust methodology.

speeds a low resistance (compared with the even keel condition) is
detected on the hull trimmed fore cases. On the contrary, at high speeds,
low resistance (compared with the even keel condition) is detected on
the hull trimmed aft cases.

Regarding the step geometric parameters, the results show that the
single-step configuration is effective at almost all speed ranges (except at
low speeds). Increasing the hull speeds, a decrement of step height al-
lows a resistance reduction. Furthermore, moving forward the step
(increasing LSP) at low speeds decrease the resistance.

7. Conclusions

Calm water resistance experiments have been conducted at towing
tank of the naval section of the Dipartimento di Ingegneria Industriale (DII)
della Universita degli Studi di Napoli “Federico II”’, on 8 models of a new
stepped hull model series.

Towing tank tests are performed by implementing the “Down-
Thrust” methodology since all the hull models are low-weighs and are
sensitive to the externally applied forces, indeed the “Down-Thrust”
methodology is able to keep free the model from the equipment and
instrumentation weights. Furthermore, this testing methodology,
developed exclusively for these towing tank tests, allows reproducing
the real system of forces on the hull at full scale.

All models were built with a transparent bottom with the aim to
quantify the wetted surface and observe the vortical flow phenomena on
the area(s) behind the step(s). These vortex structures have been
detected only in the hulls with a height step of 6 mm (model scale) and
confirmed via CFD simulations, as reported in De Marco et al. (2017).

The results of calm water resistance tests are presented in Appendix
A, where all values acquired are plotted against the volumetric Froude
number (Fry). In particular, the non-dimensional total resistance (RTy/
A), the dynamic trim angle (t); the non-dimensional dynamic sinkage
(Zg/Vl/ %), and the non-dimensional dynamic wetted surface (S/v%?)
are shown for each hull in three different static equilibrium conditions:
even keel, trimmed aft, and trimmed fore. The results for each model are
shown in graphical and tabular ways. All the models’ hull lines and the
3D CAD surface are openly available for research and investigation in
the academic, technical, and practitioner communities.

The uncertainty analysis of the experimental results is performed in

compliance with the ITTC guidelines and shows an acceptable level of
accuracy.

The proposed VMV stepped hull planing series is intended to be a
support to designers and boat builders that intend to design a stepped
hull. In future works, the authors want to extensively apply the CFD tool
on these hulls for both calm water and seakeeping tests with the idea to
extend the present results for speed over Fry = 6.724 (over 50 knots in
boat speed).

CRediT authorship contribution statement

Luigi Vitiello: Conceptualization, Methodology, Towing Tank Test,
Visualization, Writing — original draft. Simone Mancini: Resources,
Investigation, Data curation, Writing — review & editing. Rasul Niaz-
mand Bilandi: Data curation, Formal analysis, Visualization, Writing —
original draft. Abbas Dashtimanesh: Supervision, Writing — review &
editing. Fabio De Luca: Data curation, Writing — review & editing.
Vincenzo Nappo: Data curation, Formal analysis, model building &
data analysis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

Acknowledgements

The authors are deeply grateful to Prof. Salvatore Miranda, Mr.
Raffaele di Donna and to the towing tank staff as Mr. Andrea Bove,
Antonio Alfano, Biagio D’ Abbusco, Lucio Iadicicco, and Vitale Esposito.
This work has been supported by: ECO-RIB project grant (D.M. 01/06/
2016 - Horizon 2020 - PON 2014/2020), and PON AIM RTDA Ricerca e
Innovazione.



L. Vitiello et al. Ocean Engineering 266 (2022) 112242
Appendix A. Towing tank test results

Hull model C02_1_20_0

1D number Steps Number; Ng Step Height; Hg [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C€02.1.20_0 1 2 0: 277
step 1 = 300 mm

I
i
|
|

|
Il
i

Fig. 5. C02 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025m, water lines every 0.026 m.

Hull model C02_1_20_0 - calm water towing tank test data

C2 evenkeel Vm Vs Fr, Fry T Zg Zo RTy Zs Sw
[m/s] [Knots] [deg] [mm] [mm)] A Vi3 V2R
+ up + up
1.29 7.93 0.47 1.077 2.46 -7.39 —19.99 0.100 —0.051 5.55
2.36 14.49 0.87 1.968 4.13 5.31 -16.29 0.169 0.036 5.39
3.13 19.25 1.15 2.614 4.99 14.46 —10.44 0.203 0.099 4.68
4.63 28.47 1.70 3.865 3.84 19.46 1.26 0.259 0.133 3.99
5.37 33.00 1.97 4.482 3.32 36.69 11.12 0.306 0.251 3.77
6.34 38.98 2.33 5.290 3.04 23.77 7.87 0.382 0.162 3.36
7.30 44.88 2.68 6.095 2.99 28.20 13.30 0.452 0.193 3.00
8.05 49.49 2.96 6.724 3.16 30.56 14.36 0.498 0.209 2.75
C2 trimmed aft Vm Vs Frp, Fry T Zg Zo RTy ZG Sw
[m/s] [Knots] [deg] [mm] [mm] A viB 2E
+ up + up
1.29 7.93 0.47 1.077 2.64 —2.55 —16.95 0.104 —-0.017 5.10
2.36 14.49 0.87 1.968 4.53 7.68 —15.72 0.176 0.053 4.95
3.13 19.25 1.15 2.614 2.46 5.06 —6.64 0.223 0.035 4.84
4.63 28.47 1.70 3.865 2.41 18.33 6.63 0.296 0.125 4.71
5.37 33.00 1.97 4.482 2.41 19.24 7.24 0.317 0.132 4.11
6.34 38.98 2.33 5.290 2.46 28.85 16.85 0.365 0.197 3.20
7.30 44.88 2.68 6.095 2.29 32.19 20.49 0.429 0.220 2.79
8.05 49.49 2.96 6.724 2.46 31.25 19.25 0.472 0.214 2.55
C2 trimmed fore Vm Vs Fry, Fry T Zg Zo RTm Zs Sw_
[m/s] [Knots] [deg] [mm] [mm] A Vi3 Ve
+ up + up
1.29 7.93 0.47 1.077 2.24 —-8.18 —18.68 0.088 —0.056 6.04
2.36 14.49 0.87 1.968 4.08 —0.93 —20.73 0.169 —0.006 5.87
3.13 19.25 1.15 2.614 5.29 24.28 -1.82 0.206 0.166 5.09
4.63 28.47 1.70 3.865 4.77 38.09 14.99 0.264 0.260 4.27
5.37 33.00 1.97 4.482 4.36 39.93 15.33 0.313 0.273 4.09
6.34 38.98 2.33 5.290 4.13 22.22 —0.88 0.400 0.152 3.66
7.30 44.88 2.68 6.095 4.02 41.41 21.88 0.483 0.283 3.23
8.05 49.49 2.96 6.724 4.07 48.15 25.35 0.524 0.329 291
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Fig. 6. Results of C02 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C03_1_60_0

ID number Steps Number; Ng Step Height; Hg [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C03.1.60_0 1 6 0: 291
step 1 = 301 mm

VILTT

yal/s

A1

Fig. 7. C03 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025m, water lines every 0.025 m.

Hull model C03_1_60_0 - calm water towing tank test data.

C3 evenkeel Vm Vs Fry, Fry T Zg Zo RTwm Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 v2/3
+ up + up
1.290 7.93 0.474 1.077 2.23 —11.68 —22.26 0.088 —0.080 6.48
2.357 14.49 0.866 1.968 3.55 1.52 -17.99 0.178 0.010 6.29
3.131 19.25 1.151 2.614 4.42 6.95 —15.30 0.204 0.048 4.32
4.629 28.47 1.702 3.865 3.27 12.37 6.16 0.256 0.085 3.57
5.368 33.00 1.973 4.482 2.87 20.39 7.20 0.312 0.139 3.33
6.336 38.98 2.330 5.290 2.69 21.50 8.14 0.407 0.147 3.09
7.301 44.88 2.683 6.095 2.52 22.15 9.07 0.491 0.151 2.62
8.054 49.49 2.958 6.724 2.58 26.44 13.41 0.556 0.181 2.48
C3 trimmed aft VM Vs Fry, Fro T Zg Zo RTy Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 V23
+ up + up
1.29 7.93 0.47 1.077 2.47 —5.26 —18.26 0.116 —0.036 6.07
2.36 14.49 0.87 1.968 4.21 7.12 —14.78 0.189 0.049 5.89
3.13 19.25 1.15 2.614 4.26 9.67 -3.23 0.209 0.066 4.59
4.63 28.47 1.70 3.865 2.64 26.47 13.57 0.265 0.181 3.76
5.37 33.00 1.97 4.482 2.18 23.39 13.49 0.305 0.160 3.00

(continued on next page)



L. Vitiello et al.

Ocean Engineering 266 (2022) 112242

(continued)
6.34 38.98 2.33 5.290 1.89 25.51 15.61 0.369 0.174 2.32
7.30 44.88 2.68 6.095 2.12 32.80 21.40 0.443 0.224 2.24
8.05 49.49 2.96 6.724 218 29.83 18.13 0.486 0.204 2.16
C3 trimmed fore VM Vs Frp Fry T Zg Zo RTy Zs Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 v2/3
+ up + up
1.29 7.93 0.47 1.077 1.89 —9.83 -16.73 0.090 —0.067 6.01
2.36 14.49 0.87 1.968 3.67 211 —18.59 0.189 0.014 5.84
3.13 19.25 1.15 2.614 3.95 0.41 —20.59 0.270 0.003 4.83
4.63 28.47 1.70 3.865 4.24 19.23 —3.87 0.269 0.131 3.81
5.37 33.00 1.97 4.482 3.95 4.77 5.97 0.332 0.033 3.62
6.34 38.98 2.33 5.290 3.72 20.35 —0.35 0.413 0.139 3.04
7.30 44.88 2.68 6.095 3.66 20.59 -0.11 0.500 0.141 3.02
8.05 49.49 2.96 6.724 3.66 25.68 5.28 0.558 0.176 2.99
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Fig. 8. Results of CO3 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C04_1_20_1

ID number Steps Number; Ng

Step Height; Hg [mm]

Longitudinal Step Position; LSP [mm]

Longitudinal Center of Buoyancy; LCB [mm]

€04.1.20_1 1

2

+1.4:
step 1 = 440 mm

276

~ e SR =

Fig. 9. C04 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.028 m.

Hull model C04_1_20_1 - calm water towing tank test data.
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C4 evenkeel Vm Vs Fry, Fry T Zg Zo RTy ZG Sw
[m/s] [Knots] [deg] [mm] [mm) A virs v/
+ up + up
1.29 7.93 0.47 1.077 2.47 —6.84 —18.54 0.097 —0.047 5.59
2.36 14.49 0.87 1.968 4.14 2.97 -17.73 0.172 0.020 5.42
3.13 19.25 1.15 2.614 4.94 20.54 —6.16 0.213 0.140 4.82
4.63 28.47 1.70 3.865 3.84 24.36 3.36 0.280 0.167 3.86
5.37 33.00 1.97 4.482 3.44 28.43 10.43 0.322 0.194 3.78
6.34 38.98 2.33 5.290 3.21 26.71 9.01 0.378 0.183 3.46
7.30 44.88 2.68 6.095 3.15 27.12 12.12 0.447 0.185 3.34
8.05 49.49 2.96 6.724 3.09 31.58 16.61 0.491 0.216 3.20
C4 trimmed aft Vm Vs Fry, Fry T Zg Zo RTm Zg Sw_
[m/s] [Knots] [deg] [mm] [mm)] A Vi v2/3
+ up + up
1.29 7.93 0.47 1.077 2.58 -5.19 -17.79 0.107 —0.035 5.69
2.36 14.49 0.87 1.968 4.59 6.79 -17.81 0.187 0.046 4.49
3.13 19.25 1.15 2.614 4.71 21.18 —3.42 0.215 0.145 3.96
4.63 28.47 1.70 3.865 3.21 28.73 14.43 0.266 0.196 3.72
5.37 33.00 1.97 4.482 2.74 26.78 11.48 0.304 0.183 3.25
6.34 38.98 2.33 5.290 2.52 28.79 16.69 0.359 0.197 3.22
7.30 44.88 2.68 6.095 2.35 27.32 15.32 0.418 0.187 2.95
8.05 49.49 2.96 6.724 2.29 35.35 23.44 0.451 0.242 2.71
C4 trimmed fore Vm Vg Fr, Fry T Zg Zo RTwm Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 v2/3
+ up + up
1.29 7.93 0.47 1.077 1.15 —7.43 —19.43 0.081 —0.051 6.20
2.36 14.49 0.87 1.968 4.01 -1.04 —22.04 0.167 —0.007 6.02
3.13 19.25 1.15 2.614 5.17 10.28 -16.72 0.212 0.070 5.73
4.63 28.47 1.70 3.865 4.65 22.85 -1.15 0.288 0.156 4.48
5.37 33.00 1.97 4.482 4.24 24.92 0.92 0.319 0.170 4.26
6.34 38.98 2.33 5.290 4.07 22.42 1.42 0.400 0.153 3.99
7.30 44.88 2.68 6.095 4.01 27.78 6.78 0.463 0.190 3.41
8.05 49.49 2.96 6.724 3.96 27.84 6.84 0.513 0.190 3.27
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Fig. 10. Results of C04 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C05_1_60_1

ID number Steps Number; Ng Step Height; Hs [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C€05.1.60_1 1 6 +1.4: 286
step 1 = 441 mm

11
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Fig. 11. CO05 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.029 m

Hull model C05_1_60_1 - calm water towing tank test data.

C5 evenkeel VM Vs Frp Fry T Zg Zo RTy Zs Sw
[m/s] [Knots] [deg] [mm] [mm] A v/ v2/s
+ up =+ up
1.29 7.93 0.47 1.077 2.30 —4.07 —17.02 0.103 —0.028 5.87
2.36 14.49 0.87 1.968 3.75 7.10 —13.21 0.186 0.049 5.33
3.13 19.25 1.15 2.614 3.85 13.30 —4.51 0.200 0.091 4.94
4.63 28.47 1.70 3.865 2.58 19.17 12.15 0.258 0.131 4.18
5.37 33.00 1.97 4.482 2.18 19.43 10.91 0.301 0.133 3.81
6.34 38.98 2.33 5.290 1.78 21.72 11.39 0.378 0.148 3.31
7.30 44.88 2.68 6.095 1.70 31.58 14.96 0.453 0.216 2.83
8.05 49.49 2.96 6.724 1.61 27.58 14.83 0.525 0.189 2.45
C5 trimmed aft Vm Vs Fry, Fry T Zg Zo RTy s Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 vz
+ up + up
1.29 7.93 0.47 1.077 2.52 —2.51 —14.91 0.112 —0.017 5.84
2.36 14.49 0.87 1.968 4.08 9.04 —11.86 0.191 0.062 5.67
3.13 19.25 1.15 2.614 3.78 4.99 —4.52 0.204 —0.034 4.42
4.63 28.47 1.70 3.865 2.58 42.25 -2.17 0.256 0.289 3.88
5.37 33.00 1.97 4.482 1.32 18.62 19.10 0.293 0.127 3.57
6.34 38.98 2.33 5.290 0.92 21.32 21.84 0.365 0.146 2.93
7.30 44.88 2.68 6.095 0.75 23.11 22.99 0.449 0.158 2.70
8.05 49.49 2.96 6.724 0.69 24.19 24.53 0.511 0.165 2.21
C5 trimmed fore Vm Vs Fry, Fry T Zg Zo RTy Zc Sw
[m/s] [Knots] [deg] [mm] [mm| A Vi3 23
+ up + up
1.29 7.93 0.47 1.077 2.00 —5.65 —17.85 0.093 —0.039 5.78
2.36 14.49 0.87 1.968 3.61 4.93 —18.43 0.192 0.034 5.56
3.13 19.25 1.15 2.614 3.36 8.42 —13.09 0.220 0.058 5.19
4.63 28.47 1.70 3.865 3.43 18.98 0.69 0.265 0.130 4.62
5.37 33.00 1.97 4.482 3.09 19.18 0.64 0.308 0.131 3.90
6.34 38.98 2.33 5.290 2.92 22.73 4.18 0.382 0.155 3.44
7.30 44.88 2.68 6.095 2.69 26.24 8.38 0.495 0.179 2.97
8.05 49.49 2.96 6.724 2.52 28.97 9.68 0.569 0.198 2.61
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Fig. 12. Results of CO5 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C06_2_20_0

ID number Steps Number; Ng Step Height; Hg [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C06_2.20_0 2 2 0: 283
step 1 = 147 mm
step 2 = 300 mm

100

|| I, = ~
| S
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Fig. 13. C06 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.027 m

Hull model C06_2_20_0 - calm water towing tank test data.

C6 evenkeel Vm Vg Fry, Fry T Zg Zo RTy Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 v2/3
+ up + up
1.29 7.93 0.47 1.077 2.18 —16.00 —17.00 0.090 —0.109 5.93
2.36 14.49 0.87 1.968 3.50 -9.71 -16.71 0.163 —0.066 5.76
3.13 19.25 1.15 2.614 3.68 —8.54 —14.54 0.236 —0.058 5.42
4.63 28.47 1.70 3.865 3.85 10.17 1.12 0.284 0.070 4.45
5.37 33.00 1.97 4.482 3.33 6.78 0.78 0.341 0.046 4.24
6.34 38.98 2.33 5.290 3.10 15.00 3.00 0.427 0.103 3.89
7.30 44.88 2.68 6.095 3.04 7.18 4.18 0.514 0.049 3.64
8.05 49.49 2.96 6.724 3.04 24.75 8.39 0.589 0.169 3.30
C6 trimmed aft Vm Vs Frp, Fry T Zg Zo RTym K2 Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi v2/3
+ up + up
1.29 7.93 0.47 1.077 2.60 -10.37 —19.62 0.101 —0.071 5.26
2.36 14.49 0.87 1.968 3.75 -0.18 —14.52 0.168 —0.001 5.10
3.13 19.25 1.15 2.614 4.73 9.36 —6.39 0.204 0.064 4.68
4.63 28.47 1.70 3.865 3.05 13.54 10.43 0.273 0.093 3.75
5.37 33.00 1.97 4.482 2.59 14.06 11.38 0.323 0.096 3.68

(continued on next page)
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(continued)
6.34 38.98 2.33 5.290 2.07 16.70 13.75 0.399 0.114 3.32
7.30 44.88 2.68 6.095 2.01 21.27 19.17 0.473 0.145 3.12
8.05 49.49 2.96 6.724 2.01 24.99 21.42 0.527 0.171 2.90
C6 trimmed fore Vm Vs Frr, Fry T Zg Zo RTy L Sw
[m/s] [Knots] [deg] [mm] [mm] A vis V23
+ up + up
1.29 7.93 0.47 1.077 1.90 —-12.79 —17.83 0.073 —0.087 5.69
2.36 14.49 0.87 1.968 3.62 -2.27 —19.66 0.153 —0.016 5.53
3.13 19.25 1.15 2.614 3.68 1.26 —18.27 0.234 0.009 5.48
4.63 28.47 1.70 3.865 4.88 15.43 —7.78 0.279 0.105 4.71
5.37 33.00 1.97 4.482 4.54 16.64 —5.46 0.338 0.114 4.19
6.34 38.98 2.33 5.290 4.02 19.51 -1.32 0.424 0.133 3.99
7.30 44.88 2.68 6.095 3.96 23.21 —1.46 0.511 0.159 3.78
8.05 49.49 2.96 6.724 3.73 28.23 9.16 0.582 0.193 2.75
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Fig. 14. Results of C06 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C07_2_60_0

ID number Steps Number; Ng Step Height; Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]
Hs [mm]
C07_2.60_0 2 6 0: 307

step 1 = 149 mm
step 2 = 302 mm

100

e 4 ~
I / ~ e S
Fig. 15. C07 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.029 m.

Hull model C07_2_60_0 - calm water towing tank test data.
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C7 evenkeel Vm Vs Fry, Fry T Zg Zo RTy Zc Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi v/
+ up + up
1.29 7.93 0.47 1.077 1.95 -11.75 —21.73 0.089 —0.080 5.74
2.36 14.49 0.87 1.968 3.33 —0.68 —18.05 0.189 —0.005 5.51
3.13 19.25 1.15 2.614 3.15 6.51 —7.47 0.294 0.045 5.17
4.63 28.47 1.70 3.865 3.21 21.94 5.68 0.279 0.150 4.64
5.37 33.00 1.97 4.482 3.21 18.68 1.83 0.308 0.128 4.25
6.34 38.98 2.33 5.290 2.75 21.67 7.31 0.406 0.148 3.75
7.30 44.88 2.68 6.095 2.52 21.56 8.23 0.519 0.147 3.27
8.05 49.49 2.96 6.724 2.41 22.60 10.27 0.599 0.154 291
C7 trimmed aft VM Vs Frp Fry T Zg Zo RTym Z Sw
[m/s] [Knots] [degl [mm] [mm] A Vi3 V23
+ up +up
1.29 7.93 0.47 1.077 2.30 —4.72 —14.30 0.104 —0.032 5.85
2.36 14.49 0.87 1.968 3.29 4.55 -9.50 0.196 0.031 5.57
3.13 19.25 1.15 2.614 3.80 12.33 -1.43 0.222 0.084 5.34
4.63 28.47 1.70 3.865 2.88 22.28 11.33 0.261 0.152 4.60
5.37 33.00 1.97 4.482 2.41 21.60 11.67 0.302 0.148 4.19
6.34 38.98 2.33 5.290 1.95 28.38 11.76 0.401 0.194 3.64
7.30 44.88 2.68 6.095 1.67 24.13 19.79 0.514 0.165 3.21
8.05 49.49 2.96 6.724 1.72 24.64 19.95 0.605 0.168 2.86
C7 trimmed fore Vm Vs Fry, Fry T Zg Zo RTy Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A vi/3 V23
+ up + up
1.29 7.93 0.47 1.077 1.72 —9.87 —18.38 0.084 —0.067 5.73
2.36 14.49 0.87 1.968 3.50 —4.43 —22.74 0.189 —0.030 5.50
3.13 19.25 1.15 2.614 3.82 0.23 —14.83 0.296 0.002 5.17
4.63 28.47 1.70 3.865 4.24 12.39 —12.12 0.292 0.085 4.67
5.37 33.00 1.97 4.482 4.19 14.08 —7.88 0.336 0.096 4.34
6.34 38.98 2.33 5.290 3.90 18.48 —1.88 0.429 0.126 3.88
7.30 44.88 2.68 6.095 3.56 17.94 -1.18 0.548 0.123 3.38
8.05 49.49 2.96 6.724 3.33 2217 4.69 0.646 0.152 3.03
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Fig. 16. Results of C07 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C08_2_20_1

ID number Steps Number; Ng Step Height; Hg [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C08.2.20_1 2 2 +1.4: 282
step 1 = 288 mm
step 2 = 441 mm
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Fig. 17. C08 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.028 m.

Hull model C08_2_20_1 - calm water towing tank test data.

C8 evenkeel Vm Vg Fry, Fry T Zg Zo RTym Z Sw
[m/s] [Knots] [deg] [mm] [mm] A vis v23
+up +up
1.29 7.93 0.47 1.077 2.42 —8.48 -20.11 0.101 —0.058 5.76
2.36 14.49 0.87 1.968 3.74 —0.24 —17.82 0.175 —0.002 5.59
3.13 19.25 1.15 2.614 4.54 9.54 —8.92 0.216 0.065 4.92
4.63 28.47 1.70 3.865 3.28 20.99 6.03 0.296 0.143 4.18
5.37 33.00 1.97 4.482 2.82 19.35 8.16 0.347 0.132 4.01
6.34 38.98 2.33 5.290 2.64 19.97 8.57 0.419 0.137 3.85
7.30 44.88 2.68 6.095 2.58 21.45 10.63 0.485 0.147 3.42
8.05 49.49 2.96 6.724 2.64 28.20 18.06 0.536 0.193 3.04
C8 trimmed aft Vm Vs Fry Fry T Zg Zo RTm L Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi3 V23
+up +up
1.29 7.93 0.47 1.077 2.59 —10.00 —17.69 0.111 —0.068 5.15
2.36 14.49 0.87 1.968 4.37 3.11 —13.23 0.189 0.021 5.00
3.13 19.25 1.15 2.614 4.20 9.32 —2.08 0.218 0.064 4.28
4.63 28.47 1.70 3.865 2.64 12.34 11.70 0.279 0.084 3.66
5.37 33.00 1.97 4.482 212 13.12 12.26 0.324 0.090 3.39
6.34 38.98 2.33 5.290 1.84 16.40 15.50 0.390 0.112 3.14
7.30 44.88 2.68 6.095 1.72 20.97 19.61 0.459 0.143 3.03
8.05 49.49 2.96 6.724 1.84 24.67 21.50 0.491 0.169 2.62
C8 trimmed fore Vm Vs Fry, Fry T Zg Zo RTy Zg Sw
[m/s] [Knots] [deg] [mm] [mm] A Vi v2/3
+ up + up
1.290 7.93 0.47 1.077 2.25 —7.58 —18.84 0.091 —0.052 5.87
2.357 14.49 0.87 1.968 3.80 —-0.74 —19.03 0.173 —0.005 5.70
3.131 19.25 1.15 2.614 4.55 5.61 —15.70 0.222 0.038 5.20
4.629 28.47 1.70 3.865 3.85 18.46 -1.49 0.306 0.126 4.53
5.368 33.00 1.97 4.482 3.57 19.00 2.99 0.359 0.130 4.06
6.336 38.98 2.33 5.290 3.28 19.82 4.98 0.437 0.135 3.73
7.301 44.88 2.68 6.095 3.22 24.17 10.17 0.508 0.165 3.37
8.054 49.49 2.96 6.724 3.27 24.08 10.14 0.556 0.165 3.18
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Fig. 18. Results of C08 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Hull model C09_2 60_1

ID number Steps Number; Ng Step Height; Hg [mm] Longitudinal Step Position; LSP [mm] Longitudinal Center of Buoyancy; LCB [mm]

C€09.2.60_1 2 6 +1.4: 310
step 1 = 290 mm
step 2 = 443 mm

25

Fig. 19. C09 model lines plan: Sheer Plan, body plan, half breadth plan. Transversal section every 0.100 m, buttock line every 0.025 m, water lines every 0.030 m.

Hull model C09_2_60_1 - calm water towing tank test data.

C9 evenkeel Vm Vs Frp, Fry T Zg Zo RTy Zg Sw
[m/s] [Knots] [deg] [mm] [mm)] A vis v2/3
+up +up
1.29 7.93 0.47 1.077 1.55 —10.35 —12.01 0.090 —0.071 6.64
2.36 14.49 0.87 1.968 3.33 0.23 —15.04 0.188 0.002 6.45
3.13 19.25 1.15 2.614 3.33 4.67 —11.16 0.213 0.032 3.78
4.63 28.47 1.70 3.865 3.33 14.59 1.18 0.285 0.100 2.88
5.37 33.00 1.97 4.482 3.10 17.15 2.57 0.319 0.117 2.44
6.34 38.98 2.33 5.290 3.04 21.21 5.43 0.393 0.145 2.24
7.30 44.88 2.68 6.095 2.70 24.47 6.24 0.535 0.167 2.14
8.05 49.49 2.96 6.724 2.64 27.38 9.47 0.614 0.187 1.99
C9 trimmed aft VM Vs Frp Fry T Zg Zo RTm Zg Sw
[m/s] [Knots] [degl] [mm] [mm] A Vi3 V23
+up +up
1.29 7.93 0.47 1.077 2.01 —10.01 —16.98 0.096 —0.068 6.68
2.36 14.49 0.87 1.968 3.50 1.00 —14.58 0.209 0.007 6.49
3.13 19.25 1.15 2.614 3.38 7.05 —4.60 0.216 0.048 4.08
4.63 28.47 1.70 3.865 2.52 13.14 8.93 0.276 0.090 2.80

(continued on next page)
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(continued)
5.37 33.00 1.97 4.482 2.18 15.19 11.50 0.321 0.104 2.54
6.34 38.98 2.33 5.290 2.01 18.07 11.45 0.409 0.124 2.20
7.30 44.88 2.68 6.095 1.84 23.54 18.57 0.535 0.161 2.10
8.05 49.49 2.96 6.724 1.84 26.11 18.68 0.625 0.178 1.86
C9 trimmed fore Vm Vs Fry Fry T Zg Zo RTm L Sw
[m/s] [Knots] [degl [mm] [mm] A Vi V23
+up +up
1.29 7.93 0.47 1.077 1.49 —10.69 —12.20 0.061 —0.073 6.64
2.36 14.49 0.87 1.968 3.51 0.00 —18.16 0.188 —0.000 6.44
3.13 19.25 1.15 2.614 2.76 1.86 —11.87 0.298 0.013 5.80
4.63 28.47 1.70 3.865 4.03 15.16 —6.13 0.318 0.104 2.93
5.37 33.00 1.97 4.482 4.03 17.30 —6.46 0.323 0.118 2.72
6.34 38.98 2.33 5.290 3.85 21.64 —3.05 0.391 0.148 2.28
7.30 44.88 2.68 6.095 3.97 26.35 —0.28 0.520 0.180 1.98
8.05 49.49 2.96 6.724 3.22 28.35 8.25 0.648 0.194 1.68
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Fig. 20. Results of C09 hull for dynamic trim, resistance, wetted surface, and dynamic sinkage at states of even keel, trimmed aft, and trimmed fore.

Appendix B. Experimental uncertainty analysis

Uncertainty Analysis (UA) in Experimental Fluid Dynamics (EFD) has been also performed according to ITTC (7.5-02-02-02, 2002) only for C03 as
reported in De Marco et al. (2017).

The UA was performed in two-phase: in the first phase for each variable r (model geometry, displacement, speed, resistance, density, running trim,
and sinkage). In a second phase for non-dimensional coefficients (RTy/4, 7, Zg/V'/3, and S/V?®). The methodology proposed for UA is in accordance
with Coleman and Steele (1999), considering a confidence interval of 95% and a normal distribution with a large sample size with estimates of:

e bias (B, also called systematic uncertainty, is evaluated as the Root Sum of Square (RSS) of each elementary error source (i.e., calibration, data
acquisition, data reduction, and conceptual bias) group of bias errors. Before every evaluation the elementary error sources have been divided and
separately estimated;

e precision uncertainty, (P;), also called random uncertainty, is calculated for each run, on the basis of Pj(S) = K SDev; where K = 2 is assumed
according to the above-mentioned methodology and SDev; represents the standard deviation of jth run;

e total uncertainty U is an RSS of bias B; and precision P;.

All evaluation of bias, precision, and the uncertainties for non-dimensional coefficients (RTy/4, 7, Z(;/Vl/ 3, S/v¥? and Fry) are summarized in
Table 6.
The uncertainty is assumed equal for all the other hulls of the VMV systematic series.

Table 6
Experimental uncertainty analysis
Description Term Speed Units
1.290 2.357 3.131 4.629 5.368 6.336 7.300 8.054 [m/s]
Model Speed
Fry 1.077 1.968 2.614 3.864 4.481 5.289 6.094 6.723 [adim]
By 6.97E-04 6.97E-04 3.13E-03 4.62E-03 5.36E-03 6.33E-03 7.29E-03 8.05E-03 [adim]
22.62% 8.05% 4.73% 2.22% 1.66% 1.20% 0.90% 0.74% % of By
By 1.29E-03 2.35E-03 3.13E-03 4.62E-03 5.36E-03 6.33E-03 7.29E-03 8.05E-03 [adim]

(continued on next page)

18



L. Vitiello et al. Ocean Engineering 266 (2022) 112242

Table 6 (continued)

Description Term Speed Units
1.290 2.357 3.131 4.629 5.368 6.336 7.300 8.054 [m/s]
77.38% 91.95% 95.27% 97.78% 98.34% 98.80% 99.10% 99.26% % of Bary
By 1.47E-03 2.46E-03 3.20E-03 4.68E-03 5.41E-03 6.37E-03 7.33E-03 8.08E-03 [adim]
0.14% 0.12% 0.12% 0.12% 0.12% 0.12% 0.12% 0.12% % of Fry
Py 4.38E-03 4.80E-03 5.22E-03 1.08E-02 1.36E-02 1.41E-02 2.08E-02 2.50E-02 [adim]
Uniy 4.61E-03 5.39E-03 6.13E-03 1.18E-02 1.47E-02 1.54E-02 2.21E-02 2.63E-02 [adim]
0.43% 0.27% 0.23% 0.30% 0.33% 0.29% 0.36% 0.39% % of Fry
Model Resistance Ratio
Rrw/A 0.100 0.178 0.204 0.256 0.312 0.407 0.491 0.555 [N/N]
By 6.62E-04 6.68E-04 6.71E-04 6.78E-04 6.86E-04 7.05E-04 7.25E-04 7.42E-04 [N/N]
97.49% 97.54% 97.56% 97.61% 97.67% 97.78% 97.90% 98.00% % of Bér/a
Ba 1.06E-04 1.06E-04 1.06E-04 1.06E-04 1.06E-04 1.06E-04 1.06E-04 1.06E-04 [N/N]
2.51% 2.46% 2.44% 2.39% 2.33% 2.22% 2.10% 2.00% % of Bir/a
Pr 4.08E-05 1.54E-07 1.54E-07 3.45E-07 2.25E-06 2.25E-06 2.25E-06 1.53E-06 [N/N]
Urm/a 6.72E-04 6.76E-04 6.79E-04 6.86E-04 6.95E-04 7.13E-04 7.33E-04 7.50E-04 [N/N]
0.67% 0.38% 0.33% 0.27% 0.22% 0.18% 0.15% 0.14% % of Rr/A
Trim Angle
T 223 3.55 3.27 3.27 2.87 2.69 2.52 2.58 [deg]
Brew 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 [deg]
0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% % of B2
Beix 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 [deg]
33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% % of B2
Beiy 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 [deg]
33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% % of B2
Beiz 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 [deg]
33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% 33.33% % of BZ
B, 0.087 0.087 0.087 0.087 0.087 0.087 0.087 0.087 [deg]
3.88% 2.44% 2.65% 2.65% 3.02% 3.22% 3.44% 3.36% % of B2
P, 0.004 0.003 0.003 0.004 0.012 0.014 0.012 0.012 [deg]
U, 0.087 0.087 0.087 0.087 0.087 0.088 0.087 0.087 [deg]
3.89% 2.44% 2.65% 2.65% 3.04% 3.26% 3.47% 3.39% % of T
Sinkage
z/vV3 —0.080 0.010 0.048 0.085 0.139 0.147 0.151 0.181 [mm/mm]
BrcGew 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 [mm]
3.3E-03 3.3E-03 3.3E-03 3.3E-03 3.3E-03 3.3E-03 3.3E-03 3.3E-03 % of B3
Brcgif 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 [mm]
0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 % of Bjcg
BucGia 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 [mm]
0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 % of B
Bzca b 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 [mm]
0.332 0.332 0.332 0.332 0.332 0.332 0.332 0.332 % of Bjcg
Bzce 1.735 1.735 1.735 1.735 1.735 1.735 1.735 1.735 [mm]
14.85% 114.14% 24.96% 14.03% 8.51% 8.07% 7.83% 6.56% % of B3
Pzca 6.365 7.120 6.846 4.046 8.755 5.870 6.556 4.864 [mm]
BYR 0.016 0.012 0.014 0.017 0.023 0.024 0.025 0.028 [mm/mm]
20.64% 115.04% 28.79% 20.06% 16.67% 16.45% 16.34% 15.77% % of Z/V1/3
PR 0.025 0.024 0.024 0.019 0.036 0.030 0.032 0.032 [mm/mm]
uyR 0.030 0.027 0.028 0.025 0.043 0.038 0.040 0.043 [mm/mm]
—37.26% 261.37% 58.95% 29.82% 30.96% 26.01% 26.56% 23.52% % of Z/V'/3
Model geometry
MAGE 6.730
Bs 0.284 [m*/m?*]
80.81% % of BZ/v2/3
B¥3 0.138 [m?/m?]
19.19% % of B /va/3
P23 0.032 (m/m]
[ 0.317 [m2/m?]
4.72% %of S/ V3
Density
P 1000 [kg/m®]
B 0.071 [kg/m>]
1.15% % of B§
Bro 0.07 [kg/m~]
1.12% % of B}
B3 0.655 [kg/m’]
97.74% % of B2
B, 0.663 [kg/m°]
0.066% % of B,
P, 1.00 [kg/m’]
U, 1.20 [kg/m>]
0.12% % of r
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Appendix C. Visualization of the fluid flow on the bottom of stepped hulls

For a better understanding of wetted surfaces and flow separation phenomenon on the aft body behind the step of stepped hulls under analysis, the
top-view snapshot in trimmed forward condition at all speed are shown.

C02

C03

Fig. 25. Wetted surface of C06 stepped hull at the different tested speeds - trimmed forward condition.

20



L. Vitiello et al.

Ocean Engineering 266 (2022) 112242

C08

C09

Fig. 28. Wetted surfaces of C09 stepped hull at the different tested speeds - trimmed forward condition.
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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.I. Incecik In recent years, research has been conducted on reducing resistance by adding steps on the bottom of high-speed
craft. The most significant issue in the design of multi-stepped planing craft is the selection of an appropriate step

Keywords: configuration, i.e., step geometry, location, and height. This requires a general knowledge of the hydrodynamic

High-speed craft behavior of each step configuration. Although the towing tank test is an effective method to predict accurately

Stepped planing hull
Computational fluid dynamic (CFD)
Dynamic overset grid
Low-resistance hull

Wetted surface

the hydrodynamic behavior of stepped planing boats, there are restrictions in studying some details. In this study,
a Computational Fluid Dynamic (CFD) method is used to investigate the hydrodynamic behavior of a stepped
planing hull with eight different step configurations in detail. Comparison of the results of trim angle, resistance,
sinkage, wetted surface, and ventilation length of swept-stepped planing hulls for different step configurations at
various Froude numbers shows that a maximum average resistance reduction occurs at 1.9 < Frg < 4.0 with the
step height of 2.73% By located at 48.46% L from the transom. There is also a lower resistance associated with a
step height of 0.91% B¢ at 48.35% L distance from the transom at Frg > 4. These results can be used to improve
high-speed planing hull performances by utilizing an appropriate step configuration.

consumption for the same amount of horsepower. Thus, researchers
have examined the effect of steps on the performance prediction of
planing hulls using towing tank tests, numerical methods, and mathe-
matical models. However, further research is required to explore the
impact of various design parameters on the performance of stepped
hulls.

Various towing tank test studies such as Rodstrom et al. (1953),
Benen (1966, 1967), Clement (1967), and Filling (1993) have been
performed to assess the effect of steps on performance prediction and
fuel efficiency of stepped planing crafts. Rodstrom et al. (1953) exam-
ined the effect of deadrise angle, the height of the step, the angle be-
tween the fore and after body keel lines, and step position on a
single-stepped planing hull with a test campaign conducted in the
Swedish towing tank. Twenty-seven different single-step hull configu-
rations were tested, and seventeen of them produced porpoises when
they were run at maximum speed. The speed range for this test was
between Fry = 3.39-4.87. In 1994, Gassman and Kartinen (1994) tested
the effect of changing the Longitudinal Center of Gravity (LCG) and step
position on a stepped planing hull in the speed range Fry = 1.07-4.4.
Garland (2010) at the United States Naval Academy (USNA) worked on

1. Introduction

Achieving optimal speed-power performance and reducing fuel
consumption are paramount for planing hulls, as pointed out by Savitsky
(1964). Compared to displacement hulls, planing hulls move faster and
consume less fuel as they skim on the water surface instead of plowing
through it (Doctors, 1985). To enhance these benefits, designers have
incorporated transverse discontinuities known as steps on the bottom of
planing hulls to reduce resistance and fuel consumption (Morabito and
Pavkov, 2014). The steps divide the bottom of a planing hull into mul-
tiple planing surfaces, with a single-stepped hull having two planing
surfaces and a double-stepped hull having three (Dashtimanesh et al.,
2017; Niazmand Bilandi et al., 2019). Each planing surface generates a
lift force and supports a portion of the boat’s displacement (Savitsky and
Morabito, 2010; Danielsson and Strymquist, 2012). Flow separation
occurs when the flow passes from the step, reducing wetted surfaces,
dynamic trim angle, and lowering the resistance, depending on the
ventilation method (i.e., natural or boosted ventilation through a vent
pipe) (Ricks et al., 2022). Lower resistance leads to reduced fuel
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Nomenclature
B Breadth (m)
Bc Maximum chine breadth (m)
Brc Chine breadth at transom (m)
E Comparison error
Frg =v/(gB)"' Beam Froude Number
g Gravity acceleration (m/s?)
L Length over all (m)
Ly Length of waterline (m)
Leg Longitudinal position of center of gravity (CG) with respect
to transom (m)
D fluid pressure (N/m?)
R Resistance (N)
Sw Wetted surface (m?)
t Time (s)
u Fluid velocity (m/s)
v Boat speed (m/s)
ZcG Sinkage (m)
p Deadrise angle of the vessel (deg.)

Volume fraction of the water-air flow (—)
Displacement (buoyant) force (Kg)
Dynamic trim angle (deg)

Displaced volume (m®)

Ha Air viscosity (Kg/m-s)

PR

Heff:Pegr Viscosity and density of the mixture of water and air at any
point in the domain (Kg/m-s), (Kg/m®)

e Turbulent viscosity of the flow (Kg/m-s)

Pw Density of the water (Kg/m>)

Pa Density of the air (Kg/m®)

7y turbulent stress tensorAbbreviation

AMR Adaptive Mesh Refinement

CFD Computation Fluid Dynamics

CG Center of Gravity

Exp Experimental data

HRIC High-Resolution Interface Capturing

ITTC International Towing Tank Conference

SIMPLE Semi-Implicit Method For Pressure-Linked Equations

VOF Volume of Fluid

a single-stepped planing hull with different step heights (2%, 4%, 6% of
chine beam). Their test speed range was Fry = 0.73-4.54 and they re-
ported the lowest resistance value for step height of 4% of the chine
beam. They also declared that by adding ventilation through tubes
behind the step, the resistance changes were very small compared to the
natural ventilation mode. Additionally, in the same year at USNA, Greg
White (White and Beaver, 2010) conducted experiments on the effects of
adding steps and trim tabs to the planing hull to improve power in calm
water and reduce motion in irregular waves. Four different LCGs were
tested (25.5%, 30.2%, 35.1%, and 40.09% of the Lgp forward of the
transom). In this test, the steps were located at 33.64% Lgp (forward step
of the transom) and 18.89% Lgp (rear step of the transom), and their
heights were 0.87%B, 1.74%B, 3.47%B, 5.21%B, and 6.94%B. They
found that the best combination of low trim and low drag could be
achieved with a double-stepped hull, whose step height was 6.94%B
with lift applied at Station 11 (Station 11 is the position along the hull
and behind the transom, where the surface-piercing propeller is
located). Accordingly, for the double-stepped planing hull with surface
drives, the resistance value was reduced by 23% at Fry = 4, compared to
the stepless planing hull with trim tab. They also found that at the step
height of 0.87%B for the double-stepped hull with lift applied at Station
11 at Fry = 4, flow separation had only occurred from the rear step
(close to the transom). Flow separation was observed for both steps
when the step height exceeded this value (White et al., 2012).
Furthermore, Husser (2023) recently conducted experimental and nu-
merical investigations to analyze the impact of forward and aft swept
steps on the performance of planing hulls in calm water and regular
waves.

Systematic model-based experimental assessments of stepped
planing hulls, such as Becker et al. (2008), Taunton et al. (2010), Lee
et al. (2014), and Vitiello et al. (2022), can be employed to investigate
the effects of different geometries, different step positions, and heights.
Taunton et al. (2010) conducted towing tank tests on four deep-vee
mono-hulls. One and two steps were installed at 31%L (forward step
of the transom) and 19%L (rear step of the transom) on one of the hulls,
named C. For the single-stepped hull, the steps height were 4%B and for
the double-stepped hull, they were 2%B. According to their results,
adding steps to a stepless hull (C) decreased its resistance by 26.5% for a
single-stepped hull and 25.4% for a double-stepped hull at Fry = 7.12
(maximum speed). Furthermore, Taunton et al. (2011) observed that in
irregular waves, the acceleration motion of the center of gravity of

single-stepped and double-stepped hulls was reduced by 7% and 14%,
respectively, compared to the stepless hull (C). In 2014, Lee et al. (2014)
conducted tests on the Naval Surface Warfare Center 15 deadrise hull
form (NSWCI15E). The steps were placed at 50% L (front step of the
transom) and 25% L (rear step of the transom). A total of six different
two-step body configurations were investigated with step heights of
0.7%, 1.4%, and 2.1%. All of the double-stepped hull configurations
showed a lower resistance value than the non-stepped configuration.
Additionally, the lowest value of resistance was calculated for the
configuration in which the front step height was 0.7%B (the lowest value
of the step height) and the rear step height was 2.1%B (the highest value
of the step height). In a recent study, Vitiello et al. (2022) tested a sys-
tematic series of eight planing hulls (called the VMV systematic series)
with one and two swept steps under three static equilibrium conditions:
even keel, trimmed aft, and trimmed fore. The present study uses a
numerical approach to analyze the results of the VMV stepped hull
systematic series (Vitiello et al., 2022).

Understanding pressure distribution under stepped planing hulls and
streamlines and flow behavior during flow separation from steps and
chines is difficult to achieve with towing tank tests. Thus, numerical
methods have been incorporated into the analysis of stepped planing
hulls. Although numerical methods require a great deal of time, they are
cost-effective and have a reasonable level of accuracy when compared to
towing tank tests.

Meanwhile, Computational Fluid Dynamics (CFD) has become an
increasingly popular method for studying the hydrodynamic behavior of
stepped hulls in calm water, with several researchers utilizing this
technique, including Brizzolara and Federici (2013), Sheingart (2014),
De Marco et al. (2017), Dashtimanesh et al., 2018Dashtimanesh et al.,
(2018), Dashtimanesh et al., (2019), Niazmand Bilandi et al. (2020 and
2021), and Park et al. (2022). In addition, Nourghasemi et al. (2017) and
Husser and Brizzolara, (2021) have developed numerical setups to
investigate the impact of swept angle on the performance of stepped
planing hulls. Additionally, researchers have explored methods to
improve the resistance of these hulls through the use of artificial air
cavities, both experimentally and numerically, such as in the studies
conducted by Cucinotta et al. (2018, 2019). In all of these studies, CFD
was shown to be able to simulate stepped planing hull behavior with
acceptable accuracy in calm water, but the use of techniques, such as
morphing meshes or overset meshes, can be effective in improving the
accuracy of the results (De Marco et al., 2017).
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The purpose of the current study is to understand the flow behaviour
around and below swept-stepped hulls using a numerical method and
experimental results obtained by Vitiello et al. (2022). Therefore, this
work focuses on simulating the performance prediction of new system-
atic series of swept-stepped hulls with different step configurations. To
simulate the viscous fluid flow around the swept-stepped hulls, the
commercially available CFD software Siemens PLM Star-CCM + has
been used. The Unsteady Reynolds Averaged Navier-Stokes (URANS)
equations with Overset and Adaptive Mesh Refinement (AMR) tech-
niques have been implemented.

This paper is structured as follows. The problem is defined in Section
2 as well as the details of the hulls. In Section 3, the CFD governing
equations on the problem and set-up details (numerical domain,
boundary conditions, and computational grid) for the numerical method
are defined. In Section 4, the main results of the paper are discussed.
Section 5 concludes with concluding remarks. Errors of CFD results
compared to towing tank test results are presented in Appendix A.

2. Problem definition
2.1. Forward-swept steps on planing hull performance

Stepped hulls are a common design feature in boats that can reduce
resistance and wetted surfaces by inducing flow separation at the bottom
of the vessel. However, the performance of a stepped hull depends on
factors such as step type, height, and location. There are three main
types of steps: straight, forward-swept, and backward-swept. This study
investigates the impact of forward-swept steps on the performance of
one- and two-stepped planing hulls in calm water using numerical
simulations, building upon prior research in this field. By specifically
examining the effects of this step type, our study provides valuable in-
sights into the design and optimization of stepped hulls for improved
performance and efficiency.

2.2. Studied models

This study investigates a numerical analysis of eight stepped planing
hulls that were tested by Vitiello et al. (2022) at the Universita degli Studi
di Napoli “Federico II" Dipartimento di Ingegneria Industriale (DII). The
towing tank at the University Federico II of Naples has a maximum speed
of 10 m/s and a maximum acceleration and deceleration of 1 m/s2. The
carriage has been equipped with a sensor network and a Data Acquisi-
tion (DAQ) device, including an encoder, load cell, balance, thermom-
eter, accelerometer, and laser. The thermometer has an accuracy of
0.1 °C and a resolution of 0.1 °C, with a range of —5 °C to 40 °C. The
encoder has an accuracy of 1 mm/m and a resolution of 1 mm, with a
period between two pulses measured at 32 bits with a clock of 80 MHz.
The load cell has a range of up to 50 N, an accuracy of 0.003%, and a
resolution of 0.005 N. The accelerometer has a range of 40 m/s2, an
accuracy of +0.1%, and virtually infinite resolution. The two laser
sensors have a range of 0.2-1 m, an accuracy of 0.5 mm, and a resolution
of 0.05 mm. The balance has a range of 600 N, accuracy of +0.1 N, and
resolution of 0.1 N. For further information regarding the laboratory
instrumentation used in the experimental tests and measurement tech-
niques see De Marco et al. (2017) and Vitiello et al. (2022).

CO02 to CO5 hulls are single-step, while C06 to C09 hulls are double-
step. The principal characteristics and step details for each hull are
shown in Tables 1 and 2, respectively. The models were all tested in calm
water at different speeds (Frg = 0.80-4.97) and in even keel conditions.
Fig. 1 shows the body plans of all eight models. The commercial CFD
code, Siemens PLM Star-CCM+, was used to calculate the performance
of all eight models (Section 4).
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Table 1
Principal characteristics of Vitiello et al. (2022) models (VMV Sys-
tematic Series).

Model Characteristics Value
L (m) 0.91
B (m) 0.268
Brc (m) 0.220
Byc/Be 1
pC) 23
AN 30.71
L/v'3 6.24

L (from transom) (%L) From 30 to 34

Table 2
Step configuration details for the VMV Systematic Series hulls, Vitiello et al.
(2022).

Cases  Position of Height of Position of Height of aft step
forward step forward step aft step (%L) from forward step
(%L) (%Brc) (%Brc)

C02 32.967 0.91 NA NA

Cco3 33.077 2.73 NA NA

Co4 48.352 0.91 NA NA

Co5 48.461 2.73 NA NA

C06 32.967 0.91 16.154 0.91

Cco7 33.187 2.73 16.374 2.73

Co8 48.461 0.91 31.648 0.91

C09 48.681 2.73 31.868 273

3. CFD model
3.1. Computational approach

The Reynolds Averaged Navier Stokes (RANS) equations are
employed to study fluid flow around stepped hulls. It is assumed that the
flow around the hull is incompressible and at a constant temperature to
solve the equations. Therefore, the physical problem surrounding the
stepped planing hull can be summarized in terms of continuity and
momentum equations in a Cartesian framework as follows:

Ju;
. 0 (€]
olpu;)  O(puy)  dp 0ty

a ey aw oy © 2

where u is the fluid velocity, t is time, p is the pressure, 7; is the turbulent
stress tensor, g; is the force due to gravity. The stress tensor is given by
Ou;  Ou;
=, — 4+ 3
5= (feg +1,) [ax/ + axj (©)
where, . and p, are the effective dynamic viscosity and turbulence
viscosity which is calculated with the k-omega SST model.

The Volume of Fluid (VOF) technique is used to model the free sur-
face fluid interface by considering the High-Resolution Interface
Capturing (HRIC) approach. The fluid phases (water/air) in each cell of
the mesh are specified by phase volume fraction (). a is a number be-
tween zero and one and is calculated by
da

SV (@) =0 “

After that density and viscosity of the fluid are calculated as
Pegy (Xeett; 1) = A(xeenr, 1)-p,, + (1= alxeen, 1)) -p, (5)
Heogr (Xeetrs 1) = Q(Xeen, 1) -, + (1 = @xeen, 1)), (6)

The time step has been defined as the following equation suggested
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Fig. 1. Transversal body planes of the VMV hull models, Vitiello et al. (2022).

by the ITTC (ITTC 7.5-03-02-03):

A, =0.005 ~ 0.01 % @)
where, L, is the length of the waterline (m), and v is the hull velocity.

Forces and moments acting on the stepped planing hull are solved in
two degrees of freedom (pitch and heave) by the DFBI (Dynamic Fluid
Body Interaction) approach implemented in the solver of the code
Siemens PLM Star-CCM+. All details of the numerical solver are re-
ported in Table 3. More details of the numerical method can be found in
Siemens PLM Star-CCM + User’s Guide, version 17.02.007 (Siemens,
2022).

3.2. Domain and boundary conditions

Fig. 2 shows a detailed description of the computational domain and
boundary conditions of the numerical tank (L is the length of the hull). It
is retained for all stepped hull geometries. Since the hull is in a zero-heel
state and is completely symmetric, the numerical domain is considered
to be axially symmetric for the hull. All dimensions of the numerical
domain and the position of the boat are determined based on the CFD
ITTC guidelines (ITTC 7.5-03-02-03).

For the inlet, up, side, and bottom boundary conditions, the velocity
inlet boundary condition is used. It is specified that the outlet boundary
condition is hydrostatic pressure. Symmetric boundary conditions are
applied in the center plane. The surfaces of the hull are treated with a
non-slip boundary condition. An overset region around the hull is used
to calculate boat motions and fluid interactions. Overset boundaries are
dynamic and move with the hull, while other boundaries are static.
Fig. 2 shows a summary of boundaries. Additionally, the initial location
of the free surface is determined based on the draft obtained from the
hydrostatic analysis. Fig. 3 shows the free surface created in the nu-
merical tank.

Table 3

Solver settings.
Item Description
solver Implicit unsteady

Convection term

Turbulence model

Time step (s)

Temporal Discretization
Iteration per time step

Mesh motion

Overset Interpolation scheme
Wall treatment

Water density

Water viscosity

2nd order

k-Omega SST

Equation (7)

1st order

5

Overset with Adaptive Mesh Refinement (AMR)
Linear

Two-layer All y+

1000 kg/m*

0.000934 Pa-s

3.3. Mesh scheme

To solve the equations using the finite volume method, meshing is
required and this is accomplished by using the CFD software Simens
PLM Star-CCM+. It is important to note that mesh sizes and types vary
according to the computational domain and the physics of the problem
(calm water, waves, etc.). A trimmer mesh is applied to the free surface
and a finer mesh is used around the hull and step position. The All-wall y
+ treatment applies a hybrid approach in the viscous sublayer region
that emulates the low-y + wall treatment for fine meshes and the high-y
+ wall treatment for coarse meshes. As a result, y+ is limited to y+ <
130. Overset meshes are used to account for the motions of the hull in
the computational domain. The Overset region is subjected to AMR in
order to reduce the solution time and obtain more accurate results. AMR
is an automated process that adjusts the mesh’s fineness or coarseness
based on the settings made during the solution. An overview of the mesh
and the wall y + values of the walls is shown in Fig. 4.

A mesh convergence study was conducted to determine the number
of meshes required for accurate results and to assess the convergence at
four different mesh values, namely coarse (with a cell count of
6153456), medium (with a cell count of 7023456), fine (with a cell
count of 8869701), and finest (with a cell count of 10153783). All four
grid schemes had the same setting and only differed in the base size of
the mesh. The results of the study are presented in Table 4 and Fig. 5a,
which show the changes in trim and resistance with respect to different
mesh sizes.

As can be seen from the results, convergence is reached at a mesh
value of 8869701 cells. Fig. 5b displays samples of the time histories of
trim and resistance calculated with Grid C using a mesh size of 8869701
cells.

4. Comparison analysis
4.1. Predicting the running attitudes and resistance of the models

The CFD tool is used to calculate the running attitudes and resistance
of a systematic series of stepped planing hulls (Vitiello et al., 2022).
Results, including the dynamic trim angle, resistance, sinkage, and
wetted surface, are compared against experimental data in Fig. 6. For all
models, CFD errors for the prediction of trim, resistance, sinkage, and
wetted surface against experimental data are shown in Appendix A. For
all cases, the CFD results are in line with experimental data, and for the
regime in which the planing hulls operate, all data is nearly accurate. As
the speed increases, the dynamic trim of the craft increases relative to
displacement and the semi-planing regime (for Frg < 1.5). Once the
semi-planing regime is completed, the trim reaches its maximum value.
The trim value reaches its maximum for all hulls between beam Froude
numbers 1.45 and 1.93, except for the C06 hull, which is at beam Froude
number 2.86 in the experimental data. As the Froude number increases,
the trim value in the planing regime decreases. In this case, the hull is
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Fig. 2. Computational domain and boundary conditions applied.

Fig. 3. Free surface in the numerical domain.

said to be in a planing regime when the sinkage value moves from
negative to positive, as described in Garland (2010). According to the
sinkage diagrams for these cases, the planing regime began when the
sinkage value became positive (between beam Froude numbers 1.45 and
1.93), except for the CO6 hull, where this occurred after a delay (at Frp
= 2.86).

Table 5 shows the average error in predicting trim angle and sinkage
by numerical models as compared to experimental data for all hulls.

The resistance value of stepped planing hulls is extremely important
in the planing regime (Frg > 1.5), especially at high speeds. A com-
parison of the resistance of stepped hulls is presented in Fig. 6. The
resistance of stepped hulls is directly related to the shape and value of
the wetted surface as well as the water spray of the hull. Fig. 7 illustrates
the wetted surface caused by water spray, determined numerically and
experimentally.

It should be noted that wetted surfaces caused by the water spray
area (mainly whisker spray area, Savitsky and Morabito, 2011) are not
included in the experimental wetted surface values (due to the diffi-
culties in precisely estimating them in towing tank tests) although the
water spray resistance is accounted for in the experimental total
resistance.

In Table 6, the average error in predicting the resistance value of all
models is presented. The lowest and highest resistance values for 1.9 <
Frg < 4.0 are measured for CO5 and C07 hulls, respectively. Addition-
ally, for Frg > 4.0, the lowest and highest average resistance values are
calculated for C04 and C09 hulls, respectively.

The C02 hull is a single-stepped hull with the lowest step height, and
its step is almost at LCB (33% L). If the step height of C02 is multiplied by
three and the longitudinal position of the step is kept constant (this is the
specification for C03), the resistance value increases at all speeds. The
new geometry increases the average resistance value for 1.9 < Frg < 4.0
and Frg > 4.0 by 2% and 10%, respectively. In addition, the percentage
of the wetted surface area of CO3 is less than that of C02. Thus, step
ventilation by increasing the step height in CO3 has been done correctly,
but the whisker spray resistance of the C03 hull is greater than that of
the C02 hull, which increases the overall resistance of the C0O3 hull.

Increasing the longitudinal position of the step in the C02 hull by
48% L (in the forward direction) while keeping the step height (this is
the specification for the C04 hull) increases the average resistance value
by 4% for 1.9 < Frg < 4.0 and decreases it by 1% for Frg > 4.0. In
comparison to C02, C04 has a 0.7% increase in wetted surface area for
1.9 < Frg < 4.0 and 14% for Frg > 4.0. It can be concluded that the
resistance caused by the whisker spray is lower for C04 than for C02.
This means that the reduction in whisker spray is caused by the forward
movement of the step at a constant height.

In the final stage of single-step hulls, the longitudinal position of the
C02 hull is increased by 48% L (in the forward direction) and the step
height is tripled (this is called the CO5 hull). These changes in hull ge-
ometry decreased the average resistance value by 1% for 1.9 < Frg < 4.0
and increased it by 3% for Frz > 4.0 compared to the C02 hull. However,
the average wetted surface of the CO5 hull increased by 2% for 1.9 < Frg
< 4.0, while it decreased by 8% for Frg > 4.0 compared to the C02 hull.
A comparison of the data indicates that the drag caused by whisker spray
on the CO5 hull is higher than that on the C02 hull at high speeds, which
can be attributed to the higher step height on the CO5 hull. According to
CFD and towing tank testing at Frg = 3.31, Fig. 7 shows the whisker
spray area.

Adding a step on the single-step C02 hull at 16% L (near the transom)
and the same step height (CO6 hull specifications) increases the hull’s
average resistance by 12% for 1.9 < Frg < 4.0 and by 16% for Frg > 4.0.
In addition, the average wetted surface increases by 16% for 1.9 < Frp <
4.0 and by 21% for Frg > 4.0. Tripling the step height of C06 (specifi-
cations of CO7 hull) increases the average resistance value by 2% for 1.9
< Frp < 4.0 and by 1% for Frg > 4.0. Increasing the step height decreases
the average wetted surface by 1% for 1.9 < Frp < 4.0 and by 11% for Frg
> 4.0. Increasing the step height decreases the wetted surface of the C07
hull but increases the spray resistance.

By adding a step at 16% L (near the transom) and keeping the same
step height (C06 hull specifications), the hull average resistance is
increased by 12% for 1.9 < Frg < 4.0 and by 16% for Frg > 4.0. Addi-
tionally, the average wetted surface increases by 16% for 1.9 < Frg < 4.0
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Fig. 4. (a) Computational grid views. (b) Wall y + on the C08 hull at Frg = 4.97.

Table 4

Mesh convergence study for CO8 hull at Frg = 4.97.
Grid no. Cell count R Er% T [deg] E%

A

A 6153456 0.692 29.10% 3.423 29.56%
B 7023456 0.638 19.03% 3.123 18.21%
C 8869701 0.553 3.17% 2.764 4.62%
D 10153783 0.550 2.61% 2.812 6.43%
Exp. - 0.536 - 2.642 -

and by 21% for Frg > 4. A tripling of the step height C06 (specified for
the CO7 hull) increases the average resistance value by 2% for 1.9 < Frg
< 4.0 and by 1% for Fry > 4.0. As the step height is increased, the
average wetted surface decreases by 1% for 1.9 < Frg < 4.0 and by 11%
for Frg > 4.0. As the step height increases, the wetted surface of the C07
hull decreases while the spray resistance increases.

In the CO6 hull, the step (which is located at 16% L) can be moved
forward (48% L) while keeping the step height the same (consistent with
the CO8 hull specifications), thereby reducing the average resistance
value by 1% and 7% for 1.9 < Frg < 4.0 and Frg > 4.0, respectively. As a
result, the average wetted surface of the hull is reduced by 5% for 1.9 <
Frg < 4.0 and 7% for Frg > 4.0. Increasing the step height of the C08 hull
to three times its original value (specifications of the C09 hull) decreases
the average resistance value by 5% for 1.9 < Frp < 4.0 but increases it by
12% for Frg > 4.0. As for the average wetted surface for both Froude
number ranges (1.9 < Frp < 4.0 and Frg > 4.0), it decreased by 34% and
36%, respectively, compared to CO8.

Among the two-stepped hulls, the CO8 hull has the lowest average
resistance value at the highest speed (Frg > 4.0), which increased by 9%

compared to the single-stage C04 hull (which had the lowest measured
resistance value among the single-stepped hulls). In addition, the
average wetted surface of the CO8 hull decreased by 1% compared to the
C04 hull.

The C09 hull showed the greatest resistance at maximum speed
among all hulls, and the lowest wetted surface value was measured for
this hull at maximum speed. As a result of these results, it can be
concluded that the C09 hull has a higher spray resistance at maximum
speed.

Finally, it is important to note that adding a step can improve the
longitudinal dynamic stability of the boat (e.g. by decreasing the dy-
namic trim angle, Blount and Codega, 1992); however if it is placed in
the wrong position, it will increase the hull resistance, which is primarily
related to the resistance to spray and the wrong reattachment point of
the flow.

4.2. CFD-based wetted shape calculation vs towing tank measurements

Estimating the wetted surface of a hull through experimentation is a
challenging task that typically requires the use of underwater cameras
and post-processing with CAD software (e.g. Begovic and Bertorello,
2012). However, the use of transparent models can simplify the process.
In towing tank tests, Vitiello et al. (2022) have used hulls with trans-
parent bottoms to visualize the water flow beneath them. A 50 mm
camera was mounted on the CG to capture video frames, which were
then analyzed digitally to estimate the wetted surface values. They
measured the dynamic wetted surface by post-processing the top-view
images using 3D CAD software for each speed. This experimental
approach provided an accurate and reliable method for estimating the
dynamic wetted surface of the hulls.
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Fig. 5. a) Mesh convergence trends for CO8 hull at Frg = 4.97, b) Time history of trim angle and resistance for CO8 hull at beam Froude number 4.97 for grid

number C.

To estimate the wetted surface in CFD simulations, a threshold value
is defined for the fluid volume fraction in the post-process. This value
represents the minimum fraction of the control volume that must be
filled with fluid for the surface to be considered wetted. A common value
for this threshold is 0.5, which means that if at least half of the control
volume is filled with fluid, the surface is considered wetted.

The top views of the wetted surfaces of the single-stepped and
double-stepped planing hulls, obtained by the CFD method (lower half
of the figure) and towing tank test (upper half of the figure), are shown
in Fig. 8. A comparison of the CFD and towing tank results shows that
the wetted surface of the hulls is generally similar at all speeds. The
average error in predicting the wetted surface value of all models using
the numerical method is presented in Table 7.

For the C02 hull, where the step height is 0.91% Brc, flow separation
from the step did not occur at any speed (Fig. 8-a). The purpose of
placing a step on the bottom of the planing hull is to separate the fluid
flow and consequently reduce the dynamic trim angle and the resistance
of the hull, otherwise, the performance of the step would be different, e.
g., acting as a spray deflector (Molchanov et al., 2019). Therefore, for
stepped planing hulls, it is essential to determine the height and position
of the steps and the speed at which the flow separation begins. Another
critical aspect of the stepped planing hull is that the stagnation line
should not cross the step as this leads to heavy water sprays and
significantly increases spray resistance (Fig. 8; Savitsky and Morabito,
2010). By increasing the step height of the C02 hull to 2.73% B¢ (C03
hull, Fig. 8-b), the flow has been separated from the step, and from the
beam Froude number of 1.93, the average value of the wetted surface
has decreased by 10%. As long as the stagnation line has not crossed the
step (beam Froude number of 2.86), the total resistance in the planing
regime is 1% lower than that of the CO2 hull. The total resistance in-
creases as soon as the stagnation line crossed the step.

Moving the longitudinal position of the step on the bottom of the C02
hull (C04 hull, Fig. 8-c) increased the wetted surface at all other speeds
except Froude number 2.86, where the wetted surface decreased by 3%
compared to C02. In the C04 hull, as in the C02 hull, the flow is not
detached from the step. It can be concluded that the movement of the
step has no effect on the onset of flow separation from the step, but its
movement toward the front of the boat has a direct effect on resistance
reduction, as it acts as a reverse spray deflector (Wielgosz et al., 2020).

As the step height of the C04 hull increased (CO5 hull, Fig. 8-d), the
wetted surface area increased except for the beam Froude number of

1.45 until the beam Froude number of 3.31. After beam Froude number
3.91, the wetted surface decreased significantly. As shown in Fig. 8-d,
both the numerical and experimental methods performed step ventila-
tion correctly. The increase in step height, which resulted in step
ventilation decreased the resistance of the hull up to the beam Froude
number of 3.91, but from the beam Froude number of 4.5, the resistance
increased. It can be seen from the shape of the wetted surface that the
resistance increased at high speeds due to the decreasing angle between
the stagnation line and the keel and the stagnation line passing through
the steps resulting in more spray resistance.

The CO06 hull is a two-stepped planing hull created by adding a step to
the bottom of the C02 hull. The shape of the wetted surface and the flow
in the bottom of the hull are shown in Fig. 8-e. As seen from the figure,
the additional step did not affect the flow separation at the step height of
0.91% Brc and only increased the wetted surface and resistance for all
speeds. It was found that the flow from both steps of the C06 hull was
separated by increasing the step height to 2.73% B¢ (Fig. 8-f). Flow
separation decreased the wetted surface for all speeds except for the two
beams Froude numbers of 2.86 and 3.31, where the wetted surface
increased by 5% and 0.03%, respectively. At the two beam Froude
numbers of 4.5 and 4.97, the average wetted surface decreased by about
11%, while the average resistance increased by 1.22% due to the large
spray caused by the passage of the stagnation line from the steps.

The C08 hull, whose wetted surface is shown in Fig. 8-g, was created
by shifting the rear step of the C06 hull to the front. According to the
experimental and numerical calculations, no flow separation was
observed when the step was moved on the hull, and the step height was
less than 1% Brc. Compared to the C06 hull, the wetted surface has
decreased at all speeds, and the average wetted surface reduction for the
last two beam Froude numbers was about 7%. The resistance reduction
was measured at the last three beam Froude numbers, which, consid-
ering that the height of the step was less than 1% B, resulted in the step
acting like a reverse spray deflector. A wetted surface of the C09 hull is
shown in Fig. 8-h (the step height of the C08 hull has been increased to
2.73% Brc). The average reduction in the wetted surface in planing
mode (from Frg = 1.93 up to Frg = 4.97) was about 34.5% compared to
the CO08 hull. Additionally, the average resistance value in the planing
regime up to beam Froude number 3.91 was reduced by 5% compared to
C08. However, since beam Froude number 4.5, the average resistance
value has been increased by 12%. As can be seen from the shape of the
wetted surface, starting from Froude number 4.5, the angle between the
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Fig. 6. Comparison of the CFD results against the experimental results of Vitiello et al. (2022), from the left to the right, are: dynamic trim, resistance, sinkage, and
wetted surface, for the hull a) C02, b) C03, ¢) C04, d) CO05, e) C06, f) C07, g) CO8, and h) C09.

Table 5

The average error for prediction trim angle and sinkage.
Models Co2 Co3 Co4 C05 C06 Cco7 Co8 €09
Ave. E:% 7.98% 3.05% 6.06% 4.85% 2.14% 0.04% 5.39% 1.41%
Ave. Ez,% 6.85% 1.52% 4.06% 3.91% 4.06% 0.03% 3.44% 0.8%

Fig. 7. The spray area for the CO5 hull at Frg = 3.31.
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Table 6

The average error for calculation resistance calculation.
Models Co2 co3 co4 Co5 Co06 co7 cos C09
Ave. Ex% 5.16% 0.04% 1.18% 5.48% 2.40% 3.81% 1.88% 1.39%

Fig. 8. Comparison of the numerically calculated wetted surfaces against the experimental results of Vitiello et al. (2022): a) C02, b) C03, c) C04, d) C05, e) CO06, f)

€07, g) €08, and h) C09.

keel and the stagnation line decreases, and the stagnation line intersects
the step at a lower angle than the keel, thus increasing spray resistance.

4.3. Visualization of air and water flow on the bottom of stepped hull
models by CFD

The volume fraction of water at various velocities is shown in Fig. 9
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Table 7

The average error for calculation wetted surface.
Models co2 co3 co4 Co5 Co06 co7 cos C09
Ave. Ex% 5.55% 6.72% 4.66% 2.29% 3.97% 0.22% 7.71% 9.11%
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Fig. 9. Calculating the volume fraction of water due to hydrodynamic forces and the spray of water (red area) and also air flow (green vectors) due to the step for a)

C02, b) C03, ¢) C04, d) CO5, e) CO6, f) CO7, g) CO8, and h) CO9.

to determine the effects of the step on the wetted surface, ventilation,
and spray flow. The airflow (green vector) becomes more apparent
behind the step as the speed increases. This air stream (green vector)
may exit the chine with the spray stream, or it may be directed to the
transom and exit there. A volume fraction value of 0 (blue) indicates a
full air phase, while a value of 1 (red) indicates a full water phase. A
value between 0 and 1 represents the weight of the air-water mixture.
As the step height increases (whether for a single-step or a two-step
hull), a mixed flow pattern is created in the dry back part of the step,
which varies depending on the step position. The mixture of air and
water, ending up in a vortex formation, is directed to the next step or
transom (De Marco et al., 2017). Fig. 9 shows that this airflow enters the
dry area of the steps via the chine or the main flow. In the case of straight
steps, these flow patterns are formed by small bubbles, which are
composed of a combination of air and water (see Lee et al., 2014). A

10

vortex usually is not detected in such cases but, on the other hand, this
vortex generation becomes more likely when the step is forward-swept.
It should be noted that the flow under the stepped hull can be directed to
the transom through the spray rail, which reduces the spray resistance
(Molchanov et al., 2019). This may be investigated for stepped planing
hulls in future studies.

4.4. Calculating pressure on the bottom of stepped models by CFD

As the lift force supports the weight of the boat in a planing hull, a
change in the boat’s wetted surface will result in a change in the pressure
distribution and, therefore, in the lift force distribution. Fig. 10 shows
the pressure distribution on the bottom of stepped hulls C02 to C09. This
figure illustrates the effect on the pressure distribution of adding the
step, increasing the step height, and changing the step position. When
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Fig. 10. Pressure contours on the bottom of the hulls: a) C02, b) C03, c) C04, d) CO5, e) C06, f) C07, g) C08, and h) C09.

the flow in the step separates, the pressure distribution at the step
location is interrupted, and a low-pressure region is created between the
step and the back of the step. The pressure inside the cavity is almost
equal to the atmospheric pressure. The pressure coefficient in Fig. 10 is
defined as follows:

_r
0.5p,, 0.5p,1%

C,= (8)
The pressure distribution on the C02 hull is shown in Fig. 10-a. In this
hull, the pressure distribution is greatest at the step and behind it, as the
flow has not yet been separated from the step. When the step height is
increased (CO3 hull - Fig. 10-b) and the flow separation occurs, this high-
pressure region is created after the ventilation region at the reattach-
ment point. As a result of this high-pressure region, an additional lift
force is generated, reducing trim angle and sinkage and improving the
performance of the hull. Similar high-pressure regions can be seen in
Fig. 8-c and 8-d following an increase in step height and flow separation.
Additionaly, as the flow is separated from the step, the pressure distri-
bution near the chine is concentrated towards the keel (centerline).

11

The pressure distribution over a stepped hull bottom is also affected
by the position of the steps. According to Fig. 10-a and 10-c, the pressure
value at the stagnation line and at the step decreases with increasing
distance from the transom.

By adding a step to the C02 hull (C06 hull - Fig. 10-e), three separate
pressure zones are created at the bottom of the boat. The pressure dis-
tribution is highest at the location of the two steps and at the stagnation
line of the forward planing region. When the step height of the C06 hull
(CO7 hull - Fig. 10-f) is increased for each step, the high-pressure region
is transferred to the area after the step ventilation. For this hull, the
pressure increases at the stagnation line of the forward planing region.
When the position of the rear step in the C06 hull is moved forward (C08
hull - Fig. 10-j), the high-pressure region in the transom region becomes
more sweeping and shifts towards the chine. Increasing the step height
of the CO8 hull (C09 hull - Fig. 10-h) results in a larger high-pressure
region in the stagnation line of the forward planing region. The pres-
sure distribution is also concentrated in the middle planing region and
the stern zone after the step ventilation zone.

Fig. 10 shows that for all step configurations, the pressure
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distribution concentrates on the centerline in the forward planing region
as the speed increases. Additionaly, in the rear regions, it is mainly
found in the chines.

To summarize, as seen in Fig. 10, changes in hull geometry alter the
pressure distribution on the bottom of the hull and shift the center of lift
force. For a one-step hull, two pressure zones are created, and for a two-
step hull, three pressure zones are created, though this may depend on
whether flow separation occurs. These changes in pressure distribution
and lift force result from changes in the flow around and on the bottom
of the hull.

5. Conclusion

In this paper, a comparative analysis has been conducted between
towing tank test results and CFD simulations for swept-stepped planing
hulls. Additionally, a numerical setup has been developed using CFD to
better understand the hydrodynamic behavior and physical flow on
these hulls. A systematic series of eight models of swept-stepped planing
hulls have been selected to investigate the effects of adding a step,
changing the step height, and changing the step position on performance
prediction, resistance, wetted surface shape, and ventilation length. The
results have been compared to experimental towing tests. The present
numerical method predicts experimental trends with acceptable errors,
with mean errors of 0.76% for trim, 0.34% for resistance, 2.76% for
sinkage, and 4.85% for the wetted surface for all hulls. Based on the
results of both the experimental towing tests and the numerical method,
the following conclusions can be drawn:

e increasing the step height of a stepped planing hull from 0.91% Br¢
to 2.73% Brc leads to the flow separation behind the step and the
formation of a high-pressure region at reattachment points. This
high-pressure region generates additional lift, which significantly
affects the trim angle. The lowest trim angle for single-stepped hulls
was observed in CO5 (step height = 2.73% Brc, position = 48.46% L),
and for two-stepped hulls, it was observed in C07 (step height =
2.73% Brc, forward step position = 22.19% L, aft step position =
16.38% L). Additionally, at a Froude number of 4.97 (maximum
speed), the trim angle of C02 was found to be higher than that of C03,
C04, C05, C06, CO7, CO8, and CO9 by 18%, 2%, 49%, 3.5%, 24%,
16%, and 16%, respectively. The absence of flow separation for a
0.91% Brc step height in one- and two-step planing hulls was also
noted.
When the step of single-step hulls is located slightly behind the
center of gravity (C02 and C03), moving the step towards the front of
the hull at a constant step height (as in C04 and CO5) leads to a
decrease in resistance value at high speeds, despite an increase in the
wetted surface area. This suggests that the forward swept step in the
front part of the stepless hull acts as a reverse deflector, which re-
duces the spray drag and overall resistance.
Adding a step to the near transom of a single-stepped hull (C02 or
C03) causes a decrease in trim at high speeds but increases the
wetted surface area and resistance (C06 or C07).
e Adding a step in the forward part of a single-stepped hull (C02 or
C03) has been found to decrease the dynamic trim angle at the lowest
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step height (C0O6 hull) and increase it at the highest step height (C07
hull) at high speeds. Additionally, the wetted surface area increases
at a step height of 0.91% By (CO6 hull) and decreases at a step height
of 2.73% B¢ (CO7 hull). Consequently, resistance increases for both
hulls, although this increase is greater for the C07 hull than the C06
hull due to the formation of sprays.

For two-stepped hulls, when the rear step is moved towards the bow
at lower step heights (without flow separation), as in the C08 hull, it
is an effective way to reduce hull drag by avoiding or reducing
sprays. However, at higher step heights, such as the C09 model
where flow separation occurs behind the step, moving the step for-
ward leads to an increase in hull resistance due to the formation of
sprays.

The CO5 hull showed the lowest resistance value at Frg ranging from
1.9 to 4.0, while the C04 hull recorded the lowest resistance at Frg
values higher than 4.0.

The appearance of vortices behind the steps happens mainly for
swept forward steps that can capture more air and consequently
reduce the wetted surface area. However, the vortex generation may
be accentuated by the model scale size, is the case for all flow
detachment/separation phenomena in model scale.

Overall, this study provides valuable insights into the hydrodynamic
performance of swept stepped planing hulls, but it is important to
recognize its limitations. The investigation was limited to a systematic
series of stepped hulls with specific design parameters, and the use of the
RANS equations has limitations in predicting unsteady flow phenomena.
Nonetheless, the study provides useful information about the perfor-
mance of stepped hulls within the confines of the current simulation.
Additionally, accurate modeling of the wetted surface and ventilation
length of stepped planing hulls is complex and requires careful consid-
eration of the threshold value used for the fluid volume fraction and the
isosurface value used for free surface modeling, which can influence the
accuracy of the results.
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APPENDIX A. Comparison error between CFD vs. towing tank test results in predicting the running attitudes and resistance of the

models
€02
v [m/s] Frg Fry Typ [degl] Terp [deg] E:% Reyy Rerp Ex% (Z6)gp (Zé)crp Ez.% (Sw )EXP (Sw)crp Es, %
A A Vi3 Vi3 v2/3 v2/3
1.29 0.796 1.081 2.462 2.360 —4.14% 0.108 0.100 8.04% —0.051 —0.059 16.37% 5.551 5.982 7.76%
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(continued)
C02
vIm/s]  Frg Fry T [degl e [degl  E:% Rey  Rom  Ex% (Z6)gy — (Ze)erp  Eze% (Swley — Swam  Esy%
A A Vi3 Vi3 v2/3 v2/3
2.357 1.454 1.976 4.126 3.910 —5.23% 0.167 0.169 —1.25% 0.036 0.031 —15.25% 5.390 5.608 4.05%
3.131 1.931 2.625 4.987 4.950 —0.73% 0.199 0.203 —2.13% 0.099 0.089 —10.10% 4.678 4.860 3.90%
4.631 2.857 3.882 3.837 3.752 —2.21% 0.279 0.259 7.90% 0.133 0.120 —9.63% 3.991 4.206 5.39%
5.368 3.311 4.500 3.323 3.330 0.22% 0.332 0.306 8.37% 0.251 0.219 —12.78% 3.768 4.019 6.66%
6.34 3.911 5.314 3.037 3.000 -1.21% 0.411 0.382 7.53% 0.162 0.153 —5.62% 3.364 3.540 5.21%
7.301 4.504 6.120 2.986 2.879 —3.58% 0.487 0.452 7.79% 0.193 0.170 —12.06% 2.995 3.178 6.10%
8.05 4.966 6.748 3.155 3.055 —3.17% 0.523 0.498 5.05% 0.209 0.197 —5.76% 2.750 2.898 5.35%
Co3
v [m/s]  Frg Fry T [degl  tcrp [degl  E:% Rey  Rom  Ex% (Z6)py  (Ze)erp  Eze% (Swley — Swam  Esy%
A A Vi3 Vi3 v2/3 V23
1.29 0.796 1.081 2.230 2.520 13.01% 0.096 0.088 8.24% —0.080 —0.086 7.36% 6.480 7.291 12.51%
2.357 1.454 1.976 3.549 3.957 11.49% 0.169 0.178 —5.48% 0.010 0.010 —7.89% 6.291 6.571 4.44%
3.131 1.931 2.625 4.422 4.110 —7.06% 0.202 0.204 —0.90% 0.048 0.048 0.72% 4.321 4.519 4.58%
4.631 2.857 3.882 3.269 2.940 —10.06% 0.248 0.256 —3.24% 0.085 0.097 15.10% 3.573 3.627 1.49%
5.368 3.311 4.500 2.865 2.581 —9.92% 0.309 0.312 —0.82% 0.139 0.117 —16.33% 3.331 3.299 —0.94%
6.34 3.911 5.314 2.688 2.477 —7.85% 0.424 0.407 3.98% 0.147 0.138 —5.89% 3.086 3.309 7.21%
7.301 4.504 6.120 2.522 2.312 —8.32% 0.494 0.491 0.61% 0.151 0.153 0.81% 2.615 3.010 15.08%
8.05 4.966 6.748 2.579 2.433 —5.67% 0.540 0.556 —2.74% 0.181 0.170 —6.01% 2.479 2.711 9.35%
Co4
v [m/s] Frg Fry Ty [degl tcrp [degl E% Ry Rerp Ex% Ez.% (SwWlgy — Swlerp  Esy%
A A v2/3 v2/3
1.29 0.796 1.081 2.470 2.827 14.47% 0.097 0.110 12.85% —0.047 —0.055 16.96% 5.587 6.169 10.41%
2.357 1.454 1.976 4.139 4.519 9.17% 0.172 0.174 1.37% 0.020 0.017 —15.82% 5.425 5.451 0.49%
3.131 1.931 2.625 4.940 4.742 —4.01% 0.213 0.205 —4.13% 0.140 0.123 —12.37% 4.816 5.047 4.80%
4.631 2.857 3.882 3.845 3.470 —9.75% 0.280 0.273 —2.19% 0.167 0.144 —13.79% 3.858 4.019 4.17%
5.368 3.311 4.500 3.444 3.057 —11.24% 0.322 0.320 —0.63% 0.194 0.164 —15.58% 3.779 3.866 2.30%
6.34 3.911 5.314 3.209 2.746 —14.42% 0.378 0.386 2.06% 0.183 0.167 —8.50% 3.461 3.692 6.67%
7.301 4.504 6.120 3.152 2.610 —17.18% 0.447 0.450 0.59% 0.185 0.176 —5.13% 3.335 3.589 7.61%
8.05 4.966 6.748 3.094 2.614 —15.52% 0.491 0.489 —0.47% 0.216 0.189 —12.57% 3.197 3.225 0.86%
Co5
v [m/s] Fry Fry Texp [degl Terp [degl E.% Rexyp Rerp Er% (Z6)gep (Z6)crp Ez,% (Sw)Ep (Sw)erp Es,%
A A Vi3 Vi3 V23 v2/3
1.29 0.796 1.081 2.304 2.407 4.45% 0.103 0.105 2.42% —0.028 —0.023 —16.50% 5.870 6.543 11.45%
2.357 1.454 1.976 3.749 4.210 12.30% 0.186 0.168 —9.36% 0.049 0.055 12.62% 5.330 5.505 3.28%
3.131 1.931 2.625 3.853 3.610 —6.30% 0.200 0.191 —4.46% 0.091 0.089 —2.27% 4.939 4.683 —5.18%
4.631 2.857 3.882 2.584 3.650 8.35% 0.258 0.253 —-1.72% 0.131 0.121 —7.30% 4.180 3.972 —4.96%
5.368 3.311 4.500 2.181 3.300 —2.55% 0.301 0.272 —9.78% 0.133 0.135 1.66% 3.807 3.944 3.62%
6.34 3.911 5.314 1.777 3.100 4.09% 0.378 0.340 —10.09% 0.148 0.152 2.09% 3.315 3.458 4.33%
7.301 4.504 6.120 1.700 2.940 3.89% 0.453 0.427 —5.68% 0.216 0.179 —17.02% 2.829 2.907 2.77%
8.05 4.966 6.748 1.606 3.000 14.60% 0.525 0.498 —5.16% 0.189 0.180 —4.57% 2.450 2.524 3.02%
Co6
v [m/s] Frg Fry Ty [degl Terp [degl E.% Rey Rem Ex% (Z6) gy (Z6)crp Ez,% (SW)ap (Sw)erp Es, %
A A vi3 Vi3 v2/3 V23
1.29 0.796 1.081 2.183 2.320 6.29% 0.090 0.103 14.78% —0.109 —0.087 —20.19% 5.929 6.487 9.40%
2.357 1.454 1.976 3.505 3.990 13.84% 0.163 0.169 3.50% —0.066 —0.062 —7.31% 5.757 6.178 7.33%
3.131 1.931 2.625 3.677 4.200 14.23% 0.236 0.202 —14.56% —0.058 —0.049 —15.69% 5.423 5.431 0.14%
4.631 2.857 3.882 3.848 3.427 —10.95% 0.284 0.291 2.46% 0.070 0.059 —15.44% 4.447 4.753 6.88%
5.368 3.311 4.500 3.329 3.056 —8.21% 0.341 0.349 2.36% 0.046 0.055 18.75% 4.244 4.487 5.72%
6.34 3.911 5.314 3.100 2.754 —-11.17% 0.427 0.442 3.66% 0.103 0.087 —15.53% 3.892 3.916 0.62%
7.301 4.504 6.120 3.043 2.694 —11.48% 0.514 0.538 4.63% 0.049 0.057 16.10% 3.639 3.673 0.94%
8.05 4.966 6.748 3.043 2.750 —9.64% 0.589 0.604 2.41% 0.169 0.181 6.87% 3.304 3.327 0.70%
co7
v [m/s] Fry Fry Teyp [degl Tcrp [degl E% Rey Rerp Er% (Z6)gxy (Z6)crp Ez,% (Sw)Ep (Sw)erp Es, %
A A v1/3 Vi3 V23 v2/3
1.29 0.796 1.081 1.949 1.790 —8.17% 0.098 0.089 9.65% 0.080 —0.071 —12.09% 5.740 6.403 11.55%
2.357 1.454 1.976 3.326 3.148 —5.35% 0.168 0.189 —11.19% 0.005 —0.004 —17.06% 5.506 6.075 10.35%
3.131 1.931 2.625 3.154 3.420 8.43% 0.254 0.294 —13.45% —0.045 0.046 4.45% 5.170 4.673 —9.60%
4.631 2.857 3.882 3.211 3.122 —2.78% 0.259 0.279 —7.25% —0.150 0.123 —17.84% 4.644 4.309 —7.22%
5.368 3.311 4.500 3.208 2.874 —10.41% 0.296 0.308 —3.76% —0.128 0.129 0.82% 4.245 4.066 —4.23%
6.34 3.911 5.314 2.751 2.638 —4.10% 0.404 0.406 —0.43% —0.148 0.150 0.97% 3.754 3.944 5.06%
7.301 4.504 6.120 2.522 2.647 4.96% 0.508 0.519 —2.04% —0.147 0.174 18.27% 3.271 3.131 —4.27%
8.05 4.966 6.748 2.407 2.608 8.34% 0.586 0.599 —2.05% —0.154 0.189 22.26% 2.913 2.813 —3.43%
co8
v [m/s]  Frg Fry Ty [degl  torp [degl  E:% Rey Rerp Ex% (Z6)py  (Ze)erp  Eze% (SwWep  SWlerp  Esy %
A A Vi3 Vi3 v2/3 v2/3
1.29 0.796 1.081 2.417 2.587 7.02% 0.101 0.105 4.24% —0.058 —0.067 15.57% 5.758 6.356 10.37%
2.357 1.454 1.976 3.742 4.218 12.73% 0.175 0.171 —2.42% —0.002 —0.002 12.50% 5.591 5.963 6.66%
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(continued)
C02
v [m/s] Fry Fry Texp [deg] Terp [deg] E:% Reyy Rerp Ex% (Z(;)Exp (Z6)crp Ez,% (Sw)E,p (Sw)crp Es, %
A A Vi3 Vi3 v2/3 v2/3

3.131 1.931 2625 4.545 4.570 0.56% 0.216  0.209  -3.14% 0.065 0.056 —13.52%  4.923 5.253 6.70%
4.631 2.857 3.882  3.276 3.487 —0.48% 0.296  0.300  1.43% 0.143 0.119 -16.86%  4.183 4.300 2.79%
5.368 3.311 4500 2.817 3.045 8.11% 0.347  0.356  2.75% 0.132 0.135 2.19% 4.014 4.103 2.22%
6.34 3.911 5314  2.642 2.785 5.42% 0.419  0.435 3.87% 0.137 0.155 13.30% 3.845 4.103 6.71%
7.301 4504  6.120 2.584 2725 5.44% 0.485  0.509  5.06% 0.147 0.173 17.92% 3.418 3.692 8.00%
8.05 4.966  6.748  2.642 2.757 4.36% 0.536  0.553  3.28% 0.193 0.186 —3.56% 3.044 3.356 10.23%
C09

v [m/s] Fry Fry Texp [degl Tcrp [degl E:% Reyp Rerp Ex% (Z6)pp (Z6)epp  Eze% (SW) g (Sw)erp  Esy%

A A Vi3 V13 V23 V23
1.29 0.796 1.081 1.548 1.830 18.21% 0.090 0.101 12.94% —0.071 —0.082 15.89% 6.641 7.384 11.18%
2.357 1.454 1976  3.326 3.700 11.25% 0.188  0.170  -9.78% 0.002 0.002 13.02% 6.448 6.814 5.68%
3.131 1.931 2625 3.326 3.510 5.53% 0.213  0.198  -7.20% 0.032 0.035 10.68% 3.777 4.094 8.40%
4.631 2.857 3.882  3.326 2.940 —11.61%  0.285 0.271  —4.92% 0.100 0.093 —6.74% 2.884 3.094 7.28%
5.368 3.311  4.500  3.097 2.810 —9.27% 0.319 0.354 11.17% 0.117 0.110 —6.44% 2.441 2.832 16.02%
6.34 3911 5.314  3.040 2.580 -15.13%  0.393  0.421  7.03% 0.145 0.130 -10.07%  2.244 2.458 9.56%
7.301 4.504  6.120  2.696 2612 -3.12% 0.535 0.541  1.13% 0.167 0.152 —8.94% 2.140 2.299 7.44%
8.05 4.966  6.748  2.639 2.450 —7.16% 0.614  0.619  0.78% 0.187 0.161 —13.80%  1.995 2.140 7.30%
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Verification and Validation (V&V) is the foremost analysis which is carried out for evaluation of the accuracy
level and dependability of computational fluid dynamic (CFD) simulations. The present study investigates the
V&V of CFD models in predicting the dynamic trim and hull resistance of high-speed planing hulls with an aim to
provide a deeper understanding of V&V analysis in this specific field of application. Two different planing hulls,
namely the CO5 stepped hull and the C1 interceptor hull, are analyzed with four different grids and time-steps
using two mesh motion techniques, namely overset and morphing approach. The discretization (grid) and time-
step uncertainties for each CFD simulation are estimated using the least squares method. The results indicate that
the overset mesh approach performs better than the morphing grid method in terms of numerical uncertainty and
validation achieved for both hulls. The error of both techniques in the prediction of resistance and trim angle of
the boat shows an acceptable range of accuracy. The findings provide valuable insights for simulation-based
designing and optimizing high-speed planing hulls, specifically by identifying the optimal mesh technique,
cell number, and time-step for accurate prediction of wetted surface shape, ventilation formation, running

attitude, and resistance.

1. Introduction

Computational Fluid Dynamics (CFD) has gradually turned into a
very important hydrodynamic tool in the marine industry and ocean
engineering, which can be used for analyzing and designing ships,
offshore structures and ocean renewable energy converters (Hosseini
et al., 2021; Roshan et al., 2020). The accuracy and reliability of CFD
simulations are assessed through verification and validation (V&V)
procedures which are two important but challenging steps in the CFD
simulations. They help us to ensure that the numerical data obtained
through CFD modeling are trustworthy and valid enough to be used for
different aims (such as design, optimization or study of physics).

In recent decade, a growing number of studies have been carried out
to numerically simulate hydrodynamic of various types of planing hulls
using CFD simulations. Planing hulls are a special type of watercraft that
ride on the water surface and may operate at relatively high speeds.

* Corresponding author.
E-mail address: rasul.niazmand@taltech.ee (R. Niazmand Bilandi).
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Stepped hulls are also identified as a special type of planing hulls, which
have been introduced through modifications of the vessel by adding
stepped configurations on the bottom. Step(s) may cause air ventilation
and would highly increase lift over drag ratio of the vessel, leading to a
more efficient design.

The use of CFD in simulating air-water flow around planing hulls
dates to the 2000s. Researchers limited their studies to prismatic hulls
fixed in heave and pitch directions. Such studies would be very valuable
as they informed us with the way a CFD model/code would give lift over
drag ratio of a planing hull. But their application is limited as they
cannot model the actual ride of a planing hull advancing in calm water
condition. In a calm water environment, the vessel is free in vertical
direction, and under the action of the fluid forces, including hydrody-
namic and hydrostatic forces, its bow is pushed up and its center of
gravity would be lifted upward. This necessitates consideration of dy-
namic mesh motion, which would introduce many more challenges to
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CFD modeling. One of the first studies highlighting the ride of a planing
hull on calm water was done by Fu et al. (2014). Fu et al. (2014) used a
CFD code to simulate the hydrodynamic forces and flow around planing
craft in calm water and waves on a laboratory scale, while Judge et al.
(2020) compared experimental and simulation results for a high-speed
deep-V planing hull in calm water and in waves. Both of these studies
targeted stepless planing hulls. Gray-Stephens et al. (2020) assessed the
accuracy of CFD in modeling the nearfield longitudinal wake profiles of
a high-speed planing hull, concluding that CFD is a reliable and precise
method for modeling these profiles. Tavakoli et al. (2020) investigated
the unsteady planing motion in waves using different approaches,
including towing tank tests, CFD, and the 2D + T model, with results
suggesting that the 2D + T model may over-predict vertical acceleration
due to negative sectional forces near the bow of the vessel at short
waves, but CFD models would outperform for the reason they would not
give such negative forces.

Stepped hull simulations using different methods have been exten-
sively carried out in recent years. This is due that fact that these hulls
have attracted attentions of boat designers over last decade. It has led to
introduction of different systematic experimental tests that can be found
in literature (e.g. Lee et al., 2014; Taunton et al., 2010, 2011; Vitiello
et al., 2022). Several researchers have investigated the accuracy of CFD
in replication of calm water ride of stepped planing hulls. De Marco et al.
(2017) used Star-CCM + software with an overset mesh approach to
predict drag for a forward-swept single-stepped fast planing hull. Their
study involved towing tank tests, Reynolds Averaged Navier-Stokes
(RANS), and Large Eddy Simulations (LES) using different moving
mesh techniques. The observations indicated that the overset/chimera
grid approach was the most effective method. Understanding these
phenomena is important for optimizing the effectiveness of stepped hull
designs. Dashtimanesh et al. (2018) investigated the motion character-
istics of a two-stepped planing hull with transverse steps in calm water
using three-dimensional numerical simulations. The study found that
transverse steps reduced resistance and improved lift over drag ratio and
that the CFD simulations would help us to accurately predict resistance,
trim, and lift as compared to model test data. It is important to note that
Dashtimanesh et al. (2018) used a morphing mesh approach to conduct
their CFD simulations and did not cover the choice of dynamic mesh
approaches (i.e. they did not compare whether another mesh motion
approach would influence the predictions or not). Vitiello et al. (2020)
evaluated the reliability of full-scale CFD simulations for a
double-stepped hull by comparing the results to towing tank tests and
sea trials. It was found that CFD simulations could accurately predict the
performance of stepped hulls, but it was noted that further investigation
and verification are necessary due to the lack of reliable sea trial data.
The full-scale CFD simulations in Vitiello et al. (2020) overestimated
resistance by an average of 17.3% as compared to data collected in
actual sea, while the experimental towing tank test results over-
estimated hull resistance by an average of 27.5%. Despite this, CFD
simulations are still viewed as a highly reliable hydrodynamic tool for
predicting calm water performance of high-speed stepped planing hulls,
and in general any type of planing hulls. Niazmand Bilandi et al. (2020a,
2023b, 2021) used numerical simulations to validate the performance
predictions of heeled planing hulls in calm water and motion predictions
in waves. They used overset method for solving the problems and
showed that the results of CFD runs would be more accurate as
compared to mathematical models developed based on 2D + t method.

Park et al. (2022) evaluated the accuracy of single- and two-phase
RANS solvers for predicting the hydrodynamic characteristics of
high-speed stepped planing hulls in calm water. The results suggested
that both solvers predicted the experimental trends with comparable
errors to those for non-stepped hulls but with larger errors for trim and
wetted areas. Niazmand Bilandi et al. (2023a) conducted a comparative
analysis between towing tank test results and CFD simulations to
examine the calm water behavior of swept-stepped planing hulls. By
employing an overset mesh approach and Adaptive Mesh Refinement
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(AMR) in their CFD simulations, they aimed to gain a deeper under-
standing of the hydrodynamic characteristics and flow patterns associ-
ated with such hulls. The study involved a systematic series of eight
models, each representing different step configurations, step heights,
and step positions. Through this investigation, they assessed the influ-
ence of these factors on the prediction of resistance, wetted surface
pattern, and ventilation length.

Moreover, researchers have designed optimized stepless and stepped
hull designs using analytical and CFD-based methods. Although
analytical methods can be used to calculate performance predictions and
motion in waves in the early-stage design, the use of CFD simulation can
offer a higher level of accuracy, and would be favored in last stages of
design, where more accurate predictions are required. Di Caterino et al.
(2018) studied the performance and stability of a stepless hull at high
speeds by employing an analytical/CFD-based method. Their results
were promising and were validated it against the Savitsky method and
CFD full-scale analysis. They also performed a porpoising analysis for
the non-stepped hull. This combined set of CFD simulations provides
efficient way to analyze and compare performance of various planing
surfaces. Niazmand Bilandi et al. (2019; 2020b) developed an analytical
2D + t method alongside CFD simulation to predict the performance of
stepped planing hulls in calm water and waves. Wang et al. (2023)
developed a new semi-empirical method, called the modified M-S
method, to accurately predict the trim angle, CG rise-up and resistance
of planing hulls riding in calm water. Their method is based on Mor-
abito’s empirical equations, which give pressure distribution over the
wet surface of a planing surface. The hydrodynamic characteristics of a
planing hull free in have and pitch directions were investigated using
numerical simulations of viscous fluid flow around the vessel which
were which were built by the SST k-0 turbulence model and the Volume
of Fluid scheme. The study compared the results with experimental data,
which confirmed the good accuracy level of the CFD model and its setup.
Overall, the aforementioned studies provide pieces of evidence of the
high value of analytical and CFD-based methods in the optimization
process of different types of planing hulls. As observed in most of these
studies, CFD and 2D + t models offer efficient and accurate solutions for
calm water performance of a planing surface, that can be directly used
for hydrodynamic design of the vessel, the output of which may also be
used for structural design of the marine vehicle.

Similarly, interceptor hulls are identified as a group of planing sur-
faces that has gained popularity owing to their higher lift-over-drag
ratio, as compared to a typical deep-V planing surface. Interceptors
are energy saving devices originally used in aeronautic and automotive
fields, which have been considered as an alternative to wedges, stern
flaps, and trim tabs in Naval Architecture community. Studies suggest
that interceptors can lead to resistance reduction over a wide range of
speeds, but their effectiveness is dependent on the deadrise angle of the
vessel, the longitudinal center of gravity, and the interceptor geometry
itself, which is not surprising. De Luca and Pensa (2012) experimentally
investigated the effects of deadrise angle, longitudinal center of gravity,
and interceptor geometry on the effectiveness of interceptors. It was
found that interceptors generate high lift force and can reduce dynamic
trim of the vessel, and the study showed how resistance reductions can
be maximized by combining the position of the center of gravity with the
depth of interceptors. Additionally, this study proposed two unconven-
tional interceptors that may lead to significant reduction of resistance,
allowing the vessel to reach higher speeds. Apart from that, the inter-
ceptor has been seen to be effective in semi-displacement mode, De Luca
et al. (2015).

In recent studies, researchers have investigated the hydrodynamic
effects of interceptors on the performance of high-speed planing hulls
using CFD and experimental methods. Mansoori and Fernandes (2017)
found that combining an interceptor with a trim tab improves perfor-
mance compared to using a single interceptor. They also showed that
interceptor height is an important factor in efficiency and should be
chosen based on the vessel’s length and boundary layer thickness at the
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Fig. 1. Set-up of resistance towing tank tests for the C1 interceptor hull (left) and the CO5 stepped hull (right) at the Universita degli Studi di Napoli “Federico II”

Towing Tank (De Luca and Pensa, 2017; Vitiello et al., 2022).

transom region. Similarly, Suneela et al. (2021) and Jangam (2021)
found that interceptor height affects vessel performance and that adding
an interceptor to the vessel can reduce trim and resistance in the planing
regime. Jangam (2022) investigated the use of an interceptor-flap
combination and found significant reductions in resistance and trim.
Sahin et al. (2022) studied the effect of interceptor layout and blade
height on hydrodynamic performance of the planing vessel and showed
that interceptors can reduce dynamic trim, sinkage, and resistance in
regular waves. All aforementioned studies used CFD simulations to
analyze the problem. Overall, the findings suggest that interceptors can
be an effective means of improving planing hull performance, but the
height and proper placement of the interceptor must be carefully
considered for an optimal calm-water ride.

As explained, most of studies highlighting the performance of
planing hulls, either the stepped hull ones, or the ones equipped with the
interceptor, have been performed through CFD simulations. Ensuring
the accuracy of CFD simulations is important in various engineering
applications. One widely known organization that recognizes the sig-
nificance of verification and validation (V&V) procedures in CFD sim-
ulations is the International Towing Tank Conference (ITTC) (ITTC
75-03-01-01 Rev 04, 2021). The ITTC recommends several procedures
to ensure reliable estimation of errors and uncertainties such as the
Correction Factor (CF) (and its modifications, e.g. Stern et al. (2001) and
Wilson et al. (2004)) or Factor of Safety (FS) (Roache, 1998). One of
these procedures is the Least Squares Root method (LSR). As noted by
Eca et al. (2010) and Larsson et al. (2014), LSR is particularly useful in
situations where the numerical solutions exhibit scatter, such as in
complex flows with relatively coarse grids, or when using unstructured
grids lead to variability in the grids. By estimating the error using LSR,
the accuracy of the simulation results can be significantly improved.

In recent years, there has been a surge of research focused on con-
ventional and stepped planing hulls using CFD methods. However, to
ensure the accuracy of the numerical simulations, it is essential to
validate the results by comparing them with experimental data (the
validation and calibration process). This is particularly important when
dealing with hulls that have discontinuities, such as stepped hulls and
hulls with interceptors since these features can introduce challenges in
CFD simulations. They may lead to artificial errors, and can be a source
of uncertainty due to the complex flow patterns they create. Stepped
hulls present a unique challenge in calculating resistance and wetted
surface due to the intricate fluid dynamics around the steps. Conversely,
interceptor-equipped hulls pose heightened challenges in calculating
trim angles owing to the complexities of the fluid dynamics in the vi-
cinity of the interceptor. The aim of the present paper is to investigate
the error and uncertainty associated with spatial discretization (grid) in
CFD simulations of calm water performance of a stepped hull and a hull
equipped with an interceptor. This study will shed light on the diffi-
culties in CFD simulations of these types of planing hulls and the way we
can overcome them.

This paper covers the validation and verification analysis of planing
hull modeling in calm water environment using CFD simulations. The
verification mesh results are obtained using the CFD commercial

software SIEMENS PLM Star-CCM+, with two different mesh motion
techniques, that are used to integrate rigid dynamic motions into the
CFD tank, i.e. overset/chimera and morphing mesh methods. Dis-
cretization uncertainties for each CFD simulation are estimated using a
least squares method, implemented in a Matlab-based code. To validate
the results, towing tank tests conducted by De Luca and Pensa (2017)
and Vitiello et al. (2022) are used for comparison.

The present paper is structured as follows: Section 2 presents a
description of the hulls and towing tank set-up. Section 3 provides de-
tails the CFD models and setups, including the computational domain,
boundary conditions, and mesh settings for the domain, hull, and free
surface. Section 4 outlines the procedure used for estimating numerical
uncertainty errors, along with the algorithm flowchart depicting the
method. In Sections 5 and 6, the verification and validation of the CO5
stepped hull and C1 interceptor hull are analyzed. Finally, Section 7
presents the concluding remarks. Appendices A and E compare CFD
results of the running attitudes and resistance with towing tank data for
the CO5 stepped hull and C1 interceptor hull, respectively. Appendixes B
and C depict grid uncertainty analyses for the trim and resistance values
of the CO5 stepped hull. Appendix D presents the analysis of the wetted
surface and ventilation formation of the CO5 stepped hull by CFD and
towing tank test. Appendixes F and G illustrate grid uncertainty analyses
for the trim and resistance values of the CO1 interceptor hull. Finally,
Appendix H presents the spray and wave formation for the C1 inter-
ceptor hull by CFD and towing tank tests.

2. Cases description

Numerical simulations have been conducted using different cell
numbers for two sets of planing models to validate and verify the
analysis. These models have been previously designed and tested by De
Luca and Pensa (2017) and Vitiello et al. (2022). In these two research
papers, performance of these two planing models are reported. The use
of these models in this study provides an opportunity to investigate the
error/uncertainty related to the spatial discretization (grid) for hulls
with discontinuities; stepped and interceptor hulls. It is worth noting
that such sharp geometrical discontinues on solid boundaries would
cause numerical challenges and may cause artificial effects, such as
ripple generation, energy damping, etc. Two mesh techniques were
implemented in the simulations, the overset and morphing mesh,
respectively. These two meshing strategies represent the two most
common approaches implemented for planing hull simulations (e.g. De
Marco et al., 2017; Dashtimanesh et al., 2018).

The tests for both models were carried out in the towing tank of the
Dipartimento di Ingegneria Industriale (DII) at the Universita degli Studi di
Napoli “Federico II”. The towing tank has main dimensions of 136 x 9.0
x 4.5 m (Length, Width, and Depth), and the setup of calm water towing
tank tests for the C1 interceptor hull and the CO5 stepped hull are
depicted in Fig. 1.

The first set of planing models, designed by De Luca and Pensa
(2017) at the Universita degli Studi di Napoli “Federico II”, investigated
the effects of interceptor on performance of Systematic Series of hard
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Fig. 2. Body plans of the models: (Left) C1 interceptor hull with green highlighting of the position and height of the interceptor, and (Right) CO5 single-stepped hull

with red highlighting of the position and height of the step.

Table 1

Principal characteristics of C1 interceptor hull and CO5 stepped hull.
Model Description C1 C05
Characteristics
L (m) Length over all 2.612 0.91
Ly, (m) Waterline Length 2.387 0.76
B (m) Beam 0.816 0.268
pC) Deadrise 23.7 23
A /pr3 Ratio of the displacement 0.02 0.163
L/vY3 Length-displacement ratio 5.5 6.24
Leg (75 = 0) Longitudinal center of 0.943 0.286

buoyancy from transom
Position of step (m) - - 0.441
Height of step (mm) - - 6
Hight of interceptor - 3 -
(mm)

Fry Beam Froude number 0.88-1.94 1.93-4.97

chine hulls in planing and semi-planing speed ranges. This systematic
hard-chine planing hulls are named NSS. The chosen vessel is a warped
hull with a length of 2.612 m and a mean deadrise angle of 23.7°.

The second set of planing models, designed and tested by the same
institution (Vitiello et al., 2022), was developed to study the effects of
the forward swept step position and height on the performance of
stepped planing hulls. This systematic set of planing hull series is named
VMV. For this research, one of the models, named C05, was selected,

Table 2
Solver settings.

which has one step with a height of 0.024B. The body plans of the two
studied models are shown in Fig. 2, and their dimensions and other
principal characteristics are listed in Table 1. In Table 1, 7, represents
static trim, which defines the ship’s balanced hull orientation when at
rest in calm waters, ensuring it remains level without tilting forward or
backward.

For the cases description, it is important to emphasize that both hull
types under investigation share a common characteristic, the presence of
bottom ’discontinuities’ leading to flow separation. This commonality
serves as a significant rationale for analyzing both hulls together. By
doing so, we aim to investigate the effects of these *discontinuities’ on
hydrodynamic behavior. In essence, considering both hull types en-
riches the scope of our Verification and Validation (V&V) study,
enabling us to achieve a deeper understanding of the impact of bottom
discontinuities on the overall hydrodynamic response, thereby contrib-
uting to a more comprehensive analysis.

Further details of the towing tank tests can be found in the papers by
De Luca and Pensa (2017) and Vitiello et al. (2022).

3. Numerical computational settings

Fluid motions are modeled by the RANS equations, and conservation
of a volume fraction field, which helps us to capture the free surface
deformation. For sake of beverity, governing equaitons are not pre-
sented in this study. They can be found in most of the CFD text books or

Item Overset for CO5 Overset for C1 Morphing for C05 Morphing for C1
solver Implicit unsteady Implicit unsteady Implicit unsteady Implicit unsteady
Convection term 2nd order 2nd order 2nd order 2nd order
Turbulence model k-Omega SST k-Omega SST k-Omega SST k-Omega SST

i L, L L, L,
Time step () 0.004 ~ 0.011 2 0.004 ~ 0.011 2 0.004 ~ 0.011 2 0.004 ~ 0.011 2
Temporal Discretization 1st order 1st order 1st order 1st order
Iteration per time step 5 10 5 10
Mesh motion Overset Overset Morphing Morphing
Overset Interpolation scheme Linear Linear - -
Wall treatment All'y + wall treat All'y + wall treat All'y + wall treat All'y + wall treat
Water density 1000 kg/m* 998.09 kg/m* 1000 kg/m* 998.09 kg/m*

Water viscosity 0.000934 Pa-s

0.000997 Pa-s

0.000934 Pa-s 0.000997 Pa-s
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Comparative analysis of k-Omega SST and k-Epsilon turbulent models for CO5 stepped hull with mesh configurations 15.4M (overset) and 15.17M (morphing) at
maximum Froude number of 4.97, and for C1 interceptor hull with mesh configurations 14.9M (overset) and 13.2M (morphing) at maximum Froude number of 1.94.

CO5 stepped hull

Fry = 4.97 6 (deg.) R/A

Exp. k-Omega SST E% k-Epsilon E% Exp. k-Omega SST E% k-Epsilon E%
Overset 1.606 1.790 —11.49% 1.798 —11.99% 0.525 0.559 —6.56% 0.532 —1.43%
Morphing 1.606 1.819 —13.30% 1.816 —13.11% 0.525 0.53 —1.03% 0.504 3.86%
C1 interceptor hull
Frg = 1.94 6 (deg.) R/A

Exp. k-Omega SST E% k-Epsilon E% Exp. k-Omega SST E% k-Epsilon E%
Overset —0.091 —-0.089 2.20% -0.13 —42.86% 0.178 0.1647 7.55% 0.156 12.46%
Morphing —0.091 —0.100 9.89% —-0.16 —75.82% 0.178 0.169 5.13% 0.165 7.17%

references (e.g. in Ferziger et al., 2019; Reynolds, 1997). Rigid body
motions of the vessel are gvoverned by Newtons’ Second Law, where
forces are foung through integrating pressure and shear stresses over the
surface of the hull. These equations are also not presented in this
research for the same reason that fluid equations are not presented.
Resaders intrested to know more about the equations governing the
dynamic motion of a planing hull are referred to Su et al. (2012), and
Tavakoli et al. (2020).

All CFD simulations in this study utilize the Finite-Volume Method
(FVM) and the Volume-Of-Fluid (VOF) model to handle two-phase
flows. The free surface between air and water is reproduced with the
two-phase VOF method, with a High-Resolution Interface Capturing
(HRIC) scheme based on the Compressive Interface Capturing Scheme
for Arbitrary Mesh (CICSAM), and both fluids are considered incom-
pressible Newtonian fluids. A Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) was used to conjugate the pressure and velocity
fields, and then solves the discretized equations that model the fluid
motion over a single time step. A segregated flow solver approach was
applied for all simulations. The numerical method and solver details can
be found in the Siemens PLM Star-CCM + User’s Guide, version
17.02.007 (SIEMENS, 2022). Additional information about the numer-
ical solver used in the study is provided in Table 2. According to Table 2,
a 1st-order temporal discretization is employed. Utilizing 1st-order ac-
curacy in time provides time-averaged results, whereas the necessity for
2nd-order accuracy might not be as critical, particularly given the
pseudo-unsteady nature of the resistance test. While higher-order ac-
curacy in time could potentially benefit in handling dynamic in-
stabilities, simulations did not encounter such instabilities.

To select the appropriate turbulent model, a comparative analysis
was conducted between the k-Omega SST and k-Epsilon turbulence
models for both hulls, utilizing finer meshes at their respective
maximum Froude numbers. The findings for trim (¢) and resistance ratio
(R/A) are summarized in Table 3. The results indicate that the k-Omega
SST model exhibits a lower comparison error when compared to the k-
Epsilon model. Consequently, the k-Omega SST turbulence model was
chosen to accurately account for turbulence effects in the flow. Note that
this finding is limited to the targeted hulls, and cannot be generalized for
all planing hull models. The selection process excluded other turbulence
models such as SA-DES, SARC-DES, SARC, DES, DDES, LES, or RSM,
focusing on widely implemented CFD turbulence models frequently
employed in practical design applications. While these excluded models

have value and applicability across various fluid flow scenarios, prior
assessments and investigations led to the conclusion that the k-Omega
SST model better captured the flow physics and phenomena relevant to
the specific hull configurations and hydrodynamic conditions studied.

In this study, the variables employed to assess performance are in-
tegrated quantities, analogous to the method used in the towing tank
procedure. The forces (and moments) are determined as the integration
(summation) of the pressure and shear forces acting on the cell surfaces.
The hull is configured using DFBI (Dynamic Fluid Body Interaction),
enabling movement in the heave and pitch directions based on the
exerted forces and moments. The vessel in the end is placed at an
equilibrium condition, where the pitching moment is zero and weight
force equals the external force caused by water pressure.

To accommodate the movements of the hull in the computational
domain, both overset meshes and morphing techniques have been
implemented with an aiming to compare these two meshing techniques.
In both overset and morphing methods, four grids of different sizes are
generated, with the same settings but with different base size of the
mesh. This approach helps us conduct a discretization uncertainty
analysis, which could include the use of the LSR method. Tables 4 and 5
summarize the number of cells and corresponding refinement ratio (with
the finest grid referred to as 1). The refinement ratio, denoted by h, can
be expressed as:

h; N(»gu,—

Ly 1
hf Nmz, ( )

where N, denotes the number of cells in the grid i, while Neey, repre-
sents the number of cells in the finest grid.

The overset setup integrates hull motions into the fluid domain by
using dynamic boundaries surrounding the hull, moving with it. It suits
complex geometries but is computationally expensive, preferable for
high vessel motions. Conversely, the morphing setup technique offers a
more efficient alternative by taking into account the hull motions with a
single domain modifying the position of nodes. This technique avoids
the need for multiple grid domains and boundary conditions associated
with overset methods, which can simplify the simulation setup and
reduce computational effort. However, morphing mesh methods may
require careful consideration of mesh quality and deformation to ensure
the accuracy and stability of the simulation results. In Star-CCM+, a set
of grid nodes (also called control vertices) define the initial movement

Table 4

Number of cells and grid refinement ratio for verification study of CO5 stepped planing hull.
Overset Morphing
Grid no. Neery h; Base size background Base size overset Ave. Y+ Grid no. Neet, h; Base size Ave. Y+
8.9M 8,968,525 1.72 1.025 Ly, 0.615 Ly, 83 6.47M 6,474,763 2.34 0.535 Ly, 81
11.2M 11,245,013 1.37 1.025 Ly, 0.559 Ly, 77 8.8M 8,832,117 1.72 0.473 Ly, 75
12.9M 12,948,438 1.19 1.025 Ly, 0.549 Ly, 70 11.05M 11,054,112 1.37 0.439 Ly 62
15.4M 15,449,886 1 1.025 Ly, 0.513 Ly, 65 15.17M 15,172,514 1 0.384 Ly, 45
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Table 5

Number of Cells and Grid Refinement Ratio for Verification Study of C01 interceptor Planing Hull.
Overset Morphing
Grid no. Neetr hi Base size background Base size overset Ave. Y+ Grid no. Neet hi Base size Ave. Y+
8.8M 8,817,154 1.69 0.670 Ly, 0.430 Ly, 0.9 6.2M 6,275,120 2.11 0.437 Ly, 0.8
11.2M 11,225,477 1.33 0.670 Ly, 0.366 Ly, 0.77 8.1M 8,106,302 1.64 0.387 Ly, 0.65
12.9M 12,902,835 1.16 0.670 Ly, 0.335 Ly, 0.65 10.6M 10,645,546 1.25 0.335 Ly, 0.5
14.9M 14,942,391 1 0.670 Ly, 0.251 Ly, 0.4 13.2M 13,274,303 1 0.265 Ly, 0.25

5 stepped hull
Overset

[ ptrtghubyd 4 byt |

Morphing

Co!

e R )
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(b)

1.2x0.3x0.3

Fig. 3. (a) Block refinement around the hulls and extend of each block, (b) Mesh configuration around the step and interceptor for different mesh densities.

that the morphing solver imposes on the mesh. Each control vertex is
associated with a displacement vector that the morphing solver uses to

move the nearby vertices. The morphing solver utilizes Radial Basis

Functions (RBF) to modify the grid according to hull motion. Details of

the morphing solver procedures can be found in Dashtimanesh et al.
(2018).

In this study, the meshing approach involved the utilization of

various tools for overset setup and morphing configurations. The primer



R. Niazmand Bilandi et al.

Overset

0.7 20.08

Ocean Engineering 293 (2024) 116589

Morphing

Wall Y+
40.06 60.04 80.02 100

Wall Y+

0.01 0.208 0.406 0.604 0.802 1
—

Fig. 4. The wall y + values of the walls for Overset and Morphing Mesh Motion of stepped hull and interceptor hull at maximum speed. For the CO5 stepped hull, a
time-step of 0.006L,,;/v was utilized, while for the C1 interceptor hull, a value of 0.009L,;/v was employed.
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Fig. 5. Computational Domain, Boundary Conditions Settings, and Mesh on the domain, around the Hull and Free Surface for Overset (for CO5 stepped hull) and
Morphing (for C1 interceptor hull) Mesh Motion.

layer mesher, surface remesher, and trimmer were employed to facilitate
this process. Specifically, for the CO5 hull, nine prism layers with a near-
wall thickness of 5.0E-5 were used, while the C1 interceptor hull utilized
thirteen prism layers with a near-wall thickness of 2.0E-5. To mesh the
hull surface, the triangle meshing method was applied. Additionally,
mesh refinement was strategically implemented around specific areas,
including the hulls, spray area, free surface, steps for the CO5 hull, and
the interceptor for the C1 hull. The overset setup ensured consistency in
cell sizes between the overset and background regions, maintaining a
uniform surface growth rate of 1.3 for both tanks. Similarly, a surface
growth rate of 1.3 was applied to the Tank domain in the morphing
setup. Notably, adaptive meshing techniques were not employed for the

grid overset or morphing processes. In Fig. 3, mesh refinement is
depicted around the most critical areas, which are the stepped area for
CO05 and the interceptor area for C1.

A wall function treatment, specifically the All wall y + approach, has
been employed in the simulation in order to describe the viscous sub-
layer near the wall of the hull. The y + parameter employs a hybrid
approach in the viscous sublayer region that emulates the low-y + wall
(wall y+ < 1) value for fine resolution of the near wall zone and the
high-y+ (wall y+ > 30) value for coarse resolution of the near wall zone.
This approach provides an effective compromise between the two wall

treatment methods. The results section demonstrates the effectiveness of
the y + value in improving the accuracy of the simulations. Fig. 4
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provides an overview of the wall y + values for the hulls with a finer
mesh at maximum speeds.

A numerical tank with six boundaries is generated to simulate the
fluid flow around each hull, as shown in Fig. 5. The inlet, up, side, and
bottom boundaries utilize the velocity inlet boundary condition, while
the outlet boundary has a specified hydrostatic pressure. To force flow
symmetry, the center plane is set to be governed by symmetric boundary
conditions. The non-slip boundary condition is set on the hull surfaces,
forcing the friction between the hull and air-water flow.

In this study, the meshing technique utilized is carefully designed to
capture the complex flow behavior around the stepped planing hull and
interceptor planing hull, accurately. The accuracy of the simulations is
evaluated by comparing the results obtained from both overset meshes
and morphing techniques with experimental data at different mesh and
Froude numbers. The comparison results for the CO5 stepped hull and
the C1 interceptor planing hull are available in Appendix A and Ap-
pendix C, respectively. The use of overset meshes and morphing tech-
niques improves the accuracy of the simulations, although one
technique may be more effective than the other depending on the spe-
cific scenario (De Marco et al., 2017; Hosseini et al., 2021; Nimmagadda
et al., 2020). The meshing strategy employed in this study is instru-
mental in achieving reliable and promising results, which will facilitate
further investigations into the hydrodynamic behavior of these hulls. In
the following section, a discretization (grid) uncertainty analysis will be
introduced, which can be used for evaluation of the performance of both
techniques when different cell numbers are generated.

4. Proposed procedure for numerical uncertainty estimation

Discretization (temporal and spatial) errors are believed to be the
main source of numerical error in most CFD simulations, and there are
two primary approaches for quantifying this error. The first method
involves performing spatial grid refinement studies to estimate the exact
solution, the order of grid convergence, and the discretization error. The
second method calculates the discretization error directly from an error
transport equation. Although the first approach requires multiple solu-
tions and grids, the second method estimates the residual/error with
greater accuracy than that used in the discretization of the governing
equations. After calculating the discretization error, both strategies es-
timate the grid uncertainty. In this paper, a method introduced by Eca
and Hoekstra (Eca and Hoekstra, 2014) is employed for calculation of
grid uncertainty using spatial grid refinement.

The estimation of the discretization error (€) is achieved by utilizing
a truncated power series expansion (Richardson Extrapolation), as fol-
lows:

855}?51](1—]60111}1,F 2)

Here f; is any data derived from the numerical solution of grid i, fy is the
estimation of the exact solution, « is the error constant, P is the observed
order of grid convergence.

The Least Squares Method is used to determine the values of f,, a,
and P in Eq. (2). This involves minimizing the sum of deviations be-
tween f; and the model function f, + ah?. If desired, the equation can be
weighted to account for the greater accuracy and significance of data
obtained from finer grids compared to coarser grids. This results in a
weighted least squares version of the equation.
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where the weights (w;) are determined based on the grid spacing, h;:
1
wp = ,,/L 5)
1
/h;

The observed order of grid convergence (P) can be determined by
solving both equations (Eq. (3) and Eq. (4)) and identifying the mini-
mum value. If both equations yield positive values of P, the solution
with the minimum standard deviation is chosen as the best fit. However,
if one of the solutions results in a negative P value, it is disregarded as it
does not represent a physically meaningful solution. If both solutions
result in a negative P value, the data behavior is considered anomalous,
indicating the presence of numerical artifacts or other issues.

If the apparent order of grid convergence falls within an acceptable
range (0.5 < P < 2) and the standard deviation (c) is small, a corre-
sponding grid uncertainty can be calculated based on the estimated
discretization error, €. Within this range, the discretization error can be
computed using Eq. (2) and the minimum standard value of Eq. (3) and
Eq. (4).

If P is greater than 2, 6gg (Eq. (2)) is not used and instead, either &; or
82, is used based on the following procedure:

E=6,=f —fo=ah (6)

((:Eﬁzzfl—fo:ah,2 @

To estimate the values of f, and «, one can identify the best fit with
the smallest standard deviation ¢ among the four possible fits.
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calculating of P from minimum
Eg. (3) and Eq. (4)

The P value that exhibits the lowest
standard deviation is selected.
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The discretization error
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Fig. 6. Block diagram of the Least squares method used in the present research.

A high value of P can lead to an unrealistic error estimate, known as
“noisy grid convergence”.

If P is less than 0.5, such small P values can lead to overly conser-
vative error estimates, which are commonly known as “overly pessi-
mistic grid convergence”. To address this issue, the discretization error is
estimated using not only 81 in Eq. (6) and 82 in Eq. (7), but also the
following equation:

€=6n=1f —fo=ah + ah] (12)
In order to determine the values of f, and «, two additional fits are used
in addition to the four fits specified in equation (8) through (11). Among
the six possible fits, the one with the smallest standard deviation ¢ is

selected:

n 2
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minimum
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Once the discretization error is calculated, the numerical uncertainty U’y
can be determined. This involves defining a data range parameter A; to
assess the quality of the data fits:

mae = Fi)in

A=
! n—1

(15)
If the solution converges monotonically within the range of 0.5 < P
< 2.1 and Ay is greater than o, then the error estimate is considered
reliable, and the safety factor is set to F; = 1.25. However, if the error
estimate is not reliable, then the safety factor is increased to f, = 3. Next,
the uncertainty is calculated by taking into account the value of A;:

Ifo <A — Uif)=F&(f) +o+|fi — (fo +E(F))] 16

fo>a - uf<f‘>:3§f<8<f‘)+a+|fi — (fo +E))]) a7
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Table 6

Differing time step settings for CO5 stepped hull with mesh configurations 15.4M
(overset) and 15.17M (morphing) at maximum Froude number of 4.97, and for
C1 interceptor hull with mesh configurations 14.9M (overset) and 13.2M
(morphing) at maximum Froude number of 1.94.

CO5 stepped hull C1 interceptor hull

Time-step ti Time-step ti
0.007 LTM 0606 0.011 % 0.578
0.006 LTM 0707 0.009 % 0.707
0.00495 LTW[ 0.857 0.00778 % 0.817
0.00424 LTW[ 1 0.00636 % 1

The least-squares method is a powerful tool in numerical simulations
that accurately estimates discretization uncertainty by accounting for
errors introduced during the numerical discretization process. The
method’s versatility enables its application to any scalar quantity,
making it an essential technique for a wide range of applications.
However, to obtain precise estimates of grid uncertainty, it is recom-
mended to apply the method to quantities requiring minimal post-
processing, such as the force/moment on planing hulls or their
instantaneous displacement. Additionally, trim and resistance are also
suitable options for estimating grid uncertainty. Sinkage was not
included in the V&V process of this study due to the lack of experimental
uncertainty estimation for the C1 hull with interceptor.

The flow phenomena around planing hulls especially stepped hulls
and hulls with interceptors, are complex and can result in nonlinear
effects (especially at the air-water interface) that significantly impact
the solution of the RANS equations. These complex flow phenomena
require the use of finer or coarser meshes, which may lead to nonlinear
changes in the solution. Furthermore, the mesh structure can influence
the behavior of the turbulence model, causing changes in the solution
that are not mostly due to discretization errors. Despite these
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aforementioned challenges, the least-squares method remains a reliable
approach for estimating grid uncertainty. By considering errors intro-
duced during the numerical discretization process, the method provides
a systematic and versatile way to quantify the uncertainty in the solu-
tion, which is vital for making informed decisions based on the reli-
ability of simulations.

A block diagram of the Least squares method is presented in Fig. 6,
illustrating the systematic steps involved in the implementation of the
method. The ability of method to estimate grid uncertainty accurately
makes it an essential tool in numerical simulations, especially when it
comes to complex flow phenomena, where the accuracy and reliability
of the simulation results are important.

5. Discretization errors and uncertainties

This section presents a detailed grid uncertainty analysis of the
quantity of trim and resistance for both the CO5 stepped hull and C1
interceptor hull using overset and morphing mesh techniques with four
different grids. The discretization error/uncertainty related to the grid is
considered the main source of uncertainty for the resistance simulations
rather than the iterations (iterative error/uncertainty) and time-step
(temporal discretization error/uncertainty), as mentioned in several
studies e.g. De Luca et al. (2016), Lee et al. (2017) where these error-
s/uncertainties are found to be an order of magnitude lower than the
grid one.

The results of the analysis are presented through figures that show
the fitted convergence trends based on least squares methods and
Equation (2), along with the estimated grid uncertainties for each CFD
simulation.

Before presenting the grid uncertainty of each hull, a preliminary
investigation into time-step uncertainty is carried out. This exploration
aims to evaluate how variations in the time step used in simulations may
affect the accuracy and stability of the simulations. To address time-step
uncertainty, sensitivity analyses are performed using four distinct time-
step values through the LSR method. These analyses assess the effects of
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Fig. 7. Time-step uncertainty error assessment using the least squares method for trim and resistance values of the CO5 stepped hull. The analysis employs overset
and morphing mesh techniques at a Froude Number of 4.97, utilizing 15.4M and 15.17M Mesh Configurations for both mesh techniques, respectively.
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Table 7
Comparison error and grid uncertainty for the trim value of the CO5 stepped hull for finest mesh configurations 14.9M (Overset) and 13.2M (Morphing).
Frg Overset Morphing
1.93 2.86 3.31 3.91 4.5 4.97 1.93 2.86 3.31 3.91 4.5 4.97
E.% 4.06% 1.48% 0.67% —7.92% —5.24% —11.49% 5.36% 3.19% 0.76% —5.78% —4.59% —13.30%
Ug.% 11.85% 18.55% 25.55% 22.5% 17.52% 17.00% 3.29% 2.12% 4.60% 3.49% 1.96% 2.91%

variations on the results. Variations in the time step and the refinement
ratio are summarized in Table 6, with the lowest time step designated as
" 1" The refinement ratio, denoted as t, can be mathematically expressed

as follows:

) )
{0.004 ~ 0.011 g]
Figs. 7 and 8 show the effects of time-step uncertainty on trim and

resistance values of two hulls studied in the present research. In Fig. 7, a
thorough evaluation of time-step uncertainty errors of the CO5 stepped
hull is shown. The analysis is done for both results found using overset
and morphing mesh techniques, with consistent mesh configurations of
15.4M for overset and 15.17M for morphing. All results correspond to
beam Froude Number of 4.97. The analysis reveals that the average
time-step uncertainty error for predicting resistance and trim of the C05
stepped hull is approximately 0.93% and 2.29%, respectively, when
employing the overset technique. Meanwhile, utilizing the morphing
mesh technique yields slightly higher average errors of 2.34% for
resistance prediction and 1.14% for trim prediction. The conclusion
derived from the analysis suggests that altering the time-step in the
configuration of the CO5 stepped hull has a limited impact on the results.
In the context of stepped hulls, it is important to note that the uncer-
tainty error in resistance carries more significance than that of trim.
Consequently, when it comes to temporal discretization, overset
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techniques demonstrate lower uncertainty as compared to morphing
mesh methods. However, it is crucial to emphasize that the choice of the
most accurate technique depends on other factors such as grid uncer-
tainty and experimental uncertainty. Section 6 will provide a more
detailed exploration of these considerations.

In Fig. 8, the results of a similar investigation carried out for the C1
interceptor hull are shown. This investigation was done for Froude
Number of 1.94, and again the results of both overset and morphing
mesh strategies are analyzed. These simulations adopt a uniform mesh
configuration, specifically 14.9M for overset and 13.2M for morphing.
Notably, the average time-step uncertainty error for predicting resis-
tance and trim of the C1 interceptor hull through the overset technique
is approximately 0.71% and 2.63%, respectively. When utilizing the
morphing mesh technique, these figures increase to around 1.36% for
resistance and 2.62% for trim prediction.

Similar to the CO5 stepped hull, adjusting the time-step in the setup
of the C1 interceptor hull has a minimal influence on the CFD results. For
the interceptor hull, it is important to note that trim uncertainty carries
more significance than resistance. This is because one of the primary
objectives in installing an interceptor on the hull is to reduce trim angles
and minimize motion. Therefore, accurately predicting the fluid around
the interceptor is first priority. Yet accurate prediction of resistance is
still important.

Both techniques provide trim values within a similar range of un-
certainty when considering time-step uncertainty. However, the overset
technique exhibits slightly lower uncertainty, in predicting resistance.
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Fig. 10. Grid uncertainty analysis using the Least Squares Method for the resistance value of CO5 stepped hull with overset and morphing mesh techniques, revealing
the order of convergence and estimation of errors at minimum Froude numbers 1.93, and Maximum Froude number 4.97. Additional Froude numbers, 2.86, 3.31,

3.91, and 4.5, are provided in Appendix C. Up is experimental uncertainty.
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Table 8
Comparison error and grid uncertainty for the resistance value of the CO5 stepped hull for finest mesh configurations 14.9M (Overset) and 13.2M (Morphing).
Frg Overset Morphing
1.93 2.86 3.31 3.91 4.5 4.97 1.93 2.86 3.31 3.91 4.5 4.97
Er% 7.10% 3.84% 2.09% —1.65% —5.97% —6.47% 10.55% 6.37% 5.23% 3.23% 0.28% -1.11%
Ugr% 3.70% 12.19% 16.23% 23.45% 28.18% 39.51% 7.34% 1.71% 4.30% 4.36% 16.34% 15.42%
As per ITTC 7.5-03-02-03 (2011) guidelines, standard

pseudo-transient resistance computations should use time steps ranging
from At = 0.005 to 0.01 L,,;/v. In addition, certain research studies, such
as Tezdogan et al. (2015), highlight the significance of adhering to the
ITTC 7.5-03-02-03 (2011) time-step guidelines. This study followed
these guidelines by employing four time steps within this recommended
range. Furthermore, since implicit scheme was adopted in the unsteady
simulations, the time step is more determined by the flow properties
rather than the other parameters (e.g. Courant number). The suggested
ranging of time steps represents also a way to balance accuracy and
running time. Figs. 7 and 8 reveal a noticeable trend where in smaller
time-step sizes occasionally demonstrate increased uncertainty. This
observation could stem from several factors, including the complex
nature of hull configurations, specific hydrodynamic conditions, or
other simulation-related aspects (e.g. mesh densities). Smaller time steps
may lead to numerical instabilities. Indeed, smaller time steps might
capture more transient or oscillatory flow features, potentially intro-
ducing (relatively) higher uncertainty values.

In the following section, discretization error for the grid is under-
taken. A time-step of 0.006L,;/v is adopted for the CO5 stepped hull,
while a value of 0.009L,,;/v is employed for the C1 interceptor hull.

5.1. Grid uncertainty analysis for the CO5 stepped hull

Fig. 9 shows the grid uncertainty analysis of the trim for the CO5
stepped hull. Up, in The Figures is experimental or data uncertainty. The
fitting apparent order of convergence, P, is less than 0.5 for the overset
mesh technique, while for the morphing mesh technique, the order of
convergence, P, is greater than 2 for all Froude numbers except Froude
numbers 1.93 and 3.91. Therefore, most of the errors are quantified
using an error estimator with first order, except for Froude number 1.93,
which is quantified using an error estimator with first and second orders.
The compilation error between the CFD results and towing tank test data
is shown in Appendix A. With an increase in speed (beam Froude
Number), the error between numerical results and the experimental in
the 8.9M and 11.2M mesh setup grows, mostly in the overset mesh
technique. The discrepancy can be attributed to a stronger turbulent
flow, consequently introducing greater uncertainty. Fig. 9 shows the
grid uncertainty analysis at minimum Froude numbers 1.93 and the
maximum Froude number 4.97. Additional Froude numbers, namely
2.86, 3.31, 3.91, and 4.5, are detailed in Appendix B.

Table 7 presents a comparison of the error in resistance for the C05
stepped hull obtained from CFD simulations using both mesh techniques
for the towing tank test data. The table also includes data on grid un-
certainty for resistance values obtained using a fine mesh for each
technique. The results indicate that the error in resistance ranges from
0.67% to 11.49% for overset mesh and 0.76%-13.30% for the morphing
technique. The grid uncertainty in resistance, U,, is higher for the
overset mesh technique, with a range of 11.85%-25.55%, compared to
the morphing mesh technique, which has a range of 1.96%-4.6%. The
error in prediction of trim angle would be less when the overset tech-
nique is used, though the uncertainty associated to morphing method is
less. The overset method highly depends on the way the interpolation
between overset and background regions is done. Thus, the uncertainty
would be much larger as compared to morphing.

Based on Fig. 9, when the parameter P is below 0.5, the red line plot
denoting Richardson extrapolation indicates convergence, allowing for

13

Ventilation area

Fig. 11. Effect of mesh number on wetted surface area and ventilation in CFD
simulations of stepped CO5 hull compared to towing tank test at Froude number
4.94. Please refer to Appendix D for results at other Froude numbers.

a selection of the number of cells below the minimum mesh. However,
the plots reveal instances of divergence in error estimation when P ex-
ceeds 2. This situation leads to an unrealistically low error estimate.
Consequently, the divergence suggests that having a number of cells
below the minimum mesh requirement for this particular hull at this
speed will result in a high discretization error.

Fig. 10 presents the results of the uncertainty analysis of CFD model
in prediction of resistance of the CO5 stepped hull at minimum Froude
numbers 1.93 and the maximum Froude number 4.97. Additional
Froude numbers, namely 2.86, 3.31, 3.91, and 4.5, are detailed in Ap-
pendix C. The overset mesh technique shows a fitting apparent order of
convergence, P, less than 0.5, while the morphing mesh technique has
an order of convergence, P, greater than 2 for all Froude numbers except
for Froude numbers 3.31, 3.91, and 4.97, for which P is observed to be
lower than 0.5. Hence, a first-order error estimator is used to estimate all
€erTors.

Table 8 presents the error in comparison to the towing tank test data
and the grid uncertainty error of the CFD models in prediction of the
resistance of the CO5 stepped hull. The table shows the results for fine
cell numbers in each technique. The error in resistance ranges from
1.65% to 7.10% for the overset mesh technique and from 0.28% to
10.55% for the morphing mesh technique. The last row of the table
outlines the grid uncertainty data, Ug, which is the range of uncertainty
in the numerical results due to discretization errors. The grid uncertainty
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Fig. 12. Grid uncertainty analysis using the Least Squares Method for the trim value of C1 interceptor hull with overset and morphing mesh techniques, revealing the
order of convergence and estimation of errors at minimum Froude numbers 0.88, and Maximum Froude number 1.94. Additional Froude numbers, 1.06, 1.24, 1.41,

1.6, and 1.77 are provided in Appendix F. Up is experimental uncertainty.

ranges from 3.7% to 39.51% for the overset mesh technique and 1.71%—
16.34% for the morphing mesh technique. The grid uncertainty values
surpass the errors for all Froude numbers except 1.93 when employing
the overset mesh technique. This observation was also made in predic-
tion of trim angle of the stepped hull. This well shows that trim angle
and resistance force are linked, which is not surprising. Hence, it pro-
vides another piece of evidence for what was explained before. The
interconnection between trim angle and resistance force often reveals
itself within hydrodynamic studies highlighting performance of planing
hulls (e.g. Savitsky, 1964) due to their relationship in hull equilibrium.
These findings emphasize the significance of their correlation, eluci-
dating the mutual interdependency between dynamic trim angle and the
opposing resistance force in hydrodynamic performance assessments.
The overset method, while can be more accurate in calculation of trim
and resistance, can introduce more uncertainty. However, when using
the morphing mesh technique, the grid uncertainty values only exceed
the errors for Froude numbers greater than or equal to 3.91. In the
following section, the numerical uncertainty will be calculated using
these values, and a comparison with the error in trim and resistance will
be conducted to assess the validity and reliability of the CFD simulations
for the CO5 stepped hull.

Similar to Fig. 9, divergence is observed in the plots of resistance in
Fig. 10 for most morphing techniques when P surpasses 2. This diver-
gence implies that employing a number of cells below the minimum
mesh requirement for this specific hull at this speed will lead to an
oversized discretization error.

Fig. 11 presents a qualitative comparison of the wetted surface area
observed in towing tank tests and the one monitored in CFD simulations.
The results of both mesh motions are shown, and this Figure only covers
Froude Number of 4.94. The figure also shows the effect of cell number
on the ventilation area. The results corresponding to other Froude
numbers are visualized, but they are provided in Appendix D.

14

The overset mesh technique does not capture ventilation when
simulations are run with cell numbers 8.9M and 11.2M, while the
ventilation area is well formed when higher two cell numbers are used
(The ventilation area refers to the space behind the step where, at suf-
ficiently high speeds, the water flow is detached from the bottom and
draws air from the hull sides, inducing a “cavity” called ventilation area
and its longitudinal extension is the ventilation length). Note that
ventilation was observed to be well developed during the towing tank
tests. On the other hand, the morphing mesh technique captures venti-
lation when run with all considered cell numbers. Yet a partial venti-
lation area is given by CFD model based on overset technique when two
lower spatial resolutions are used.

Overall, upon qualitatively comparing the ventilation area devel-
oped through CFD simulations with those observed on the towing tank
tests, it is concluded that the morphing mesh technique consistently
outperforms the overset mesh technique in capturing the ventilation
area in lower mesh numbers. The variation in the ventilation area be-
tween the morphing and overset meshes, particularly at lower speeds,
might be attributed to the differing definitions or implementations of
these methods. Furthermore, at high speeds, even small discrepancies in
the trim angle could significantly impact the wetted surface distribution
and spray distribution, potentially influencing the observed differences
between overset and morphing results. This effect could be related to the
nuanced handling of hull motions and their influence on the computa-
tional fluid dynamics (CFD) simulations at different Froude numbers.

These findings signify the importance of selecting an appropriate
mesh technique and mesh number to accurately capture the ventilation
emerging under bottom of a stepped planing surface. The morphing
mesh technique is found to be a valuable tool for simulating the flow
characteristics of planing hulls, especially in cases ventilation phe-
nomena would emerge. It has the potential to enhance our under-
standing and facilitate the design optimization of such vessels.
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Table 9
Comparison error and grid uncertainty for the trim value of the C1 interceptor hull for finest mesh configurations 14.9M (Overset) and 13.2M (Morphing).
Overset Morphing
Frp 0.88 1.06 1.24 1.41 1.59 1.77 1.94 0.88 1.06 1.24 1.41 1.59 1.77 1.94
E% 5.06% 0.34% 2.60% 6.04% 1.06% 3.20% 2.20% 9.04% 0.58% 2.44% 4.58% 3.17% 9.11% 9.89%
Ua:% 3.73% 14.27% 13.94% 8.42% 8.22% 15.28% 46.37% 3.31% 11.66%  20.18% 5.32% 11.40%  74.47% 12.99%
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Fig. 13. Grid uncertainty analysis using the Least Squares Method for the resistance value of C1 interceptor hull with overset and morphing mesh techniques,
revealing the order of convergence and estimation of errors at minimum Froude numbers 0.88, and Maximum Froude number 1.94. Additional Froude numbers, 1.06,
1.24, 1.41, 1.6, and 1.77 are provided in Appendix G. Up is experimental uncertainty.

5.2. Uncertainty analysis for C1 interceptor hull

Fig. 12 presents the uncertainty of simulations in prediction of the
trim angle of the C1 interceptor hull. Appendix E documents a com-
parison of the errors of the CFD method in prediction of trim angle. The
uncertainty of simulations in the prediction of the trim angle is inves-
tigated at various Froude numbers, including the minimum values of
0.88 and maximum value of 1.94. The findings for additional Froude
numbers (1.06, 1.24, 1.41, 1.6, and 1.77) are included in Appendix F. As
observed (Fig. 12), the overset mesh technique exhibits a fitting
apparent order of convergence, P, higher than 2 for all considered
Froude numbers, except for Froude number of 1.94, for which the P
value is seen to be lower than 0.5. The morphing mesh technique has an
order of convergence, P, lower than 0.5 for almost of considered Froude
numbers, which are 0.88, 1.41, 1.6, 1.77, and 1.94. For Froude numbers
of 1.06 and 1.24, P values are found to be greater than 2. Hence, a first-
order error estimator is used to estimate the errors corresponding to all
Froude Numbers of overset and morphing mesh techniques. But the
exceptional case is the simulations done using morphing mesh approach
for Froude number of 1.94 for which a second-order error estimator is
used.

Table 9 gives the error of CFD simulations in calculations of the trim
angles of C1 interceptor hull. In addition, the grid uncertainty values of
the trim angles of this hull are also reported in this Table. The error is
expressed as a percentage difference between the numerical and
experimental values, while the grid uncertainty represents the
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uncertainty associated with the numerical solution. For the overset mesh
technique, the error, E.%, is seen to range in between 0.34% and 6.04%
across the different cell numbers. The grid uncertainty associated to this
method, U,% is observed to range from 3.73% to 46.37%. The errors of
the morphing technique are seen to be relatively grater as compared to
the overset technique. The lower limit of the errors of morphing mesh in
prediction of trim angle of C1 interceptor hull is 0.58%, and the upper
limit it 9.89%. The grid uncertainty associated to C1 interceptor hull has
seen to be larger than those of the overset method, varying from 3.31%
to 74.47%. This is opposite to what was observed in the uncertainty
associated to simulations done for the stepped hull. The morphing
method was seen to have a better level of certainty as compared to the
overset method, when the calm water ride of the stepped hull was
modeled. The absence of the ventilation area under the bottom surface
of the vessel is likely to be the reason. When the overset method is used
to solve the fluid motion around the stepped hull, the interpolation of
different fields would be done in between a background region filled
with water and an overset region free of water, which may introduce
uncertainty. But for a hull with no step, both of these regions are filled
with water and thus the uncertainty level would be lower.

Similar to the divergence observed in the plots of CO5 stepped hulls
(Figs. 9 and 10), a similar pattern emerges for C1 interceptor hulls in
Figs. 11 and 12 when P exceeds 2. This divergence indicates that uti-
lizing a number of cells below the minimum mesh requirement for this
specific hull at this speed will lead to a substantial discretization error.

Lastly, the grid uncertainty in predicting the trim angle of the C1 hull
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Table 10
Comparison error and grid uncertainty for the resistance value of the C1 interceptor hull for finest mesh configurations 14.9M (Overset) and 13.2M (Morphing).
Frg Overset Morphing
0.88 1.06 1.24 1.41 1.59 1.77 1.94 0.88 1.06 1.24 1.41 1.59 1.77 1.94
Er% 2.12% 5.47% 6.60% 6.55% 5.74% 1.66% 7.54% 1.97% 2.43% 2.94% 4.98% 6.56% 8.48% 5.12%
Ugr% 6.09% 14.87% 19.64% 15.75% 17.07% 6.07% 2.60% 10.47% 1.65% 7.90% 4.10% 1.69% 0.60% 7.19%

Wave pattern, Z/Lpp
-0.084 -0.028 0.028

0.084
- e

Fig. 14. A qualitative comparison of spray and wave formation around the C1
interceptor planing hull using different CFD mesh motion techniques and
towing tank tests, with varying cell numbers at Froude number 1.94. Please
refer to Appendix H for results at other Froude numbers.

exceeds the error for all Froude numbers, except for a Froude number of
0.88, where the grid uncertainty in predicting the trim angle is lower
than the error generated by both mesh techniques. It is important to note
that when the grid uncertainty level falls below the error level, it may
indicate a potential lack of validation due to the models implemented in
the simulations (ITTC 75-03-01-01 Rev 04, 2021) under these specific
conditions. However, this aspect will be further explained and corre-
lated with experimental values in Section 6 of the paper.

Moving on to Fig. 13, it presents the grid uncertainty analysis in
prediction of the resistance of the C1 interceptor hull. This analysis
encompasses several Froude numbers, ranging from the minimum value
of 0.88 to the maximum value of 1.94. Additional findings for Froude
numbers (1.06, 1.24, 1.41, 1.6, and 1.77) are detailed in Appendix G.
The overset mesh technique shows a fitting apparent order of conver-
gence, P, greater than 2 for Froude numbers of 1.06, 1.41, 1.6, 1.77. The

fitting apparent orders of overset method corresponding to Froude
numbers 0.88, 1.24, and 1.94 are below 0.5. For the morphing mesh
technique, the order of convergence, P, is found to be greater than 2 for
all Froude numbers, except 0.88, 1.41, and 1.6. For these three afore-
mentioned Froude Numbers, the orders of convergence are found to be
lower than 0.5. As a result, for the morphing mesh, a first-order error
estimator is used to calculate errors associated to all Froude Numbers,
except the one corresponding to Froude number 0.88 for the morphing
mesh technique. The errors associated to overset method are found using
a first-order estimator at all Froude Numbers except Frg = 1.24, for
which a first and second-order error estimator is embarked.

Table 10 presents the comparison of the error and the grid uncer-
tainty in prediction of the resistance of the C1 interceptor hull. The er-
rors of overset method in prediction of resistance vary from 1.66% to
7.54%, and the associated grid uncertainty ranges from 2.60% to
19.64%. Notably, the grid uncertainty surpasses the error for all Froude
numbers, except at 1.94.

The range of errors of morphing mesh technique in prediction of
resistance of C1 interceptor hull is relatively close to those of overset
method. The range is in between 1.97% and 8.48. This shows that both
methods would offer similar level of accuracy in prediction of resistance
force. Interestingly, the grid uncertainty level of morphing mesh in
prediction of resistance force is lower than those of overset method, and
ranges from 0.60% to 10.47%. It is worth noting that the grid uncer-
tainty of the morphing mesh exceeds the error at three of considered
Froude numbers, which are 0.88, 1.24, and 1.94. But for overset method,
the grid uncertainty level is larger than the errors at all Froude Numbers
except the last one which is 1.94.

Fig. 14 qualitatively compares the water spray generated around the
C1 interceptor planing hull using different CFD mesh motion techniques
and towing tank tests, with varying cell numbers at Froude number 1.94.
Results for other Froude numbers are provided in Appendix H. The
overset mesh technique properly captures the formation main spray
around the hull. The simulations done using morphing mesh technique,
however, may give a greater spray volume and larger wave surface
deformation around the hull. Therefore, for the C1 interceptor hull, the
overset mesh technique is preferred over the morphing mesh technique
if the target is to monitor the free surface deformation around the hull.

It is of note that a very small volume of air-water spray also emerges
in simulations done using the morphing (above the chine). This volume
of air-water spray above the chine seems very visible as the snapshots
are colored using the water surface deformation. The presence of this
negligible volume of air-water does not mean that the morphing mesh
does not capture the water detachment from the chine as main spray
(which is visible in Fig. 14) only forms if water is detached from the
chines (Morabito, 2010; Savitsky and Morabito, 2011).

Table 11

Simulation Uncertainty Error of CO5 stepped hull for Mesh Configurations 15.4M (Overset) and 15.17M (Morphing).
Frg Overset Morphing

Ugr% Ursr% Usnr% Ug:% Urs, % Usn:% Ugr% Ursg% Usnr% U % Urs, % Usn.%

1.93 3.70% 0.93% 3.82% 11.85% 2.29% 12.07% 7.34% 2.34% 7.70% 3.29% 1.14% 3.48%
2.86 12.19% 0.93% 12.23% 18.55% 2.29% 18.69% 1.71% 2.34% 2.90% 2.12% 1.14% 2.41%
3.31 16.23% 0.93% 16.26% 25.55% 2.29% 25.65% 4.30% 2.34% 4.90% 4.60% 1.14% 4.74%
3.91 23.45% 0.93% 23.47% 5.87% 2.29% 6.30% 4.36% 2.34% 4.95% 3.49% 1.14% 3.67%
4.50 28.18% 0.93% 28.20% 17.52% 2.29% 17.67% 16.34% 2.34% 16.51% 1.96% 1.14% 2.27%
4.97 39.51% 0.93% 39.52% 17.00% 2.29% 17.15% 15.42% 2.34% 15.60% 2.91% 1.14% 3.13%
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Table 12
Uncertainty Error of C1 interceptor hull for Mesh Configurations 14.9M (Overset) and 13.2M (Morphing).
Frg Overset Morphing
Ucr% Ursg% Usng% Ug:% Urs % Usn:% Ucr% Ursp% Usng% Ug:% Urs: % Usn:%
0.88 6.09% 0.71% 6.13% 3.73% 2.63% 4.56% 10.47% 1.36% 10.56% 3.31% 2.62% 4.22%
1.06 14.87% 0.71% 14.89% 14.27% 2.63% 14.51% 1.65% 1.36% 2.14% 11.66% 2.62% 11.95%
1.24 19.64% 0.71% 19.65% 13.94% 2.63% 14.18% 7.90% 1.36% 8.02% 20.18% 2.62% 20.35%
1.41 15.75% 0.71% 15.77% 8.42% 2.63% 8.82% 4.10% 1.36% 4.32% 5.32% 2.62% 5.93%
1.60 17.07% 0.71% 17.08% 8.22% 2.63% 8.63% 1.69% 1.36% 2.17% 11.40% 2.62% 11.70%
1.77 6.07% 0.71% 6.11% 15.28% 2.63% 15.50% 0.60% 1.36% 1.49% 74.47% 2.62% 74.52%
1.94 2.60% 0.71% 2.70% 46.37% 2.63% 46.44% 7.19% 1.36% 7.32% 12.99% 2.62% 13.25%
5.3. Simulation uncertainty for both hulls
Table 13

To perform a more complete analysis on the CFD simulations done

using both methods, grid uncertainty error is considered, and an
assumption is made that the time step uncertainty error remains con-
stant for all speeds, equating to the values found at the highest speed
(within the same mesh number where the time step uncertainty is
conducted). This assumption allows for the estimation of simulation
uncertainty to be defined as follows:
Usy=Uss + Ug 19)
Where, Usy signifies the estimation of simulation uncertainty, Ug rep-
resents grid uncertainty error, and Urs stands for uncertainty time step
error.

As previously noted, by assuming a constant Urs across all speeds
and equating it to that of the highest speed value (Frg = 4.97), uncer-
tainty of both CFD setups in prediction of the trim angle and resistance
force of CO5 hull are calculated and then listed in Table 11. These errors
are showcased for Mesh Configurations 15.4M (Overset) and 15.17M
(Morphing) in accordance with Equation (19). In Table 11, across all
Froude numbers, the simulation uncertainty error (Usy) for the
Morphing technique remains relatively lower compared to the Overset
method for both resistance and trim, except at Froude number 1.93 for
resistance values. As the Froude number increases to 4.97, these un-
certainty percentages notably rise for both mesh configurations. How-
ever, the increase in uncertainty values for the Overset technique is
higher as compared to Morphing method, reaching up to 39.52% for
resistance values and 17.15% for trim values. This notable increase
implies higher uncertainty in computational results as hydrodynamic
conditions become more intricate at higher Froude numbers for stepped
planing hulls.

Table 12 shows similar values (uncertainty errors) associated to both
CFD models in prediction of trim angle and resistance of C1 Interceptor
Hull, focusing on two refined mesh configurations: 14.9M using the
Overset approach and 13.2M employing the Morphing technique. The
table demonstrates the disparities in Uncertainty Error percentages
across various Froude numbers, encompassing both grid and time-step
variations. In Table 12, the simulation uncertainty error varies notice-
ably across different Froude numbers for both the overset and morphing
techniques applied to the C1 interceptor hull. At the lowest Froude
number (0.88) and the highest (1.94), the simulation uncertainty error
in the resistance value is lower for the overset mesh compared to the
morphing technique. However, for the other Froude numbers, the
simulation uncertainty in prediction of the resistance is higher with the
overset technique compared to that of morphing method. When
considering the simulation uncertainty in trim values, at Froude
numbers 1.24, 1.6, and 1.77, the simulation uncertainty with the overset
technique is lower than with the morphing technique. On the contrary,
for the remaining Froude numbers, the simulation uncertainty in the
overset technique is higher than in the morphing technique.
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Scenarios of Uy and |E| relationships in validation analysis (Coleman and Stern,
1997; ITTC 75-03-01-01 Rev 04, 2021).

Situation Validation Description

points achieved

Uy > |E| Yes it indicates that the computational model
aligns sufficiently well with experimental
data and that the results fall within an
acceptable range of accuracy.

Uy>|E| Yes, at UV level of the validation is achieved with a level of

Uncertainty uncertainty that suggests that the results are

overly noisy.

Uy < |E| No it implies that the computational model falls

short of validation. In this case, the level of
uncertainty in the simulation is greater than
what is deemed acceptable based on the
experimental data, indicating the presence of
modeling issues or that the mesh
configurations used are distant from the
expected asymptotic trends.

6. Validation analysis (for both hulls)

To properly perform data validation study on CFD setups used in the
present research, a crucial indicator termed Uncertainty Value, shown
by Uy the, is introduced. Uy is found using the following equation:

2
[]SN

Ui=U3+ (20)
where, Up, is experimental or data uncertainty, and Ugy, is the simula-
tion uncertainty. This uncertainty value is essential because both hulls,
the CO5 stepped hull and the C1 interceptor hull, present unique chal-
lenges in simulation due to their complexity. The CO5 stepped hull poses
difficulties in prediction of resistance and wetted surface using CFD
models mainly because it requires an exceptionally fine mesh, especially
in proximity of the step. On the other hand, simulation of the fluid flow
around the C1 interceptor hull is particularly challenging when it comes
to predicting the trim angles, since it demands a very fine mesh setup
and a precise prism layer around the interceptor. Therefore, both hulls
present their own set of complexities in the simulation process.

The validation process relies on the relationship between Uy and
another parameter, denoted as E, representing the percentage compar-
ison, which is found as (EXP-CFD)/EXP (EXP refers to Experimental
value and CFD refers to CFD value). Table 13 shows three scenarios that
help us interpret the relationships between Uy and |E| in the validation
analysis. Each scenario describes different conditions and outcomes,
providing insights into the accuracy level of the CFD model and
dependability of computational simulations when compared to the value
collected in experimental tests.

Tables 14-16 list a summary of the validation studies conducted for
both the CO5 stepped hull and the C1 interceptor hull. These tables
interpret the assessment of validation. This analysis categorizes valida-
tion outcomes into “yes” or “yes, at UV level of Uncertainty” to signify
achieved validation, while “no” indicates validation is not achieved.
“Yes, at UV level of Uncertainty” implies validation accomplishment,
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Table 14
Validation of resistance studies for CO5 stepped hull with mesh configurations 15.4M (Overset) and 15.17M (Morphing) across all speeds.
Frg Overset Morphing
Er% Upr% Usng% Uyr% validation achieved Er% Upr% Usnr% Uyp% validation achieved
1.93 7.10% 0.33% 3.82% 3.83% No 10.55% 0.33% 7.70% 7.71% No
2.86 3.84% 0.27% 12.23% 12.23% Yes, at UV level of Uncertainty 6.37% 0.27% 2.90% 2.91% No
3.31 2.09% 0.22% 16.26% 16.26% Yes, at UV level of Uncertainty 5.23% 0.22% 4.90% 4.90% No
3.91 —1.65% 0.18% 23.47% 23.47% Yes, at UV level of Uncertainty 3.23% 0.18% 4.95% 4.95% Yes
4.50 —5.97% 0.15% 28.20% 28.20% Yes, at UV level of Uncertainty 0.28% 0.15% 16.51% 16.51% Yes, at UV level of Uncertainty
4.97 —6.47% 0.14% 39.52% 39.52% Yes, at UV level of Uncertainty -1.11% 0.14% 15.60% 15.60% Yes, at UV level of Uncertainty
Table 15
Validation of trim studies for CO5 stepped hull with mesh configurations 15.4M (Overset) and 15.17M (Morphing) across all speeds.
Frg Overset Morphing
E% Up.% Usn. % Uy.% validation achieved E.% Up.% Usn, % Uy.% validation achieved
1.93 4.06% 2.65% 12.07% 12.36% Yes, at UV level of Uncertainty 5.36% 2.65% 3.48% 4.38% No
2.86 1.48% 2.65% 18.69% 18.88% Yes, at UV level of Uncertainty 3.19% 2.65% 2.41% 3.58% Yes
3.31 0.67% 3.04% 25.65% 25.83% Yes, at UV level of Uncertainty 0.76% 3.04% 4.74% 5.63% Yes, at UV level of Uncertainty
3.91 —7.92% 3.26% 22.5% 22.73% Yes, at UV level of Uncertainty —5.78% 3.26% 3.67% 4.91% No
4.50 —5.24% 3.47% 17.67% 18.01% Yes, at UV level of Uncertainty —4.59% 3.47% 2.27% 4.15% No
4.97 —11.49% 3.39% 17.15% 17.49% Yes —13.30% 3.39% 3.13% 4.61% No

but with the assumption that the UV value is twice the |E|. The exper-
imental uncertainty for CO5 stepped hull is taken from Vitiello et al.
(2022) and for the C1 interceptor hull is derived from De Luca et al.
(2016). Again, readers interested in more details regarding these ex-
periments are referred to these two papers.

According to Tables 14 and 15, resistance validation of CO5 with the
CFD model built using the overset technique was found to be success-
fully achieved for all Froude numbers, except for Frg = 1.93, where the
computational model suffers short of validation. Conversely, for the CFD
model built based on the morphing mesh method, the resistance vali-
dation was only achieved for Froude numbers greater than or equal 3.91.
For lower Froude numbers, the computational model was seen to be
failed to be validated.

The overset technique was seen to reach a secured validation in
prediction of the trim angle of CO5 across all considered Froude
numbers. The morphing mesh technique, was seen to be well validated
for Froude numbers 2.86 and 3.31, but was seen to be failed in passing
the validation criteria for other Froude numbers.

According to Tables 16 and 17, validation criteria of overset mesh
method in the prediction of resistance force of C1 interceptor hull was
seen to be well passed for all Froude numbers, except for the maximum
one, which is 1.94. The morphing mesh passed this validation criteria for
three different Froude Numbers of 0.88, 1.24, and 1.94.

The validation of the CFD model, based on the overset technique,
accurately predicted the trim angle of C1 for all Froude Numbers
considered. However, the morphing mesh technique struggled more in
comparison to the overset method. The validation criteria were met by
the morphing mesh for all Froude numbers except for Frg = 0.88.

In general, the overset mesh technique shows better performance
compared to the morphing mesh technique in terms of numerical un-
certainty and validation achieved through performing the Validation
and Verification analysis. It is worth noting that both techniques exhibit
relatively low error in prediction of trim angle and resistance with the
towing tank test data. For the CO5 stepped hull, the overset method
showcased resistance and trim yield errors compared to the experiment,
ranging from 1.6 to 7.1% and 0.7-11.5%, respectively. In contrast,

Table 16
Validation of resistance studies for C1 interceptor hull with mesh configurations 14.9M (Overset) and 13.2M (Morphing) across all speeds.
Overset Morphing
Frp Er% Upr% Usng% Uyr% validation achieved Ex% Upr% Usnr% Uyr% validation achieved
0.88 2.12% 0.24% 6.13% 6.14% Yes, at UV level of Uncertainty 1.97% 0.24% 10.56% 10.56% Yes, at UV level of Uncertainty
1.06 5.47% 0.19% 14.89% 14.89% Yes, at UV level of Uncertainty 2.43% 0.19% 2.14% 2.15% No
1.24 6.60% 0.17% 19.65% 19.65% Yes, at UV level of Uncertainty 2.94% 0.17% 8.02% 8.02% Yes
1.41 6.55% 0.16% 15.77% 15.77% Yes, at UV level of Uncertainty 4.98% 0.16% 4.32% 4.32% No
1.59 5.74% 0.15% 17.08% 17.09% Yes, at UV level of Uncertainty 6.56% 0.15% 2.17% 2.17% No
1.77 1.66% 0.13% 6.11% 6.11% Yes, at UV level of Uncertainty 8.48% 0.13% 1.49% 1.49% No
1.94 7.54% 0.11% 2.70% 2.70% No 5.12% 0.11% 7.32% 7.32% Yes
Table 17
Validation of trim studies for C1 interceptor hull with mesh configurations 14.9M (Overset) and 13.2M (Morphing) across all speeds.
Overset Morphing
Frg E% Up.% Usn. % Uy.% validation achieved E% Up.% Usn, % Uy, % validation achieved
0.88 5.06% 3.01% 4.56% 5.46% Yes 9.04% 3.01% 4.22% 5.18% No
1.06 0.34% 2.43% 14.51% 14.71% Yes, at UV level of Uncertainty 0.58% 2.43% 11.95% 12.20% Yes, at UV level of Uncertainty
1.24 2.60% 2.71% 14.18% 14.44% Yes, at UV level of Uncertainty 2.44% 2.71% 20.35% 20.53% Yes, at UV level of Uncertainty
1.41 6.04% 3.47% 8.82% 9.48% Yes 4.58% 3.47% 5.93% 6.87% Yes
1.59 1.06% 5.86% 8.63% 10.43% Yes, at UV level of Uncertainty 3.17% 5.86% 11.70% 13.08% Yes, at UV level of Uncertainty
1.77 3.20% 12.32% 15.50% 19.80% Yes, at UV level of Uncertainty 9.11% 12.32% 74.52% 75.53% Yes, at UV level of Uncertainty
1.94 2.20% 54.95% 46.44% 71.95% Yes, at UV level of Uncertainty 9.89% 54.95% 13.25% 56.53% Yes, at UV level of Uncertainty
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morphing errors varied from 0.3 to 10.5% and 0.8-13.3%, respectively.
Concerning the C1 interceptor hull, estimation errors for resistance and
trim yield, in comparison to the experiment, ranged from 1.7 to 7.5%
and 0.3-6%, respectively, using the overset method. Meanwhile,
morphing errors spanned from 2 to 8.5% and 0.6-10%, respectively.
These numerical uncertainty values can be further utilized to establish a
confidence interval for the CFD simulations and to evaluate the sensi-
tivity of the results to changes in numerical parameters.

7. Conclusion

To ensure accurate and reliable predictions of calm water ride of a
planing hull, an uncertainty analysis is necessary for CFD simulations.
The present paper explored the uncertainty of CFD models in predicting
the dynamic trim and hull resistance of two different planing hull
shapes, the CO5 stepped hull and C1 interceptor hull using four different
grids, and two different mesh motion approaches, namely overset, and
morphing mesh. Fitted convergence trends based on the least squares
method were used to estimate the grid and time step uncertainties for
each CFD simulation, which was found to be the most robust method for
obtaining these estimates. The algorithm flowchart of the LSR method
was explained in the present paper, providing a detailed description of
the steps involved in quantifying and assessing the uncertainties asso-
ciated with the CFD simulations. By following this algorithm, re-
searchers can gain useful insights into the reliability and accuracy of the
results obtained from the simulations.

The comparative analysis showed that the choice of mesh technique
and number of cells significantly affects the accuracy level of CFD sim-
ulations. Across a wider range of Froude Numbers examined in the
validation analysis for both the CO5 stepped hull and C1 interceptor hull
(mostly validated at the UV level of Uncertainty), the overset mesh
technique exhibited better performance. However, the numerical un-
certainty linked with the morphing method consistently maintained
lower values than those observed with the overset technique, with error
values below the UV threshold, implying non-validated outcomes.
However, cases, where validation was achieved with a validation un-
certainty much greater than the comparison error, were an indication of

Ocean Engineering 293 (2024) 116589

the fact that the numerical “signal” of CFD simulations is still noisier
than the ideal level and the simulation modeling needs to be further
improved. The improvement of CFD simulations can be pursued through
various means, including the exploration of alternative turbulence
models such as Detached Eddy Simulation (DES), addressing artificial
ventilation, and fine-tuning various simulation parameters to reduce
noise and enhance the overall accuracy of the results.

To summarize, this analysis highlights the potential and constraints
of CFD models in predicting planing hull performance in calm water
conditions. However, it is important to consider various factors such as
flow conditions, grid density, time-step size, turbulence models, and
meshing techniques, as they may greatly influence the results. The
computed results exhibiting oscillatory and non-monotonic behavior,
provide once again evidence that the verification and validation analysis
represents a crucial point in the use of CFD models when comes to design
and industrial applications as well.
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Appendix A. Comparison of Errors between CFD and Towing Tank Test Results of single stepped planing hull, C05 at Different Cell

Numbers in Predicting the Running Attitudes and Resistance

Table 18

Number of Cells for Verification Study of CO5 Stepped Planing Hull.
Overset Morphing
Grid no. Cell count Grid no. Cell count
8.9M 8,968,525 6.47M 6,474,763
11.2M 11,245,013 8.8M 8,832,117
12.9M 12,948,438 11.05M 11,054,112
15.4M 15,449,886 15.17M 15,172,514
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Appendix B. Grid uncertainty analysis for the trim value of CO5 stepped hull
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Fig. 15. Grid uncertainty analysis using the Least Squares Method for the trim value of CO5 stepped hull with overset and morphing mesh techniques, revealing the
order of convergence and estimation of errors at Froude numbers 2.86, 3.31, 3.91, and 4.5.
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Appendix C. Grid uncertainty analysis for the resistance value of CO5 stepped hull
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Morphing, Frp = 2.86

20 0.4 20
S5 | 0.35 K15}
e >
= =
£ | 9 o3 5 10}
m 10 8
B &= =
8 025 £ s
.2 < 5 9
£ 5 iz 5 027%
\ aonl 0|
o 0 3 0.2 0
08 12 1.6 2 24 28 081216 2 2428 Up 08 1.2 16 2 24 28 081216 2 2428 Up
< hi
a CFD hi I CFD Uncertainty (bars) a CFD T CFD Uncertainty (bars) .
---:0.226 — 0.021h! = Exp. ---:0.238 — 0.002h/ = Exp.
——3.42E7% +0.246h01!

Qverset, Frg = 3.31

Morphing, Frp = 3.31
—— 40— ; 40
30 {30
2 =
) =
g0 = S 20
5 & =
° ]
510 0.22% | S0 0.22%
% \
v \
0.2 0 0.2 0 o
08 12 16 2 24 28 081216 2 2428 Up 08 12 16 2 24 28 081216 2 2428 Up
a CFD hi T CFD Uncertainty (bars) h; a CFD ] CFD Uncertainty (bars) h;
--:0.266 + 0.031h} = Exp. --=0.276 + 0.009h} = Exp.
—1.5E7% + 0.297h{1%

Overset, Frg = 3.91

—0.24 + 8.11 E-30pf114

——3.12E7% + 0.284h*

Morphing, Frg = 3.91

0.6 40 40
0.5 F30 90
il >
g 3
o4l <20 520
< = g
; 2 510 018%
0.3 510 =] l
0.2 U2 9 16 2 24 gl
08 12 16 2 24 28 081216 2 2428 Up 08 12 16 2 24 28 081216 2 ZSUD
a CFD ,, 1 CED Uncertainty (bars) h s CFD hi 1 CFD Uncertainty (bars) hi
---0.332 + 0.055h] l’ = Exp. ¥ ---0.353 + 0.013h} = .Exp.
——6.157 4 0.388h{17 ——117E77 + 0.365h0%
QOverset, Frg = 4.5 Morphing, Frp = 4.5
1:2 60 1.2 il —
1 0 1 =
e
. 0.8 40 0.8 =
06 30 S 0.6 é
0.4 20 0.4 —H«-‘}'—— == 3
D &
0.2 210 °'1\:/° 0.2 =}
0 0 -~ 0 0
08 12 1.6 2 24 28 081216 2 2428 Up 08 12 16 2 24 28 081216 2 2428 Up
= CFD Ry I CPDU ey (ba) hi a CFD hi 1 CFD Uncertainty (bars) — p,
--»0,:15535329;3,73]“%_ +Exp: ===0.4—0.048R} = Exp.
——1.5. . 473h;

Fig. 16. Grid uncertainty analysis using the Least Squares Method for the resistance value of CO5 stepped hull with overset and morphing mesh techniques, revealing
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the order of convergence and estimation of errors at Froude numbers 2.86, 3.31, 3.91, and 4.5.

Appendix D. Comparative Analysis of Wetted Surface and Ventilation Formation of CO5 Stepped Hull Using Various CFD Mesh
Techniques and Numbers at Different Froude Numbers Compared to Towing Tank Test Results

This appendix presents a comparative analysis of the wetted surface and ventilation formation in CO5 stepped hulls using different CFD mesh
techniques and numbers at various Froude numbers, in comparison to the results obtained from towing tank tests. The aim of this analysis is to

investigate the accuracy of different CFD mesh techniques and numbers in predicting the wetted surface shape and ventilation formation and to
identify the optimal mesh technique and number for accurate prediction
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Fig. 17. Comparison of wetted surface and ventilation formation in CFD simulations of the CO5 stepped hull using different cell numbers and techniques, compared
to towing tank test results, at various Froude numbers.

26



R. Niazmand Bilandi et al.

Ocean Engineering 293 (2024) 116589

Appendix E. Comparative Analysis of Running Attitudes and Resistance Prediction Errors Between Various CFD Mesh Techniques and

Towing Tank Test Results for Interceptor Planing Hull, C1, at Various Froude Numbers

Table 23

Number of Cells for Verification Study of C1 interceptor planing Hull.
Overset Morphing
Grid no. Cell count Grid no. Cell count
8.8M 8,817,154 6.2M 6,275,120
11.2M 11,225,477 8.1M 8,106,302
12.9M 12,902,835 10.6 10,645,546
14.9M 14,942,391 13.2 13,274,303

27



Ocean Engineering 293 (2024) 116589

R. Niazmand Bilandi et al.

%686~ 00T°0— %60°CT— 2010~ %6C YT~ +01T°0— %8%' 91— 90T0— %02°'C 680°0— %0 ¥ £480°0— %6T°€T— €0T0— %8¥°9T— 90T0— 160°0— v6'T S'S
%IT'6— Evy0 %196 £9€°0 %80T~ 0St°0 %0€°€T— 09t°0 %0T°€— 61¥°0 %89 L8€°0 %0C°€ €6€°0 %69°€ 16€°0 90t°0 LLT S
%L1 '€~ 0880 %IT'C— 1480 %S8°L— 026°0 %E6'T— 8480 %90°T— 2980 %881~ 698°0 %S0°€ 4280 %¥9°T 6€8°0 €880 91 Sy
%8Sy vLET %¥9°L 0€E'T %6E"T 0Ty’ 1T %CTLY TLE'T %¥0°9 €5€°T %8LL 8Ce'T %189 Tre'l %9€°L vee'T ovy'T T 14
%y C— T68'T %€E9’E 084'T %EET— 068'T %S9°0 GE8'T %09°C— S68'T %91°0— 0S8°'T %91°0— 0S8°'T %9L°0— 1981 L¥8'T vT'1 S'e
%850 Sv0°T %9T°€ 066'T %€8°0 0v0'C %C6'C L66'T %vE0 0S0°C %LLT 000C %LLT 000C %P1T €10°C £LS0T 90'T €
%¥0°6 01S'T %¥9°6 00S'T %SL'9 8¥S'1T %EL'8 SCS'T %90°S 9LS'T %¥S°S 8951 %¥8'S €961 %19°€ 009°1T 099°1 880 ST
%¥d WZET %Y 90T % WI'8 %d WZ'9 %¥q W6'v1T %d W6CT %A WT'1T %d 8’8
Surydiopy 1981940
[8ap] @22 [8ap] 1 Ay [s/w] a

-9[3ue wirn 3undIpaId ur sIqUMN [[2D JUIJJIC I [[NY D JO SISy 1S9, Jue[, SUIMO], pue (D U9amIdq sIolry jo uosiredwo)

vc alqel

28



Ocean Engineering 293 (2024) 116589

R. Niazmand Bilandi et al.

%C1'S 0691°0 %69°S 0891°0 %LT9 04L9T°0 %9L°0T 06ST°0 %bSL LY9T°0 %be8 €€91°0 %999 €991°0 %T0°L 9591°0 8L1°0 ¥6'L S’
%88 LLETO %LL'8 €LETO %Ly'8 8LET'O %8¢C'8 08€T°0 %99°T 08¥1°0 %CL 0 vev1°0 %S8°0 26¥1°0 %S0y 142494 0ST0 LLT S
%95°9 1€21°0 %569 9210 %S9 €210 %LS9 €TI0 %L 'S— €6ET°0 %08°'G— Y6€T°0 %LT 9~ 00¥T°0 %16C 64T1°0 2ET'0 91 Sy
%86t ¥ZIT0 %009 CIIT0 %00°S ¥eIT0 %10°S €TIT°0 %SS9— 0921°0 %999~ 1921°0 %01 L~ L9210 %L1 S9IT°0 8IT°0 Wi 14
%Y6°C 890T°0 %b0°S S¥0T'0 %LI'E 0901°0 %6€E Y TS0T'0 %09°9— €LIT'0 %S€8— 26110 %0101~ 11210 %9S°C1— 6€TT°0 0TT’0 el S€
%EYT 8460°0 %68°C ¥460°0 %92°¢ 0460°0 %S8°¢ +960°0 %Ly'S— 8S0T°0 %640~ T10T°0 %y 6— L60T°0 %S9°C— 6201°0 0010 90T €
%L6°T £6L0°0 %0L°0 £080°0 %040 £080°0 %6T'T €080°0 %TT'T— 0€80°0 %6ST— ¥€80°0 %9L'S— 0980°0 %807 — 9%80°0 180°0 88°0 ST
%¥d NTET %¥d W90t %Id Wr's % INT9 %id W6'v1T %d W6TL %d NT'TT % W88
Burydron 19SI9A0
\4 \4
@iy iy xg [s/w] 4

"90UR])SISAI SUNDIPAIJ UI SI2QUINN [[9D IUSIDIIC I8 [[NY TD JO SINSAY ISIL, MuBL SUIMOL PUe (1D U99MI9q $101q Jo uostredwo)

S¢9IqelL

29



Ocean Engineering 293 (2024) 116589

R. Niazmand Bilandi et al.

%28'S— 190600 %S80— 816200 %T60T— 602€0°0  %LSHI— SIEE00 %196~ ILIE00  %E8'6— LLIEO0  %S6'TT— 6€2€0°0  %TYET— L8TE00 6200  t6'1 S
%129~ 8LEEO'0  %0T0OL— S0SE€0'0  %T6'TI— 65500 %9901~ 61SE€0°0  %Ib'9— $8EE0'0  %8T9— 08€€0°0  %8TEL— 009€0°0  %TEET— $09€0°0 TEO'0  LLT S
%86'9— ¥L6TO0  %9E6— 0b0€0'0  %C9'L— 266200 %LI'9— 156200 %bL6— 1S0€0°0  %ZT0T— 190€0°0 %8501~ YL0E0'0  %STCT— 0+820°0 8200 91 St
%LO'E— 206100 %ELOT— 40200 %8T'L— 846100  %8L'€— $0610°0  %0L6— S20TO0  %EL'6— ¥10200  %86'L— €6610°0 %0%'T 02810°0 8100 1’1 ¥
%68'L 811000 %ZE'T £Z100°0 %EYTT 21100°0 %LyvT 011000  %T9'€— €€1000  %9T'S— SET00'0 %0201~ Ir1000  %ET'ST— 87100°0 1000 +T'T s€
%S9'S—  S62T0'0— %26'S  ¥¥0T0'0— %19C  SI120°0— %Zy'T  0T1T0°0— %0F'9  €€020°0— %820 991200~  %98'I—  €ITT0°0— %I4T  €1120°0—  €200—  90'T €
%€8'8—  €S0K0'0— %P TI—  S9TPO'0O—  %09'S—  €E6E0°0— %9V T—  6LLE00—  %959—  696£0°0—  %ET'Z—  066€0°0—  %SI'8— 820v0'0—  %S0'9—  0S6€0°0—  LEOO— 880 ST
%¥q TET %¥q IN9'0T %id T8 %d INT'9 %¥q 67T % 6T %d INT'TT %H 8’8
Burydiop 19S12A0
/1A 1A
aD(vg)  H(vg) Ay [s/w]a

-a8exurs 3UNDIPaId UI SIqUINN [[9D JUDII B [[NY D JO SINSAY I3, URL, SUIMO], pue (D UsdmIaq SI0LIy Jo uostreduwo)

9T ?1qelL

30



Ocean Engineering 293 (2024) 116589

R. Niazmand Bilandi et al.

%65 €T~ ve6'L %CETT— v¥8'L %r191— CIT'8 %0L'8T— 0628 %ESY— T0€°L %619~ LIV'L LTS SYe'L %99y — 01€’L ¥86'9 V6’1 g's
%EY'ST— vE6'L %EEYT— vy8'L %ET 81— CIT'8 %ES6T— 102’8 %60'8— LIV'L %9T'€T— YoL L %CT'8— 9Cy'L %ES9— 01eL 1989 LLT S
%SG €T~ Y¥8'L %9CTT— SSLL %ET9T— €208 %Th LT~ 28 %8y L— 9TYL %9T €T~ 818°L %L 'L~ TSYL %SS'S— T6T'L 806'9 91 S
Y%ty v 1— €208 %TLST— cIr'8 %08°0C— 89V'8 %9281~ 0628 %62°'S— 18€°L %819~ vy L %Iy'S— 06€°L %EIE— S9T'L 010°Z Wi 14
%0Tv1— CIT'8 %Sy ST— 1028 %Ly 0C— 8558 %¥8°6T— €1S'8 %9T°'S— 0LY'L %6L'S— SIS'Z %6L'S— SIS'Z %8LY— evyL €012 vl g€
%T0° €T~ 10T°8 %9"ST— 6LE'8 %ST61— L¥9'8 %ST6T— L¥9'8 %69°CT— TSYL %LIE~ ¥TS'L %8T' €~ 88Y'L %T8°CT— 9%°L LST'L 90'T €
%9 v1— 89v'8 %S8'ST— 8558 %9281~ 9€L'8 %Ly 61— ST8'8 %86°C L9T'L %6LY €E0°L %STT 0TT'L %Ly Tv0'L L8EL 88°0 ST
%Id WT'ET %¥d Woot %Id Wr's %d NT'9 %id We'vt %l W6TT % We'tt % ne'8
Burydiopy 19SI9A0
£/7A €A
aD(Mg)  H(mg) o [s/w]a

*9DBJINS PAIIOM SUMIDIPAIJ UT SIDQUINN [[2D JUIJIC Je [[NY D JO SINSIY IS, JUR, SUIMO], PUB (J1D U9dMIDq SIOLIF JO uosLieduro)

LT ?1qelL

31



R. Niazmand Bilandi et al.

Ocean Engineering 293 (2024) 116589

Appendix F. Grid uncertainty analysis for the trim value of C1 interceptor hull
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Fig. 18. Grid uncertainty analysis using the Least Squares Method for the trim value of C1 interceptor hull with overset and morphing mesh techniques, revealing the
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order of convergence and estimation of errors at Froude numbers 1.06, 1.24, 1.41, 1.6, and 1.77.

Appendix G. Grid uncertainty analysis for the resistance value of C1 interceptor hull
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Fig. 19. Grid uncertainty analysis using the Least Squares Method for the resistance value of C1 interceptor hull with overset and morphing mesh techniques,
revealing the order of convergence and estimation of errors at Froude numbers 1.06, 1.24, 1.41, 1.6, and 1.77.
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Appendix H. Comparison of Spray and Wave Formation for C1 Interceptor Planing Hull Using Various CFD Mesh Techniques and Towing
Tank Test Results at Different Froude Numbers

This appendix presents a comparison of spray formation around the C1 interceptor planing hull, at various Froude numbers, using CFD simulations
and towing tank tests. Two mesh motion techniques, overset and morphing, are compared to evaluate their accuracy in capturing spray formation. The
investigation includes the effect of cell numbers on the accuracy of spray formation prediction. The findings of this study can provide valuable insights
into the suitability and limitations of CFD simulations and towing tank tests for studying the spray formation of interceptor planing hulls. The results
can aid in the development of more accurate and efficient design methods for high-speed marine vessels.
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Fig. 20. Comparison of spray and wave formation around the C1 interceptor planing hull using different CFD mesh motion techniques and towing tank tests, with
varying cell numbers at different Froude numbers.
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ARTICLE INFO ABSTRACT
Keywords: Predicting the dynamic responses of planing hulls in real sea conditions is important for identifying how basic
Planing Boat design factors influence their seakeeping performance. Hence, there is a pressing need to provide high-fidelity

Stepped hull

models for predicting the motions of these hulls in random waves, representing actual seas. In this article, a
Irregular waves

Nonlinear dynamic computational-based model for solving viscous fluid flow around the vessel is built to address this problem.

Statistical analysis Three different planing hulls, denoted as C, C1, and C2, each distinguished by the number of steps incorporated

CFD modeling on their bottom surfaces (1 and 2 indicating the respective step count, with case C being the stepless hull), are
modeled in a Computational Fluid Dynamics (CFD) tank, allowing for analysis of the effects of steps on dynamic
responses of a planing surface operating in random waves. CFD data is compared against those collected in
towing tank tests, revealing a satisfactory level of accuracy. Extreme value and gamma distributions are shown to
give probabilities of maxima/minima of displacements and vertical acceleration at the center of gravity (CG) for
all three hulls. It is shown that the stepless boat may be exposed to lower vertical acceleration at an early planing
speed, but at higher planing speeds, a double-stepped design mitigates the vertical acceleration. Nevertheless, the
double-stepped hull would experience more significant extreme heave responses across all speeds and may be
exposed to less significant extreme pitch responses during the ride at the highest speed compared to the stepless
and one-stepped hulls. The skewness of heave and pitch is evaluated, and it is found that the heave response
tends to skew toward positive values (upward). This skewness becomes more noticeable with increasing speed
but remains insensitive to wave steepness. Additionally, the pitch response at lower planing speeds shows a
partial skew towards negative values (bow-down), but eventually, they may also be partially skewed towards
positive values at higher speeds. Moreover, a correlation is observed between the kurtosis of responses of
different hulls and the occurrence of the 1/100 highest responses, indicating that a kurtosis greater than 3.0
would result in more extreme responses. Overall, this analysis offers practical insights into planing hull behavior
in actual sea conditions from a CFD model perspective, highlighting the potential of CFD in simulating this
complex problem.

planing hulls while navigating through waves is important (Camilleri
et al., 2018; Rosén and Garme, 2004). Operating a planing hull under
actual sea conditions at high speeds results in large motions, such as
vertical acceleration, which directly affects the vessel’s seaworthiness
level, stability, crew safety, and the structural fatigue life of the craft
(Rosén et al., 2017). Furthermore, the interaction between a planing hull
and irregular waves introduces nonlinear rigid body motions, particu-
larly within the planing regime (Begovic et al., 2014b). This nonlinearity
becomes increasingly strong as the operational speed increases, posing

1. Introduction

Planing hulls represent an interesting innovation in naval architec-
ture, identified by their ability to lift and glide on the water surface. This
allows them to reach relatively high speeds in calm water conditions.
These hulls have extensive applications across a wide range of maritime
activities, spanning from high-speed recreational boats to search and
rescue missions (Savitsky, 1985). The hydrodynamic performance of
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Nomenclature
A Rigid body boundary.
B Maximum Beam of the boat (m).

F = [F,Fy,F.] Fluid force acting on the vessel (N). Different
components refer to the surge, sway and heave forces.
Frg =u/ (gB)’1 Beam Froude Number (-).

fp Body force (N).

g Gravity acceleration (m/s?).
Hs Significant wave height (m).
Hq Forward step height (m).
H;o Aft step height (m).

Average wave height.

I Mass moment of inertia (Kg—mz).

k Wave number (m™).

K Kurtosis.

kyy Pitch radius of gyration (m).

K Wave steepness.

Leg The longitudinal position of the centre of gravity (CG) for
transom (m).

LOA Length Overall.

Lg Forward step position with respect to CG (m).
Le Aft step position with respect to CG (m).

A Mass of the boat (Kg).

my '™ order spectral moment.

Normal unite vector.
Fluid pressure (N/m?).

r Ratio of negative values among the maxima values divided
by the total number of maxima values. Similarly, for the
minima values, represents the ratio of positive values
among the minima values divided by the total number of
minima values.

ro Position vector from a reference point.

re Position vector of the center of gravity

Skewness.

Time (s).

n Wave period (s).

Peak wave period (s).
Mean wave height.
Boat speed (m/s).
= [Vx, %y, ;] Velocity field in the fluid domain (m/s).

QR A" ®

7, Z, 7 Heave displacement (m), speed (m/s), and acceleration
(m/s?).

Zpmean ~ Mean of highest height of heave (m).

Zmi/n Mean of 1/n highest height of heave (m).

Zrimean Mean of highest height of CG acceleration (m/s?).

Zim /n Mean of 1/n highest height of CG acceleration (m/s?).

n Water surface elevation (m).

6, 6, & Pitch angle (rad), velocity (rad/s), and acceleration
(rad/s?).

Otimean Mean of highest height of pitch angle (rad).

O1/n Mean of 1/n highest height of pitch angle (rad).

H" Dynamic viscosity (Kg/m-s).

Ha Air viscosity (Kg/m-s).

Heff Viscosity of the mixture of water (u,) and air (u,) at any
point in the domain (Kg/m-s).

e Turbulent viscosity of the flow (Kg/m-s).

Hyy Water viscosity (Kg/m-s).

Peip Density of the mixture of water (p,,) and air (p,) at any

point in the domain (Kg/m3).

Pa Density of the air (Kg/m®).

p Density of the water (Kg/m®).

] Normal stress tensor.

b4 Volume fraction of the water-air flow (-).

® Wave angular frequency (rad/s).

Ion Peak wave angular frequency (rad/s).

Abbreviation

CFD Computation Fluid Dynamics

CICSAM Compressive Interface Capturing Scheme for Arbitrary
Mesh

CG Center of Gravity

EPF Exceedance Probability Function

Exp Experimental data

FFT Fast Fourier Transform

FVM Finite Volume Method

HRIC High-Resolution Interface Capturing

ITTC International Towing Tank Conference

PDF Probability Density Functions

RANS Reynolds Average Navier-Stokes

RMS Root-Mean-Square

SIMPLE Semi-Implicit Method for Pressure-Linked Equations

substantial challenges for both designers and operators. Therefore, a
deep analysis of these motions can provide a valuable understanding of
operational limits, structural risks and possible solutions (Taunton et al.,
2011). To gain a comprehensive understanding of this phenomenon, a
combination of methodologies, such as towing tank tests, Computational
Fluid Dynamics (CFD), and mathematical modeling have been used.
The most reliable approach used for analysing the motions of any
vessel operating in waves is laboratory tank testing. Waves are me-
chanically generated by wave makers in a tank/basin and the vessel is
towed in the tank at a constant speed. This allows for sampling the
temporal motions of the vessel and may provide valuable seakeeping
data, that can be used on both small and actual scales. However, the
availability of experimental data on the seakeeping performance of
high-speed planing hulls is limited. The physical testing of unsteady
planing motion in waves has been done since the 1950s, but the first set
of systematic tests was done by Fridsma in the late 1960s and early
1970s. In specific, Fridsma’s work in 1971 (Fridsma, 1971) marked the
initiation of experimental investigations into the dynamic behavior of
prismatic planing boats in irregular waves. Through systematic model
tests, Fridsma explored the influence of various parameters, such as hull

design factors, dynamic trim, load, length over beam ratio, bow form,
speed and wave conditions, on the seakeeping performance of prismatic
planing hulls (Fridsma, 1971). Fridsma showed that planing boats
exhibit non-linear behavior throughout the majority of their operational
range, signifying that the use of response amplitude operators can be
ineffective over some frequencies. Consequently, he advocated for the
adoption of statistical methods to study the dependence of motion and
acceleration responses of prismatic planing hulls towed in irregular
waves. Throughout his analyses, Fridsma employed an exponential
probability distribution function for vertical accelerations and showed
that either a Generalized Rayleigh or Cartwright and Longuet-Higgins
distribution can represent the statistical behaviour of heave and pitch
displacements.

Since Fridsma’s pioneering work in 1971, there have been notable
systematic research papers highlighting planing hull seakeeping. How-
ever, there have also been some significant contributions emerged over
the years. For instance, In 1981, Zarnick and Turner (1981) extended
Fridsma’s experiments by conducting tests on prismatic hulls with high
length-to-beam (L/B) ratios of 7 and 9 in irregular waves. In addition,
Klosinski & Brown (1993) investigated the influence of both the length
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over beam ratio (L/B) and the longitudinal center of gravity (LCG) po-
sition on seakeeping performance. Meanwhile, Keuning & Pinkster
(1995) introduced the concept of an "enlarged ship concept" (ESC), to
enhance the seakeeping characteristics of planing craft.

Subsequently, a series of systematic studies conducted by Soletic
(2010), Taunton et al. (2011), Begovic et al. (2014a, 2016), and De Luca
& Pensa (2019) have made significant contributions to the under-
standing of the physics of planing hull seakeeping. Taunton et al. (2011)
introduced a systematic series involving four monohedral planing hulls
tested in irregular head seas at various speeds. This comprehensive study
aimed to explore the impact of parameters such as (L/ A)l/ 3, transverse
steps, radius of gyration, wave height, and peak wave period on the
motions of the vessel operating in random waves (irregular waves). They
conducted statistical analyses of motions’ maxima (crests of the recor-
ded time histories of displacement) and minima (troughs the recorded
time histories of displacement), as well as accelerations at the center of
gravity and the bow. The findings favored the use of the Gamma dis-
tribution for analyzing vertical accelerations statistically and confirmed
the suitability of the Cartwright probability density function for
analyzing heave and pitch motions. In another set of experimental tests,
Begovic et al. (2014a, 2016) conducted experimental tests on mono-
hedral and warped hull motions in irregular head sea waves. Their
research included descriptions of heave and pitch maxima and minima,
along with the utilization of three different probability density functions
(PDFs). These datasets were fitted with various statistical functions,
including Normal, CLH, extreme value, Exponential, Gamma, and Wei-
bull, for analyzing motion responses. They reported that sea state and
deadrise angle had a greater influence on vertical acceleration compared
to speed. More recently, De Luca & Pensa (2019) investigated the dy-
namic behavior of the Naples Systematic Series (NSS) in irregular head
seas. Their study employed statistical approaches, including Cartwright
Lounguet Higgins, extreme value, and normal distribution fittings for
heave and pitch maxima and minima, as well as gamma and extreme
value distributions for acceleration at the center of gravity and the bow.
This stream of studies covered a wide range of hull designs, statistical
analyses, and wave conditions, providing valuable insights into motion
responses, acceleration characteristics, and probability density func-
tions. These studies collectively contribute to our understanding of un-
steady planing. But they are mostly limited to stepless planing hulls.

At the outset of the design process, researchers often seek stream-
lined approaches due to the potential cost and time constraints associ-
ated with planing hull tests. These complexities arise from the need to
build a scale model and procure specialized infrastructure for motion
measurement and mechanical wave generation in a tank/basin.
Furthermore, is worth mentioning that the model scale for seakeeping
tests is different from the model scale for resistance/self-propulsion
tests.

A significant breakthrough in the pursuit of accurate planing hull
simulations in rough sea conditions came from the research carried out
by Zarnick in 1979 (Zarnick, 1979). Zarnick pioneered the development
of a nonlinear mathematical model to describe the vertical motion of
planing hulls in regular waves using the 2D+t method. Expanding upon
this work, Zarnick extended the mathematical model to accommodate
irregular waves. Zarnick’s contributions set a valuable precedent,
prompting many researchers to adopt his method, resulting in improved
accuracy in predicting planing hull motions. Notable examples include
the works of Akers (1999), Blake & Wilson (2001), Garme (2005),
Garme & Rosén (2003), Hicks et al. (1995), Keuning (1994), Payne
(1994), Sebastiani et al. (2009), Troesch & Hicks (1994), and van
Deyzen (2008).

Furthermore, Tavakoli et al. (2015) extended the 2D+t method to
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model roll motion, while Tavakoli & Dashtimanesh (2019), Tavakoli &
Dashtimanesh (2017), and Algarin & Bula (2021) applied it to the
maneuvering of planing hulls in six-degrees of freedom. Additionally,
Niazmand Bilandi et al. (2020a; 2019, , 2023a; 2020b) extended this
method to various designs of planing vessels, including stepped boats.

Despite the flexibility and promising accuracy of the 2D+t method,
as well as its usefulness for parametric studies (Di Caterino et al., 2018),
it has limitations in monitoring all fluid phenomena around the hull
advancing in planing mode. This may limit its range of application
especially when the fluid motion becomes turbulent, and the water
surface exhibits strong non-linear behavior (such as wave breaking). As
a result, Computational Fluid Dynamics (CFD), solving RANS (Rey-
nolds-Averaged Navier Stokes Equations) has emerged as a reliable
hydrodynamic tool for modeling planing problems (Niazmand Bilandi
et al., 2024). CFD has been instrumental in performance prediction of
planing hulls (Dashtimanesh et al., 2018; De Marco et al., 2017; Judge
et al., 2020b; Niazmand Bilandi et al., 2023b; Putra and Suzuki, 2024;
Roshan et al., 2020), motion prediction of planing hulls in regular waves
(Capasso et al., 2023; Esfandiari et al., 2020; Jin et al., 2023; Niazmand
Bilandi et al., 2021; Tavakoli et al., 2020), and the measurement of
slamming pressures (C. Judge et al., 2020a; Lee et al., 2024; Mousa-
viraad et al., 2015).

However, it is important to note that research focusing on dynamic
motion simulations of planing hulls in irregular waves using CFD codes
is still relatively scarce and our understanding of the statistical behav-
iour of planing hull advancing in irregular wave is very limited. On top
of that, the effects of step on this statistical behaviour are not well
addressed. The only set of tests covering the dynamic motions of stepped
planing hulls in waves was performed by Taunton et al. in 2011, who
only reported the maximum and minimum heave/pitch movements of
stepless, stepped, and double-stepped hulls (statistical analysis was
performed only on vertical acceleration). This leaves us with several
questions: 1) how the time history of motions differs between stepless
and stepped planing hulls, 2) which statistical indicators (such as kur-
tosis or skewness) can affect the extreme response of stepless and step-
ped planing hulls, and 3) how different the spectral density of stepless
and stepped planing hulls can be. The answers to these questions can be
found by reproducing the motions of stepless and stepped planing hulls
using a CFD code. Currently, the development of a well-calibrated and
accurate numerical simulation setup is challenging but yet crucial. In
particular, setting up models for random wave conditions is invaluable
but currently absent. With advances in CFD simulations, obtaining data
for highly accurate predictions in a wider range of wave conditions has
become possible. These datasets are invaluable for characterizing the
nonlinear dynamics of planing hulls, often aided by machine learning
algorithms to predict vessel motions without the need for expensive
models (e.g. in Marlantes and Maki, 2022, 2021).

Therefore, in this paper, the aim is to present a CFD model that can
be used for simulating dynamic motions of stepless and stepped planing
hulls in random waves. Furthermore, the simulation data are utilized to
provide a thorough understanding of statistical behaviour of stepless
and stepped planing hulls through analyzing the highest values,
analyzing the exceedance probability of motions, and finding the link
between the behaviour of exceedance probabilities and statistical in-
dexes including skewness and kurtosis of the motions. Our hypothesis is
that skewness and kurtosis of the motions of stepless and stepped hull
can permit understanding of the extreme responses of these boats, and
also, they would inform us about the time history of motions (skewness
of each motion would let us know how skewed the motion is during each
cycle and kurtosis would provide us with a general understanding of
peakedness). Moreover, the aim is also to provide an understanding of
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spectra of heave, pitch, and accelerations of stepless and stepped planing
hulls and these have not been fully addressed in the literature so far, as
stated before.

To reach the mentioned scope, a commercial CFD code is employed
to model the dynamic behavior of a planing hull in irregular waves. The
C model family, designed by Taunton et al. (2011) is chosen for this
study due to the availability of experimental data for this model in
irregular waves and investigations into the effects of one/two steps on its
seakeeping performance. This allows us to compare the dynamic mo-
tions of stepless boats against those of single-stepped and
double-stepped boats, which is lacking in the literature. There is an open
question about the effects of adding steps on the seakeeping perfor-
mance of a planing craft. In parallel, this research aims to build a CFD
model that solves the dynamic motion of planing hulls in random waves,
and then analyze the effects of adding steps on the performance of the
vessel, which is also missing in the literature. In a broader sense, the CFD
itself will benefit the naval architecture community as it provides a
better understanding of how the motions of any vessel exposed to
random waves can be modelled in a CFD tank.

The rest of the present paper is organized as follows. Section 2 in-
troduces the hull planing models that are studied in the present research.
Section 3 briefly introduces the fluid assumptions and governing equa-
tions, and then details the numerical scheme used to replicate the mo-
tions of the hulls in a numerical tank. Section 4 investigates the
comparative analysis between Computational Fluid Dynamics (CFD)
data and results obtained from towing tank tests, employing a local
Maxima/Minima approach to identify peaks and troughs in time series.
Section 5 presents the statistical analysis of heave, pitch, and CG ac-
celeration under varying operational conditions, dissecting a range of
statistical indicators. Additionally, it explores the probability distribu-
tions of heave, pitch motions, and center of gravity (CG) acceleration,
examining their conformity to specific distribution functions. Further-
more, Section 6 investigates skewness and kurtosis in these motions to
provide a better understanding of the response of planing hulls in
random waves. Moreover, Section 7 focuses on the Exceedance Proba-
bility Functions (EPF) for wave profiles, heave, pitch, and CG acceler-
ation, providing insights into extreme event occurrences. Finally,
Section 8 investigates a detailed analysis of the spectral characteristics
of heave, pitch, and CG acceleration. Concluding remarks are presented
in Section 9.

2. Hull models details

There is a notable scarcity of systematic experimental data doc-
umenting the seakeeping performance and motions of high-speed
planing hulls in water waves, especially with regard to stepped hulls,
as explained in the literature review. Consequently, the use of CFD codes
simulating and investigating planing hull motions in waves remains
limited. As mentioned in the Introduction section, one of the aims of the
present research is to bridge this gap by establishing a CFD setup to
replicate the motion of planing hulls in random wave conditions. This
may help in evaluating the wave-induced motions of a planing surface
over a wide range of frequencies. It also allows statistical analysis of the
motion of planing hulls, which is still very limited in our understanding.

To carry out this research, a hard-chine hull, named “C,” has been
selected. This hull was previously subjected to testing in GKN Westland
Aerospace No.3 Test Tank by Taunton et al. (2011). The choice of hull
“C” is based on the wide range of calm and rough water testing it has
undergone within the planing regime.

When a single step is added to the bottom surface, the hull is properly
termed “C1” (1 refers to single-step design). This step is positioned 31%
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Table 1

Principal characteristics of models (C, C1, and C2).
Parameter C
LOA (m) 2
B (m) 0.46
B () 22,5
A/pgB® 0.026

0.16LOA
LCG (%L, forward transom) 32.9
Lg (%L, forward transom) (for C1 and C2) 31
L> (%L, forward transom) (only for C2) 18.5
Hg (%B) (for C1 and C2) 2.17
Hy, (%B) (only for C2) 217
LOA

C hull (stepless) .
C1 hull (single-step) >

ey =~

C2 hull (double-step) >
<------[-S-~2----->
T &

Fig. 1. Geometry of hull models.

L forward of the transom and has a height equal to 2.17 % B, which is a
typical step height in stepped planing hull design. A second step, iden-
tical in height to the first, is introduced between the initial step and the
transom of the C1 hull, 18.5% L forward the transom. This hull is named
“C2” (2 refers to double-step design). Table 1 outlines a detailed sum-
mary of the particulars of these three modes, and Fig. 1 shows the body
profiles of these three hulls.

The models underwent testing in irregular head waves at beam
Froude numbers of 2.94, 4.71, and 5.67 (Here beam Froude Number is

defined as Frg = —“—, where u is the operation speed, g is gravity ac-

N
celeration and B is the beam). For the experimental tests, the wave
spectra chosen were derived from metocean data obtained from wave
buoy measurements conducted in the vicinity of the Isle of Wight, U.K.,
over a one-year period spanning from March 2006 to March 2007. For
additional information regarding the experimental tests, readers are
referred to the paper by Taunton et al. (2011). One notable concern
regarding the experimental results is the relatively short duration of the
experiments for all hulls, along with the absence of specified result
uncertainties.

3. Numerical model

In this study, motions of planing hulls in random wave conditions are
simulated using the commercial CFD software SIEMENS PLM STAR-
CCM+, version 17.02.007. The simulation employs an implicit Unsteady
Reynolds-Averaged Navier-Stokes (URANS) solver to model the hydro-
dynamics of a planing hull (Reynolds, 1895). This involves solving the
three-dimensional RANS equations with a Realizable k-epsilon
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turbulence model, ensuring the conservation of mass and momentum for
incompressible turbulent flow. The continuity and momentum conser-
vation equations are defined as follows (Ferziger et al., 2019):

V.U= 0, 1)
apU) / ot + V.(pUU) — V. (MVU) = —Vp+fp+ VUV @

Where, U is the fluid velocity vector, p is the fluid pressure, fg =
(0,0, —g) is the body force, p is density, and .y show the viscosity of the
mixture of water and air at any point in the domain, that is defined:

Hep = H + Hes 3)

here, u represents dynamic viscosity, and y, signifies the turbulent vis-
cosity, the latter of which depends on the chosen turbulence model. The
k-¢ turbulence model is employed to simulate turbulent flow within the
domain. The turbulent viscosity equation for the k — ¢ turbulence model
is defined as follows:

2
hy = c#k? @

where C, is constant that is equal to 0.09, k is the turbulent kinetic en-
ergy, and ¢ is the turbulent dissipation rate. The equations for turbulent
kinetic energy (k) and its dissipation rate (¢) in the k —e turbulence
model are as follows:

0(/1k)/0t +V.(pUK) = V. (y + ?) Vk | +Pe — pe, )
N
Heff
He € &
d(pe) | ot+V.(pUe) =V.| | u+ o Ve | + CE.IKP;( — Ceap * 6)
&%

Heff

The empirical constants C,;, and C,, are utilized to model the pro-
duction and dissipation of turbulent kinetic energy, and are assigned
values of 1.44 and 1.92, respectively. Similarly, ox, and o, represent the
turbulent Prandtl numbers for k and ¢, respectively, with typical values
around 1.0.

The simulation of the air-water flow employs the Volume of Fluid
(VOF) technique (Hirt and Nichols, 1981). This method utilizes a vol-
ume fraction parameter, denoted as ¥, to determine the effective
properties of the mixture. ¥ ranges from 0 to 1, representing pure air and
pure water, respectively. The effective density and viscosity of the
mixture are calculated as a combination of the properties of air and
water, determined by

Per = ¥-py, + (1 = ¥).pg. )
Hegr =Pty + (1 = ¥) g, ®)

where, the subscript w signifies the parameters associated with water,
while ¥ corresponds to those linked with air. The governing equation
governing the volume fraction parameter is represented as follows:

a(¥)/dt+V . (YU) = 0. 9

The solver used in this study utilizes the Finite Volume Method
(FVM) to discretize the integral form of the Navier-Stokes equations for
numerical analysis of incompressible viscous flows. For temporal
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Table 2

Solver settings.
Item
solver Implicit unsteady
Implicit scheme SIMPLE
Convection term 2nd order

VOF scheme HRIC

Turbulence model Realizable k — &

Temporal Discretization 2nd order

Iteration per time step 10

Mesh motion Overset

Overset Interpolation scheme Distance-weighted interpolation
Wall treatment All y+ wall treat

Water density 1000 kg/m*

Water viscosity 0.000934 Pa-s

discretization of the transient terms, a second-order implicit backward
Euler scheme was employed. Spatial discretization involved using a
second-order upwind scheme for convection terms and a second-order
centered scheme for diffusive terms. To couple pressure and velocity,
the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) al-
gorithm was adopted.

The time step for simulations is determined using the one suggested
in ITTC 7.5-03-02-03 (2021), which recommends a time step of at least
100-time steps per period for the shortest waves. The DFBI approach is
employed in the Siemens PLM Star-CCM+ solver to solve the forces and
moments acting on the stepped planing hull in two degrees of freedom
(pitch and heave). The motion equations can be solved by employing
rigid body equations over time. The forces acting on the planing body
are then computed accordingly:

F://(p+rp).ndA, 10

M:/A/(er(p)Anx(roer) dA, an

where ¢ is the normal stress tensor, A represents the total area of the
boat, and n is the unit normal vector. Some details of the numerical
methods and solvers are provided in Table 2, with additional informa-
tion available in the Siemens PLM STAR-CCM+ User’s Guide, version
17.02.007 (SIEMENS PLM, 2022).

The overset setup approach is used to integrate the rigid body mo-
tions of the hull into the fluid domain. The overset domain has a
dimension of 2.5L x 3.0B x 6.0T. This has been done by introducing an
overset region surrounding the hull, which is placed in the background
region. Distance-weighted interpolation is utilized as the method for the
integration of fluid motion in this sub-domain into the background
domain. This approach is particularly advantageous due to its robust-
ness, especially in scenarios involving significant relative motions
(SIEMENS PLM, 2022). While the linear interpolation scheme suggested
by De Luca et al. (2016) may provide benefits in certain contexts, such as
pseudo-transient resistance computations, the distance-weighted tech-
nique is deemed more appropriate for simulating unsteady motions like
seakeeping and maneuvering. The overset boundaries are dynamic and
rigidly move with the hull, while other boundaries remain static. This
approach allows for the simulation of complex hull geometries and
motions. This method is mostly favored when the motions of the vessel
are relatively high.

Fig. 2 provides a comprehensive overview of the different boundaries
employed in the simulations and the mesh used for overset mesh motion.
The mesh study results are presented in Appendix A. Moreover, the
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Prism layer mesh

Fig. 2. The computational domain, including imposed boundary conditions and the grid, for simulating a planing hull using an overset grid.

Table 3
The boundary conditions.
No-slip Symmetry  Velocity Pressure
(wall) inlet outlet
Velocity Ve =Vy = U=20 U= wn au 0
v, = 0 on
Pressure ap ap _ P _ p=0
=0 =0 =0
Volume fraction v v ¥ =1, for ¥ =1, for
oo -0
n an water water
a3 ¥
n =0, for n =0, for
air air
Turbulent kinetic k=0 k=0 k =constant  k = constant
energy (k)
dissipation rate (¢) e=0 e=0 £ = constant € = constant

initial location of the free surface is determined based on the draft ob-
tained from the hydrostatic analysis to ensure the accurate capture and
simulation of the free surface in the numerical model. In the context of
this study, the boundary conditions were established as follows: In the
background region, the inlet, top, bottom, and side boundaries were
designated as the velocity inlet, and the outlet was configured as a
pressure outlet. Additionally, the middle longitudinal section was
specified as a symmetry plane. Within the overset region, the mid-ship
section retained its role as a symmetry plane, while the surrounding
planes were assigned as overset mesh boundaries. Lastly, a non-slip wall
boundary condition is set for the vessel’s surface. These boundary con-
ditions were set to support the computational simulations and analyses
conducted in this research. A summary of boundaries is shown in
Table 3.

The simulations were conducted utilizing the High-Performance
Computing (HPC) cluster available at Tallinn University of Technol-
ogy. The HPC cluster featured nodes equipped with 40 cores and a
memory capacity of 80 GB. Each simulation run, representative of the
planing hull dynamics in random waves, required an average of 25 days

to complete the simulation for 40 s of physical time.

3.1. Wave-generating method

In this study, the interface between air and water is accurately
simulated using the Volume of Fluid (VOF) approach to replicate
random incident waves. The implementation includes a High-Resolution
Interface Capturing (HRIC) scheme based on the Compressive Interface
Capturing Scheme for Arbitrary Mesh (CICSAM). This technique permits
precise tracking of the air-water surface by monitoring volume fractions
within individual cells. Both fluids are treated as incompressible New-
tonian fluids, ensuring an accurate representation of the free surface
dynamics. The software’s forcing capability was employed at the up-
stream and downstream boundaries as well as the side wall boundaries
to cancel out undesired wave reflections. For generating irregular waves
in the numerical tank, a unidirectional version of the JONSWAP spec-
trum is used. This spectrum, derived from observations made in the
North Sea and described by Hasselmann et al. (1973), was used to
represent the irregular waves in the analysis. The JONSWAP spectrum

applied in this study is given by

5 (Hiop 50N el (0-ap) /(2002
s (e -3 (2) el e,

where A, = 1— 0.287In(y), is the normalizing factor, y = 3.3, is the
peak enhancement factor referring to the non-dimensional peak-
enhancement factor, o is the wave frequency, w, is the peak wave fre-
quency, H; is the significant wave height, and o represents the spectral
width parameter and can be expressed as follows:

_[0.07 (@) > )
- {0.09 (@ < o)

The values of the parameters used in the input wave spectrum for
each hull are summarized in Table 4, providing a detailed reference for
the wave characteristics under consideration.

S() a2)

13)
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Table 4

Details of seakeeping model simulation in irregular waves (Taunton et al., 2011).
Configuration Model u(m/s) Frp Hs (m) Tp (s) k(m-YH k = kHs/2
case 12 C 6.25 2.94 0.092 2.57 0.609 0.028
case 13 C 10.1 4.71 0.092 2.57 0.609 0.028
case 14 C 12.05 5.67 0.092 2.57 0.609 0.028
case 15 C 12.05 5.67 0.092 1.72 1.360 0.063
case 16 C 12.05 5.67 0.046 2.57 0.609 0.014
case 17 C 12.05 5.67 0.138 2.57 0.609 0.042
case 19 C 6.25 2.94 0.092 1.72 1.360 0.063
case 27 C1l 6.25 2.94 0.092 2.57 0.609 0.028
case 28 C1 10.1 4.71 0.092 2.57 0.609 0.028
case 29 C1 12.05 5.67 0.092 2.57 0.609 0.028
case 30 Cc2 6.25 2.94 0.092 2.57 0.609 0.028
case 31 Cc2 10.1 4.71 0.092 2.57 0.609 0.028
case 32 Cc2 12.05 5.67 0.092 2.57 0.609 0.028
case 33 C2 12.05 5.67 0.092 1.72 1.360 0.063

1 T T
=—CED

L e

< I

0 a 3 6

9 12 15

t/Tin

= =Theoretical JONSWAP —CFD —Exp.

1% 10°°

b

Wave Frequency (Hz)

Fig. 3. (a) Time history of wave elevation for irregular head sea conditions at recorded by the numerical wave probe. (b) Comparison of wave spectra among a static
probe in the towing tank, the theoretical JONSWAP spectrum, and the CFD results for sea state Tp=2.57s, H;=0.09 m.

Table 5
Comparison of wave characteristics between theoretical JONSWAP, experi-
mental, and current CFD.

Theoretical CFD Error CFD with theoretical Exp.
Hg (m) 0.092 0.086 6.5 % 0.109
H (m) 0.0575 0.054 6% 0.0687
T(s) 215 2.075 3.5% 2.21

It is important to ensure that a sufficiently large number of waves are
encountered during computations to accurately calculate statistical
characteristics in irregular seas. In this simulation, the background
domain (without hull) was generated using the same grid configuration
employed in seakeeping simulations of hulls. Within the simulation, a
wave probe, positioned 1.30 L forward of the hull, recorded wave ele-
vations to monitor the formation of irregular waves generated by the

numerical wave maker. Fig. 3-a displays the time history of wave ele-
vations as observed by the probe. Using the Fast Fourier Transform
(FFT), the wave spectrum of the water surface elevation recorded at this
probe is found, which is shown in Fig. 3-b. The spectrum found through
CFD simulations is compared against those measured in the tank tests
and the theoretical JONSWAP spectrum. The results correspond to a
peak period of Tp=2.57 s and a significant wave height of Hs=0.09 m
(this corresponds to a wave steepness of 0.028). With the wave spectrum
determined, various statistical wave parameters can be calculated using
spectral moments, which can be expressed as follows:

o

m, = / o"S(w)dw.

[

a4

As a result, specific wave characteristics, calculated using spectral
moments, are listed in Table 4, along with a comparison between the
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Fig. 4. A comparison between experimental (unfilled) and CFD (filled) distribution parameters of heave motion extremes (Maxima and Minima) for C hull under

various operating conditions. Here heave is in meters.
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Fig. 5. A comparison between experimental (unfilled) and CFD (filled) distribution parameters of heave motion extremes (Maxima and Minima) for C1 hull under

various operating conditions. Here heave is in meters.
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Fig. 6. A comparison between experimental (unfilled) and CFD (filled) distribution parameters of heave motion extremes (Maxima and Minima) for C2 hull under
various operating conditions. Here heave is in meters.
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Fig. 7. A Comparison between experimental (unfilled) and CFD (filled) distribution parameters of pitch motion extremes (Maxima and Minima) for C hull under
various operating conditions. Here pitch is in degrees.
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Fig. 8. A Comparison between experimental (unfilled) and CFD (filled) distribution parameters of pitch motion extremes (Maxima and Minima) for C1 hull under
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Fig. 10. A Comparison between experimental (unfilled) and CFD (filled) Gama distribution parameters of minima CG acceleration for C hull under various oper-
ating conditions.
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Fig. 11. Comparison between experimental (unfilled) and CFD (filled) Gama distribution parameters of minima CG acceleration for C1 hull under various oper-
ating conditions.
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Fig. 12. Comparison between experimental (unfilled) and CFD (filled) Gama distribution parameters of minima CG acceleration for C2 hull under various oper-
ating conditions.

theoretical JONSWAP spectrum, experimental data, and the current CFD behavior, there is a discrepancy in the low-frequency range. This peak
model (It is noteworthy that the experimental data points were extracted may be attributed to potential artificial effects in the computational
from the plot of Taunton et al. (2011), albeit we did not have access to setup, such as the simulation of air-water flow to achieve a specific
actual values). In the Table 5, Hs = 4,/my, is significant wave height, H speed. However, its impact on motion spectra of heave, pitch, and ac-
— 2.5,/my, represents average wave height, and T = 2zm, /m;, denotes celeration, seems negligible (See Section 8, Figs. 29-31). Thus, concerns
mean wave period. about its influence on hull behavior are minimal. Nonetheless,

The observed differences between the wave spectra from CFD sim- ~ addressing this discrepancy remains a priority for future studies
ulations and the JONSWAP spectrum, particularly at lower frequencies, (focusing on identifying and implementing potential solutions to miti-
are notable. While the spectra found through simulations and those ~ gate the observed local peak in the wave spectrum) and is out of the
found in the measurement align well over higher frequencies, indicating scope of present research.

satisfactory capture of relevant components for high-speed planing hull

11
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Fig. 13. Statistics of normalized heights, maxima, and minima for heave motions of the three hulls at different cases: a) C, b) C1, and c) C2.
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Fig. 13. (continued).

4. Analyzing discrepancies: computational fluid dynamics vs

experimental results

As a first step, the CFD data is compared against those recorded in
towing tank tests (Taunton et al., 2011). Time histories of heave, pitch,
and CG vertical acceleration for the C (case 13), C1 (case 28), and C2

(case 31) hulls, along with cross-sections of the wetted surface and hull
pressure at various times, are displayed in Appendix B. This study em-
ploys a local Maxima/Minima approach to identify peaks and troughs of
the time series. In this method, peaks and troughs are recognized as local
maxima or minima within a specified neighbourhood. The data is then
scanned, and the highest or lowest values within the window are
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Fig. 13. (continued).

considered as the peak or trough. Subsequently, the amplitudes (maxima
or minima) of pitch and heave motions, as well as the CG acceleration
relative to the mean value, are determined from the time histories of
these motions. Finally, the Mean, RMS, and ratio (r) for crests and
troughs are computed and compared to the values obtained from the
experimental data. The parameter 'r’ represents the ratio of negative
values among the maxima values divided by the total number of maxima
values. Similarly, for the minima values, 'r’ represents the ratio of
positive values among the minima values divided by the total number of
minima values.

Figs. 4, 5, and 6 provide a quantitative comparison between the
distribution parameters of heave motion extremes (Maxima and
Minima) obtained from experimental tests and CFD runs for three
different hulls: C, C1, and C2, under various operating conditions out-
lined in Table 4. Detailed data can be found in Appendix C, Table 7. For
the stepless case, data is once plotted as a function of Froude Number,
and once as a function of wave steepness value to provide a better un-
derstanding of the effects of these two parameters on motions (note that
for the stepped cases there is not much variety in the steepness value).
Table 7 presents the values of maximum, minima and RMS of heave
motion of three different hulls, as found through both CFD simulation
and experimental tests.

The results illustrate that CFD predictions of heave motion for non-
stepped C hull, one-stepped C1 hull, and two-stepped C2 hull are

14

reasonably accurate, although the accuracy varies across different
speeds and wave conditions. Given the randomness of the waves and the
limited time duration of experimental tests, it is very challenging to
reach a perfect match between CFD data and the experimental data.

Due to the nonlinear nature of vertical motions in random waves,
RMS values of CFD runs align more closely with experimental data as
compared to mean values, particularly for C2. The largest errors of CFD
simulations in the prediction of RMS of heave maxima of C and C2 are
seen at the lowest speed, though the largest errors of CFD simulations in
the prediction of RMS of heave maxima of C1 are seen at the Frz =5.67.
The largest errors of the CFD model in the prediction of the heave
minima of C are seen at the lowest speed, but for the stepped cases, the
largest errors are seen at the largest speed.

In cases where the hulls are exposed to similar random waves at
various speeds (e.g., Cases 12, 13, 14 for C hull; Cases 27, 28, 29 for C1;
and Cases 30, 31, 32 for C2), the addition of steps to the hull leads to a
reduction in the RMS of heave maxima and minima. This reduction is
more noticeable for the hull with two steps, especially at higher speeds.
Note that a deeper discussion on the effects of step on wave-induced
heave, pitch, and vertical acceleration is available in Section 5.

High-speed planing hulls demonstrate nonlinear behavior, especially
in the relationship between local wave elevation and craft motions. This
nonlinearity becomes more pronounced as the speed increases, resulting
in distinct characteristics in the time histories of motions and
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Fig. 14. Statistics of normalized heights, maxima, and minima for pitch motions of the three hulls at different cases: a) C, b) C1, and c¢) C2.

accelerations. C. Judge et al. (2020) emphasizes the importance of uti-
lizing time history data of mechanically generated wave for generating
irregular waves in the CFD tank, rather than relying solely on spectra, to
accurately simulate such conditions. Additionally, ensuring occurrence
of a similar number of motions between CFD and experimental data is
crucial for meaningful comparisons. If experimental work and CFD
models did not record the same number of motions, it can affect pa-
rameters like 1/3 and 1/10 values, particularly in cases with larger
motions. The lack of comprehensive experimental data on the time
history of generated wave and number of recorded motions along with
lack of verification studies on irregular seas further complicates the
matter, as replicating these conditions and conducting repeated tests for
statistical analysis are resource-intensive tasks. Consequently, even
minor variations in wave elevation time histories, despite matching
energy spectra and significant wave height, can significantly affect
response parameters such as heave, pitch, and center of gravity

acceleration. Therefore, observed differences between experimental
data and CFD simulations in mean, RMS, and the parameter r for max-
ima and minima of heave and pitch values are believed to be attributable
to these inherent differences in wave elevation time histories and
response characteristics that were not available. To comprehensively
analyze these differences, detailed attention should be paid to the
response characteristics of towing tank tests, including having a time
history of waves and the number of motions, probability distributions of
responses, individual maxima and minima, and statistical analysis
values such as 1/3, 1/10, and 1/100 of individual peaks. Incorporating
these analyses would provide a clearer understanding of the observed
discrepancies in the response parameters among different cases.

The pitch motion extremes, maxima and minima, predicted by the
presented CFD setup and those collected in experiments for hulls C, C1,
and C2 are shown in Figs. 7, 8, and 9, with their corresponding values
presented in Appendix C, Table 8.
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Fig. 14. (continued).

The largest errors in CFD simulations in the prediction of the RMS of
pitch maxima of C1 and C2 are observed at the lowest speed. However,
the largest errors of the CFD simulations in predicting the pitch maxima

of C are found at Froude numbers 2.94 and 5.67, which are observed to
be more remarkable for larger wave steepness values.
CFD model has larger errors in the prediction of the RMS of pitch
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Fig. 14. (continued).

4 -3 -2-10 1 2 3

¢/v/mo

-b

minima of C at Frg = 2.94 and 5.67, which is similar to what was
observed for RMS of pitch maxima. The errors are seen to increase under
the increase of the wave steepness. However, for the stepped cases, the
largest errors in the prediction of the RMS of pitch minima are observed
at the highest speed. The accuracy of the CFD model in the prediction of

RMS of pitch minima of both stepped hulls is promising. For C1, all cases
are run for a unique value of wave steepness (see Table 4), C2 hull, Cases
32 and 33 are run for different wave steepness values. This helps us to
also analyze the effects of wave steepness on the accuracy level of the
CFD model in the prediction of the motions of the double-stepped hull.
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Fig. 15. Normalized maxima, and minima probability distributions, for CG acceleration of the three hulls at different cases: a) C, b) C1, and c¢) C2.

Interestingly, an increase in wave steepness would lead to a higher level

of accuracy in the prediction of the pitch motion of C2.

The acceleration data exhibit distinct characteristics compared to the

motions, allowing for the use of another analysis approach. The exper-
imental data is exclusively available for minima and specifically for the
gamma distribution parameters alpha (shape factor) and beta (scale
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Fig. 15. (continued).

factor).

A comparison between the experimental and CFD gamma distribu-
tion parameters of the minima CG acceleration for hulls C, C1, and C2 is
illustrated in Figs. 10, 11, and 12, with corresponding forcing conditions
listed in Appendix C, Table 9. The values of alpha (shape factor) closely

19

align with the experimental results for almost all three hulls, although
discrepancies are observed in certain cases for beta (scale factor).
Detailed statistical analyses for the acceleration data, as well as heave
and pitch motion, will be presented in the following section. Further-
more, the subsequent section will explain the probability distribution for
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Fig. 16. Statistics of heave, pitch, and CG vertical acceleration measurements of C hull.
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Fig. 17. Statistics of heave, pitch, and CG vertical acceleration measurements of C1 hull.

heave, pitch motions, and CG acceleration. Observations made in
Figs. 10, 11, and 12 provide good evidence for the favorable accuracy
level of the present CFD model in capturing the statistical behaviour of
acceleration of stepless and stepped hulls.

5. Statistical analysis of heave, pitch, and center of gravity
acceleration

5.1. Probability distributions

In this section, the probability distribution of heave and pitch mo-
tions along CG accelerations found in CFD simulations are calculated
and it is shown what probability distribution function would match
them. Heights, maxima and minima of heave/pitch motions and vertical
accelerations, ¢ are normalized using the Root-Mean-Square (RMS) of
the data (shown by Begovic et al., 2016), as per

= ¢/, 15)

where the relevant bandwidth parameter ¢ is defined as:

21

e2=1 - (1 - 2r° 1e)

The normalized heights of heave/pitch motions are seen to fit the
Rayleigh distribution. However, the normalized maxima and minima of
heave/pitch motions are observed to fit using the Extreme Value Dis-
tribution (EVD), as demonstrated in Figs. 13 and 14. As for vertical ac-
celerations, the normalized maxima and minima are found to fit the
Gamma distribution, as shown in Fig. 15.

Seakeeping aspects are of paramount importance in the context of
high-speed vessels, primarily due to the significant accelerations expe-
rienced during operation. These high accelerations not only affect pas-
senger and crew comfort but also pose operational challenges for cargo.
Furthermore, events such as slamming can induce substantial loads and
impact the fatigue life of the vessel’s construction. One key distinction
between the seakeeping behavior of high-speed vessels and conven-
tional ships lies in the nonlinear relationship between local wave
elevation and vessel motions and accelerations. Time histories of mo-
tions and accelerations often exhibit complex characteristics, such as
sharp peaks or flat troughs, rendering them unsuitable for linear analysis
methods (ITTC, 7.5-02-04-05, 2014, 2014). This nonlinearity
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Fig. 18. Statistics of heave, pitch, and CG vertical acceleration measurements of C2 hull.

intensifies with the increase in speed. Semi-planing mono-hulls, oper-
ating at lower speeds, generally exhibit less complex responses. How-
ever, in our study, where hulls operated within the planing regime
(defined by Frp values greater than 1.5), the time histories of heave,
pitch, and acceleration displayed intricate characteristics, making them
challenging to fit into distributions. Consequently, deviations from ex-
pected distributions, as observed in Figs. 13, 14, and 15 for heave, pitch,
and CG acceleration, can be attributed to the presence of sharp peaks or
flat troughs in the time histories, reflecting the nonlinear nature of
high-speed vessel responses. These findings align with prior research by
Fridsma (1971), Begovic et al. (2016), and De Luca and Pensa (2019).

5.2. Statistics of CFD measurements

In this sub-section, the statistical analysis is carried out to investigate
how heave and pitch motion, along with CG vertical acceleration would
be affected by the change in speed and wave steepness. A range of sta-
tistical indicators, including the mean, 1/3, 1/10, and 1/100 highest
values are considered. The statistical analysis for heave and pitch
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motion, as well as CG vertical acceleration, encompassing the mean, 1/
3,1/10, and 1/100 highest values for hulls C, C1, and C2, is depicted in
Figs. 16,17, and 18. Detailed data can be found in Appendix D, Table 10.

The mean value, as a statistical indicator, shows the central tendency
of the data, helping us understand the typical dynamic response
exhibited by each hull. The 1/3 highest values provide an understanding
of the extreme or upper-tail behavior of the recorded motions. The 1/10
highest values can provide a better understanding of extreme events
happening during the ride of the vessel. And finally, by narrowing down
the threshold of defining extreme values, the 1/100 of largest values can
be found, which informs us of the most extreme outliers. To sum up,
analysis on the 1/3, 1/10, or 1/100 of highest values enables us to
identify critical behaviors of the hulls riding in random waves.

The mean values of heave responses for hulls C, C1, and C2 slightly
increase with speed, with C2 consistently exhibiting lower values
compared to C and C1. Notably, a wave steepness of 0.042, which cor-
responds to the highest significant wave height, results in larger heave
responses. Conversely, at wave steepness values of 0.028 and 0.063, the
responses are very close. For C2, runs were only performed for wave
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Fig. 19. Effect of step configurations on heave, pitch, and CG acceleration statistics with increasing Froude numbers in identical irregular wave conditions.

steepness values of 0.028 and 0.063, and larger waves can lead to lower
mean values of heave response.

The 1/3 and 1/10 highest heave responses follow a similar pattern
observed in the mean values, slightly increasing with speed. However,
the 1/100 highest heave response behaves differently, exhibiting an
abrupt increase from Froude number 2.92 to 4.71, flattening out at Frp
> 4.71. For C2 slightly larger values may be recorded at 4.71 compared
to higher speeds, but for C and C1, the 1/100 highest heave response of
the two greater speeds are nearly equal.

For pitch responses, the mean and 1/3 highest pitch response of hulls
C, C1, and C2 show insensitivity to speed. However, the 1/10 and 1/100
values may reach lower values at the highest speed, which is noticeable
for C2 (i.e., case 32). An increase in wave steepness results in decreased
mean and extreme pitch values for C and C2 (case 32 and case 33), with
C1 showing less sensitivity to speed.

The mean values of CG vertical acceleration responses for C, C1, and
C2 are slightly increased by speed (but not very significantly), with C
consistently exhibiting higher values than C1 and C2. The 1/3, 1/10,
and 1/100 highest CG vertical acceleration responses for C exhibit an
abrupt increase from Froude number 2.92 to 5.67. An increase in wave
steepness at the same speed leads to an increase in CG vertical accel-
eration responses, except for 1/100 highest CG vertical accelerations,
which decrease after wave steepness goes beyond 0.042 (it peaks at this
wave steepness, which is similar to what was observed for heave
response, see the first column of Fig. 16). The 1/3, 1/10, and 1/100 of
CG vertical acceleration responses for C1 and C2 decrease up to
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Frp=4.71 but increase thereafter, with C1 showing more pronounced
changes.

In Fig. 19, the effects of adding steps to the bottom of the vessel on
statistical parameters, are explored. Results of this Figure correspond to
data collected for cases in which similar speeds and waves were modeled
(Cases 12, 13, 14 for the C hull; Cases 27, 28, 29 for C1; and Cases 30, 31,
32 for C2).

The mean, 1/3, and 1/10 highest heave and pitch heights among the
three hulls exhibit similar behaviour at different speeds. There might be
some slight differences which are not significant. For example, the mean
amplitude of heave and pitch of a one-stepped hull are seen to be slightly
larger than those of a double-stepped hull and a non-stepped hull at the
largest speed. The other example is the mean heave and pitch responses
observed at the lowest speed, which are seen to be slightly larger when
no step is incorporated on the bottom. However, when focusing on the
1/100 highest values of recorded heave and pitch motions, differences
become more significant. The two-stepped hull may have higher
extreme heave and pitch motions compared to the other hulls. The 1/
100 highest heave responses of this double-stepped hull are larger than
those of the other cases at all three speeds. The 1/100 highest pitch
response of the double-stepped hull is larger than those of the stepless
and single-stepped hull at the early planing speed, but the highest
planing speed, 1/100 highest pitch response of the double-stepped hull
becomes lower than those of the two other hulls. This is a very inter-
esting point, showing that adding two steps on the bottom of the hull
may cause more extreme heave motions and less extreme pitch motions
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Fig. 20. Exploring Kurtosis (K) and Skewness (S) variations in heave, pitch, and CG vertical acceleration for a C hull under various operating conditions.

at the highest speed. It may be related to the fact that a double-stepped
hull may be more sensitive to longer waves, which may cause larger
heave motion, but lower pitch motion.

Additionally, the mean, 1/3, 1/10, and 1/100 highest values of CG
vertical acceleration for stepped hulls are lower than those for non-
stepped hulls, except at the minimum speed. For instance, at
Frg=5.67, the 1/100 highest values of CG vertical acceleration of the
two-stepped hull (C2) are 31 % lower compared to the non-stepped hull
(C). But interestingly, at the lowest speed (corresponding to Frg=2.94),
the 1/100 highest values of CG vertical acceleration of the non-stepped
hull are seen to be relatively lower than those of the stepped hull. This
shows that a stepped design would decrease the vertical accelerations
mostly at higher speeds. This might be due to the fact that the wetted
surface decreases under the increase of speed which would possibly
decrease the acceleration, but a moderate planing speed would not
benefit the vessel as a larger maximum pressure area would appear on
the bottom of the vessel.

6. Exploring skewness and kurtosis in heave, pitch motions, and
CG acceleration

The skewness and kurtosis of heave, pitch motions, and CG accel-
eration may inform the general behavior pattern of the vessel riding in
random waves. Skewness measures the asymmetry pattern of each cycle
of the response, and kurtosis assesses its peakedness. High values of
kurtosis may inform about the likelihood of extreme events.

In general, it is expected that CG acceleration does not follow a
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normal distribution. In addition, a high kurtosis value of CG acceleration
may indicate a greater chance of experiencing extreme CG acceleration
events, potentially causing discomfort, injury, or damage. A positive
value of CG acceleration would indicate that large acceleration is mostly
in the upward direction.

Figs 20, 21 and 22 display the kurtosis (K) and skewness (S) varia-
tions for heave, pitch, and CG vertical acceleration in three distinct hull
types: C, C1, and C2. The corresponding values can be found in Ap-
pendix E, Table 11. Skewness values of heave motions of a stepless boat
mostly range between 0 and 1, and those of its pitch motion vary be-
tween —0.2 and 0.2. The skewness of the heave response of a non-
stepped planing hull is seen to be insensitive to speed, though it is
increased under the increase of wave steepness. The skewness of heave
and pitch responses of stepped hulls, however, are seen to increase under
the increase of speed, while growing under the increase of wave steep-
ness. This shows that all planing boats may show stronger non-linear
heave and pitch motions when waves become larger. But only speed
may affect the nonlinear behavior (asymmetric pattern of each cycle) of
heave and pitch motions of stepped hulls.

The skewness of CG acceleration of all three hulls is seen to increase
under the increase of speed and wave steepness values, as it was ex-
pected. The nonlinearity associated with vertical acceleration is much
stronger as compared to those of heave and pitch displacement and is
always intensified under the increase in speed.

Kurtosis values of heave and pitch displacement are seen to be nearly
3 in most of the cases with wave steepness value below 0.04. When wave
steepness exceeds this value, kurtosis of heave displacement may reach
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up to 4.0 and this may cause a sharper crest and shallower trough.
Kurtosis of vertical acceleration is seen to slightly increase under the
increase of speed. For the double-stepped hull, the kurtosis of vertical
acceleration is seen to be insensitive to wave steepness, but for the
stepless hull, kurtosis increases under the increase of wave steepness
reaching a peak value at wave steepness of 0.04. This may lead to very
extreme vertical accelerations, which shall be discussed later.

The interesting point is about the kurtosis of different hulls. At the
lowest speed, the kurtosis of CG acceleration for C is lower than that of
C1 and C2. This aligns well with the observations of the 1/100 highest
CG acceleration at this speed, as depicted in Fig. 19. As was observed,
hull C was exposed to lower values of 1/100 highest CG acceleration at
this speed. However, at the highest speed, a shift occurs: the kurtosis of
C2 is the lowest, whereas that of C is the largest. This pattern is
consistent with the findings in Fig. 19, where the 1/100 highest CG
acceleration of C2 was recorded as the lowest, and that of C was the
largest at this speed.

7. Exceedance probability of wave profiles, heave, pitch, and CG
acceleration

Figs. 23, 24, and 25 show the probability density functions (PDF) of
wave profiles, heave, pitch, and CG acceleration of planing hulls C, C1,
and C2 under various operational conditions. In these plots, the solid red
curve represents a Gaussian distribution, with the highest point on the
curve corresponding to the mean value. If a PDF follows this Gaussian
distribution, it imposes that the recorded signal shows a Gaussian
behavior.

As seen in the PDFs recorded water waves, generated in the nu-
merical tank are in line with the Gaussian distribution, suggesting that
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no nonlinearity has emerged in waves propagating across the numerical
tank. PDFs of recorded heave motions is skewed towards positive values
for the cases for which the skewness was found to be relatively large (for
example: highest speed for all hulls). The PDF of pitch motion of all cases
are seen to nearly match with Gaussian distribution but partially skewed
toward negative values at the two lowest speeds. The PDFs of the ver-
tical acceleration of all three hulls is seen to be skewed toward positive
values at two higher speeds. The very interesting point is about the PDF
of the vertical acceleration of the stepless boat at the lowest speed,
which is skewed toward negative values (with negative skewness).

In Figs. 26, 27, and 28, the Exceedance Probability Function (EPF)
for crest height in wave profiles, heave, pitch, and CG acceleration of
planing hulls C, C1, and C2 under varying Froude numbers and random
wave conditions is presented. The solid red curve represents the Ray-
leigh distribution function. When the data diverges more the from
Rayleigh distribution curve, nonlinearities are stronger and resulting
extreme events are more probable. Most of the cases for wave profiles,
heave and pitch closely follow the Rayleigh distribution in the analysis.

However, when the EPF data deviates from the mean value and di-
verges further from the Rayleigh distribution curve, it suggests that the
data is not accurately represented by the Rayleigh distribution. In cases
15, 19, 29, and 33, the heave motion shows distinct behavior from the
tail of pure Rayleigh distribution. This suggests that these cases expe-
rience conditions that result in unfavorable heave responses (this
behavior has also been demonstrated in the Fridsma (1971) report). The
reasons for this divergence could be attributed to the nonlinear motion
of the vessel which correlates with the kurtosis value. A kurtosis value
greater than 3.0 would cause the data to diverge from a normal EPF to a
higher degree. Additionally, this deviation is most prominent in the CG
vertical acceleration data, especially for case 17, where the vertical



R.N. Bilandi et al.

Applied Ocean Research 149 (2024) 104046

. -ofi r CG Acc.
109 wave profile 10° H“f‘\(’ ) 109
(=) : ,
™ w0 <10
=< =
v 22 = 10
©
O 2
wsll \ ) 1073
5250 25 5 & 5
¢/vmy ¢/vmy
10° — 10", 10"
b : 10!
™m 10 10 “~
< = =
(Vu) & 10-2| & 102 R 10-2
Q > 3
10-5 107? 10 -
5 5 5-25 0 25 5 5 5 -25 0 25 5

case 32

10[7
(32
o™ ig-1
(W =
n =
© =102
(S}
525 0 25 5 107,
(/\/m“

25 0 25 5

¢/vme

¢y ¢/vme

Fig. 25. Probability Density Functions for wave profiles, heave, pitch, and CG acceleration of the C2 planing hull under various operating conditions. The solid red

curve represents a Gaussian distribution.

acceleration is notably the largest among all cases and the related Kur-
tosis value is greater than 6.0.

8. Examining hull motion and CG acceleration through spectrum analysis

Figs. 29, 30, and 31 show spectra of heave, pitch, and CG accelera-
tion of C, C1, and C2. The spectrum is found using Fast Fourier Trans-
form (FFT). The curves are presented on a logarithmic scale. This allows
us to understand the slope of the tail of the spectrum, and compare it
against that of the JONSWAP spectrum, decay of which is proportional
to @~5. The more the spectrum of the motion deviates from the »~> and
decays with a larger, the more that response deviates from the tail of the
spectrum. If the tail of spectrum decays with a lower rate, it means
response is more sensitive to the shorter wave as expected. Here, we
need to note that the reason for focusing on the tail of the spectrum is
that it is related to shorter waves (shorter periods), which happen more
frequently. In addition, it is observed that there are no local peaks in the
spectra of heave, pitch, and CG acceleration over low frequencies, which
ensures that the local peak observed in the wave spectrum (Fig. 3) is not
a cause for concern.
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The tail of the heave and pitch spectra are seen to slightly follow and
be relatively (not completely) proportional to >, as compared to
vertical acceleration. This indicates that these responses would be
responded to shorter waves to some degrees. Over the larger frequency
(ﬁp > 1.5) the tail of spectrum may deviate from > and decreases with
a lower rate, which means some non-linear effects may shift the energy
of motions towards very short periods. The tail of heave spectrum of
stepless boat is seen to deviate more from > at the lowest considered
speed and decreases with a greater rate than >, it well aligns to »~ at
the medium speed, and again it may deviate from w > at the largest
speed, but this deviation is less significant as compared to the lowest
speed. Interestingly, there is a correlation between this deviation and the
mean value of the heave response (please see the circle markers in
Fig. 19, mean heave panel). The larger the deviation, the smaller the
mean heave. The tails of the heave spectrum of stepped hulls (C1 and
C2) deviate more from @~ at lower speeds, and then its slopes converge
to w™° as the speed increases. It is different from what was observed for
the stepless hull. But the interesting point is that a link between the
deviation of the tail of spectrum from »~° and mean values of heave
response can be seen.
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The tails of pitch spectra of all three boats are seen to decay with a
slightly larger rate than o> at the lowest speed, then they nearly decay
with rates of ~ > at the medium speed, and at the largest speed, they
decay with a slightly lower rate than o> at the largest speed.

The slop of the tail of the CG acceleration spectrum deviates from
w~> across all cases as compared to heave and pitch responses. Inter-
estingly the slope of the tail of CG acceleration spectra is lower than >
. These deviations signify that vertical acceleration with a relatively
short period is more sensible on the boat as compared to heave and pitch
displacement and energy associated with acceleration may be highly
transferred to larger frequencies.

9. Conclusions

In this study, the Siemens PLM STAR-CCM+ software, version
17.02.007, was employed to conduct simulations of planing hulls in
varying wave conditions. Utilizing an implicit Unsteady Reynolds-
Averaged Navier-Stokes (URANS) solver, the hydrodynamics of
planing hulls were modeled, particularly focusing on their behavior in
random wave environments. Through the application of the Finite
Volume Method (FVM), the integral form of the Navier-Stokes equations
was discretized to facilitate numerical simulation of incompressible
viscous flows around the stepless and stepped planing hulls. Specifically,
the DFBI approach within the Siemens PLM STAR-CCM+ solver was
employed, allowing for the resolution of forces and moments acting on
the stepped planing hull in both pitch and heave degrees of freedom.

This research focused on analyzing planing hull behavior in irregular
waves through Computational Fluid Dynamics (CFD) modelling. Inves-
tigating the models C, C1 and C2 which are from Taunton systematic
series enabled a comparative analysis between dynamic responses of
stepless, single-stepped, and double-stepped hulls, offering insights into
their dynamic motions in random waves. The study aimed to statistically
analyze CFD results in random waves, lacking in existing literature, and
aimed to build a promising CFD model capable of simulating planing
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motion in real sea conditions. The paper presented an in-depth analysis
of probability distributions, statistical indicators, skewness, kurtosis,
Exceedance Probability Functions (EPF), and spectral characteristics of
heave, pitch, and CG acceleration of C (stepless hull), C1 (single-stepped
hull), and C2 (double-stepped hull). The findings contribute to a better
understanding of planing hull dynamics in irregular waves, benefiting
future naval architecture designs and bolstering the use of CFD simu-
lations in this domain.

Time histories of motions and accelerations in non-stepped and
stepped high-speed planing hulls were displayed intricate characteristics
like sharp peaks or flat troughs, making them unsuitable for linear
analysis methods. This nonlinear relationship contrasts with conven-
tional ships, where the relationship between local wave elevation and
vessel motions and accelerations tends to be linear. Deviations from
expected distributions observed in the data underscore the complex
nature of high-speed vessel responses. These findings, consistent with
observations of previous studies, provide valuable insights into the
behavior of high-speed vessels in irregular wave conditions.

In general, it was shown that adding steps to the bottom of the vessel
can significantly affect the hull behaviour in waves, particularly influ-
encing heave, pitch, and CG vertical acceleration heights, which vary
depending on speed and wave steepness. These observations suggest
that the incorporation of steps on the vessel’s bottom influences the
overall characteristics of heave, pitch, and CG vertical acceleration. The
difference in step configurations notably alters extreme motions, as
evidenced by the significantly higher extreme heave motion observed in
the two-stepped hull across all speeds, while the 1/100 highest pitch
responses decrease at the highest speed. This shows the significance of
hull design in managing extreme motions during high-speed operation.
Additionally, stepped hulls generally exhibit lower CG vertical acceler-
ation values, except at the lowest considered speed, where non-stepped
hulls display relatively lower 1/100 highest CG vertical acceleration
values compared to stepped hulls. For instance, at Frg= 5.67, the 1/100
highest values of CG vertical acceleration of the two-stepped hull (C2)
are 31 % lower than those of the non-stepped hull (C), highlighting the
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influence of step configurations on motion characteristics.

Statistical analysis showed that the heave and pitch displacement
deviate from the pure Rayleigh distribution over higher Froude
Numbers, and their corresponding time series may not follow Gaussian
distribution. Pitch response was found to be skewed toward negative
values at low two speeds, which was more remarkable for the stepless
case, and heave response was seen to be skewed towards positive values,
which was observed to be more significant under the increase of speed. A
Correlation between 1/100 highest values of responses of the stepped
hull and stepless hull one. The tail of heave and pitch spectra deviate less
from >, while that of CG acceleration spectrum was seen to highly
deviate from w~°, decaying with a very lower rate.

In the present investigation of simulating high-speed planing hulls in
irregular waves using STAR-CCM+ software, it is crucial to recognize
several inherent limitations. Firstly, CFD simulations rely on various
assumptions and simplifications to model complex fluid flow phenom-
ena. These assumptions and simplifications encompass factors such as
turbulence modeling, boundary conditions, and numerical discretiza-
tion methods, which may not fully capture the actual fluid dynamics.
Additionally, the motions of planing hulls are strongly nonlinear, posing
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challenges in accurately capturing their behavior using any non-physical
model. Simulating irregular seas presents further difficulties due to the
complex nature of wave groups. Moreover, the lack of comprehensive
experimental and systematic data and verification studies on planing
hulls in irregular seas compounds these challenges. Replicating irregular
sea conditions in experimental tests is challenging, and conducting
multiple runs for statistical analysis in towing tanks is resource-
intensive. These limitations underscore the complexities involved in
accurately simulating high-speed planing hulls in irregular waves and
emphasize the need for cautious interpretation of results. Furthermore,
the present model is not developed to consider fluid-solid interactions
and related hydroelastic responses, which adds another layer of limi-
tation to the current computational model. Additionally, our study is
limited to head sea conditions, and the hull is restricted in heave and
pitch free motion. Finally, the present results and CFD model do not
consider bio-model sea and interaction of different wave groups.

The present CFD setup holds promise for assessing the design phase
performance of fast boats in rough water conditions. Future studies
should focus on developing a mathematical model to predict the sea-
keeping performance of planing hulls in real sea conditions and advance
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Fig. 29. Spectrum of heave, pitch, and CG acceleration of C hull under various operating conditions.
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Fig. 31. Spectrum of heave, pitch, and CG acceleration of C2 hull under various operating conditions.

CFD modeling for their maneuvering in random waves. Furthermore,
future investigations will involve conducting simulations for a single
hull using a CFD/mathematical model over various time durations
(ranging from 100 to 400 s) to assess the sensitivity of parameters such
as 1/3 and 1/10 values to the duration and number of motions.
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Appendix A: CFD Model Mesh Independence Study

A mesh independence study was conducted to determine the most suitable mesh for numerical experiments in CFD modeling. Results from nu-
merical simulations indicate that the optimal choice for simulations is a fine grid containing almost 3.9 million of cells. All the CFD data presented in
this paper were computed using G3. The results shown in Figs. 32 and 33 confirm that the heave and pitch response converge across all three hulls.
Table 6 displays the four grid sizes utilized in this grid study.

Table 6

Generated grids.
Grid Name Number of cells in Million

C C1 c2

G1 1,981,889 2,012,145 2,080,656
G2 2,798,441 2,812,650 2,840,122
G3 3,928,571 3,971,462 3,979,812
G4 5,212,945 5,321,456 5,362,321

T T T T

— A
©-Case 14 (C) =7 Case 29 (C1) - #--Case 32 (C2)
L Il L L
2 3 4 5 6
Number of cells %100
Heave maxima
0.1 : ‘ Y !
0.08 - . g |
£ 0.06 - i
20.
< 0.041 st Y R
©-Case 14 (C) —7Case 29 (C1) - #--Case 32 (C2)
0.02 - N
0 1 1 1 L
1 2 3 4 5 6
Number of cells x10°
Heave minima
0.1 : .
0.08 - ©-Case 14 (C) —7Case 29 (C1) -#--Case 32 (C2) -
U) [ -
= 0-00 D U . . o
& 0.04+ e > * i
0.02 - J
0
1 6

6
Number of cells x10°

Fig. 32. Mesh convergence study for the CFD model. The data demonstrate the convergence of the mean highest values of heave and the distribution parameters of

heave motion extremes (Maxima and Minima) for hulls C, C1, and C2, operating at a maximum beam Froude Number of 5.67 and a wave steepness of 0.028.
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Fig. 33. Mesh convergence study for the CFD model. The data demonstrate the convergence of the mean highest values of pitch and the distribution parameters of
pitch motion extremes (Maxima and Minima) for hulls C, C1, and C2, operating at a maximum beam Froude Number of 5.67 and a wave steepness of 0.028.

36



R.N. Bilandi et al.

Applied Ocean Research 149 (2024) 104046

Appendix B: Time histories of heave, pitch, and CG vertical acceleration for C, C1, and C2 hulls

-

(C2 hull)

A B C D E G H

——Case 13 (C hull) - - -Case 28 (C1 hull) ~~Case 31
T T T T T T

t/Tin=0.99

ol Surtace Pressre, Cp

—

L ’ n

1

(=]

2/ Hy

'
o

o MBI 0
—_
| LF
[—
0g MEH T 00
_

- to Ut o

(=]

ol SurtacePesure, Cp
050 " 527 "5067 % 040
— "

0/k
]
WK = O =N W
T "alnalel T
- o ~—
i
—

Ml Surtace Pressure,
050 " 527 " 5067 040

(=]

Zca/g

-0 = N W

Mol Surace Pressure,
050 " 577" " 5067 040
—

ol Surtace Pressur,
000 ™ 0%7 " "5067 < 0s0
—

-
:
o M : -
> i
-
o M ' it
'
! =
S . i
;
o T ' ot TS
Al
:
| p—
: ' A
:
,,,,,,,,,,,,,,,,,,,,,,, - ; .
-
o M o ‘ st AT 0
i
= 1 e
e - Ja—

Mol Surtce Fressue. Cp
50 " 527" " G067
—

o g

ol Surface Pressure, o
527" 0067

2

0.0 060 0.40

L

s —

\

Mol Surtace Pressue, Gp
527

s e,
0.067 TEREY k)

67

260

0.0 i

060 " 53
—

040

37

e B

E

Holl urface Pressur, Cp
027" 0067

| it/Tin=5.84

060 040

Wl Surtace Pressure, o
060 527" 5067 " 040

080 5067

527

040

Wl Surface Pressure, Gp
—

Holl Surtce Pressue, Cp
060 527 5067 © 040

—

n Holl Surtce Pressue, Cp

1 080 ™52 5067~ 040

. — "

' Holl Surtce Pressue, Cp

~ e 537" " 5067 © 040
— "




R.N. Bilandi et al. Applied Ocean Research 149 (2024) 104046

Appendix C: Distribution parameters

Table 7
Distribution parameters for maxima and minima of heave motion.

Cases Heave maxima Heave minima

EXP CFD EXP CFD

Mean RMS r Mean RMS T Mean RMS r Mean RMS r
C
12 1.273 2.654 0.215 2.646 2.863 0.000 —0.036 0.043 0.079 —0.056 0.059 0.000
13 1.259 1.530 0.051 1.648 2.020 0.086 —0.040 0.045 0.028 —0.051 0.055 0.000
14 2.229 2.833 0.042 1.379 1.907 0.149 —0.055 0.058 0.000 —0.046 0.052 0.047
15 0.894 1.217 0.120 1.763 2.019 0.015 —0.032 0.036 0.033 —-0.011 0.018 0.211
16 0.795 1.007 0.069 1.297 1.418 0.000 —0.025 0.031 0.033 —0.015 0.019 0.130
17 1.602 1.874 0.043 1.958 2.567 0.135 —0.080 0.087 0.000 —0.078 0.085 0.013
19 1.252 1.473 0.065 2.592 2.768 0.000 —0.030 0.032 0.000 —0.046 0.049 0.000
Cl
27 0.030 0.036 0.026 0.039 0.047 0.060 —0.027 0.036 0.165 —0.016 0.026 0.209
28 0.045 0.057 0.114 0.065 0.071 0.000 —0.047 0.051 0.000 —0.008 0.025 0.346
29 0.048 0.058 0.043 0.072 0.080 0.011 —0.052 0.058 0.000 —0.009 0.023 0.359
G2
30 0.032 0.040 0.053 0.008 0.024 0.349 —0.030 0.037 0.065 —0.043 0.049 0.035
31 0.036 0.045 0.028 0.028 0.041 0.182 —0.040 0.045 0.000 —0.035 0.041 0.018
32 0.040 0.052 0.036 0.034 0.048 0.184 —0.044 0.050 0.037 —0.036 0.042 0.041
33 0.035 0.045 0.094 0.044 0.052 0.022 —0.038 0.041 0.000 —-0.014 0.021 0.157

Table 8
Distribution parameters for maxima and minima of pitch motion.

Cases Pitch maxima Pitch minima

EXP CFD EXP CFD

Mean RMS r Mean RMS T Mean RMS r Mean RMS r
C
12 0.038 0.052 0.12 0.006 0.023 0.368 —2.056 3.039 0.165 —0.343 1.216 0.384
13 0.039 0.056 0.139 0.020 0.035 0.259 —1.335 1.755 0.053 —-1.653 2.055 0.096
14 0.051 0.068 0.13 0.026 0.041 0.186 -2.929 3.767 0.125 -1.733 2.006 0.030
15 0.029 0.043 0.200 0.035 0.042 0.018 —1.363 3.067 0.160 —0.549 0.995 0.288
16 0.024 0.033 0.097 0.024 0.027 0.044 —0.941 1.087 0.034 —0.945 1.127 0.063
17 0.069 0.094 0.190 0.041 0.062 0.228 —1.239 2.203 0.261 —2.180 2.777 0.094
19 0.031 0.040 0.101 0.006 0.022 0.410 —-1.414 1.570 0.011 —1.264 1.730 0.179
Cl
27 1.223 1.465 0.076 1.694 2.047 0.116 -1.419 1.704 0.051 —0.941 1.540 0.200
28 1.329 1.633 0.125 1.096 1.555 0.153 —-1.611 1.790 0.026 —2.750 2.986 0.009
29 1.142 1.393 0.111 0.996 1.656 0.214 —1.287 1.507 0.037 —2.609 2.797 0.019
c2
30 1.24 1.498 0.048 1.722 2.010 0.037 —1.387 1.732 0.072 —0.863 1.459 0.252
31 1.402 1.587 0.000 0.888 1.416 0.217 —1.563 1.780 0.027 —2.296 2.681 0.047
32 1.419 1.658 0.107 0.633 1.398 0.313 -1.915 3.133 0.071 —2.650 2.880 0.000
33 1.426 1.809 0.063 1.004 1.495 0.187 —1.864 3.808 0.125 —2.159 2.342 0.000

Table 9

Gamma distribution parameters for minima CG vertical acceleration.

Cases Apxp Pexp. acrp Berp
C

12 1.657 3.094 1.776 1.215
13 1.538 6.636 1.400 2.970
14 1.864 11.56 1.491 3.715
15 1.644 11.874 1.857 2.905
16 2.810 2.879 1.488 1.874
17 2.043 13.063 2.015 3.459
19 1.577 5.475 1.377 2.288
C1

27 2.318 1.620 1.637 1.325
28 1.666 7.415 1.680 3.112
29 2.005 9.101 1.724 3.743
C2

30 1.706 2.344 1.395 1.536

(continued on next page)
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Table 9 (continued)

Cases Apxp Pexp acrp Perp

31 1.707 6.208 1.589 3.130
32 3.114 5.326 1.777 3.695
33 3.590 6.937 2.105 3.446

Appendix D: The statistical analysis for heave and pitch motions, and CG vertical acceleration

Table 10

Statistics of heave, pitch and CG vertical acceleration measurements of C, C1, and C2 hull.
Cases Zttmean. By ZHipo ZHy0 O iz Oy o Oty 0o CGtipean CGu, CGh, CG 100

H H; H; H; I3 Tk Tk Tk g g g g

C
12 0.682 1.086 1.363 1.538 1.836 3.220 4.009 4.395 0.045 0.156 0.454 1.026
13 0.797 1.291 1.571 2.098 2.052 3.505 4.469 5.537 0.219 0.927 1.580 2.537
14 0.806 1.347 1.657 2.104 1.933 3.314 3.843 4.616 0.296 1.186 2.140 3.592
15 0.527 0.862 1.131 1.518 0.655 1.164 1.487 1.680 0.153 0.813 1.929 3.506
16 0.441 0.611 0.696 0.728 2.785 4.160 4.811 5.344 0.040 0.222 0.622 1.493
17 1.340 1.968 2.332 2.598 1.713 2.768 3.383 3.910 0.145 0.428 1.312 4.601
19 0.587 0.991 1.300 1.767 1.090 1.641 2.019 2.836 0.113 0.332 0.931 1.838
C1
27 0.638 1.105 1.296 1.437 1.656 3.089 3.915 4.719 0.042 0.301 0.725 1.369
28 0.800 1.294 1.671 2.172 2.401 3.743 4.393 4.964 0.080 0.195 0.401 1.049
29 0.898 1.424 1.746 2.144 2.254 3.533 4.171 4.784 0.104 0.404 1.113 3.279
c2
30 0.582 1.013 1.350 1.645 1.598 2.995 3.727 5.279 0.038 0.364 0.767 1.428
31 0.718 1.185 1.615 2.231 1.961 3.451 4.408 5.751 0.080 0.206 0.490 1.737
32 0.791 1.294 1.644 2.348 2.018 3.537 4.143 4.417 0.097 0.314 0.763 2.484
33 0.640 1.011 1.366 1.800 0.874 1.395 1.792 2.380 0.136 0.357 0.856 2.541

Appendix E: Kurtosis and skewness variations in heave, pitch, and CG vertical acceleration

Table 11
Kurtosis (K) and skewness (S) variations in heave, pitch, and CG vertical acceleration of C, C1, and C2 hull.

Skewness Kurtosis
Heave Pitch CG Acc. Heave Pitch CG Acc.
C
0.1027 —0.146 —0.3005 2.6475 2.6298 2.6814
0.2057 —0.1093 0.3131 2.818 2.6895 3.098
0.4368 0.0836 0.7432 3.333 2.536 4.3035
0.762 0.2141 0.9581 3.8098 2.9844 4.4119
0.1997 —0.1387 0.1112 2.5467 2.495 2.7372
0.3915 0.0613 1.371 2.8187 2.6155 6.0347
0.3931 —0.1213 0.2267 3.3605 2.8093 3.1474
C1
0.1899 —0.2261 1.86E-04 2.5793 2.8541 3.0304
0.3559 —0.1517 0.5685 2.9453 2.4309 3.022
0.6343 0.053 0.9466 3.6414 2.4109 4.0101
Cc2
—0.0052 —0.1669 0.1852 3.0715 3.1301 3.3307
0.3672 —0.2081 0.5058 3.0896 2.8041 3.3098
0.4479 —0.0012 0.7912 3.1659 2.5816 3.3632
0.7163 0.1217 1.0223 4.0307 29193 3.4649
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