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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 
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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 Università degli Studi di Napoli “Federico II.” 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 (𝐹𝑟𝐵 = 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. 
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Lühikokkuvõte 

Tõhusad kiirekäigulised väikelaevad: jõudlus rahulikus vees 
ja lainetes 

Tuginedes viimasele Rahvusvahelise Mereorganisatsiooni (IMO) strateegiale 
kasvuhoonegaaside vähendamiseks, on tekkinud kasvav nõudlus tõhusamate laevade 
järele. Heitkoguste vähendamiseks on oluline mõista, kuidas erinevad laevadisaini 
aspektid nagu hüdrodünaamika, jõuseadmed ja automatiseerimine mõjutavad laeva 
sooritusvõimet. Samas on IMO regulatsioonid suunatud peamiselt suurtele laevadele, 
jättes väiksemad alused, nagu osades piirkondades laialt levinud kiirkaatrid, suuresti 
tähelepanuta. See regulatiivne lünk toob seoses väiksemate alustega esile vajaduse 
täiendavate uuringute ja rangemate kontrollide järele. Läänemerel, eriti Skandinaavias, 
on kiirkaatrite arv elaniku kohta kõrge, kusjuures Soome, Rootsi ja Norra kuuluvad kõige 
arvukamate paadiomanike hulka. Ligikaudu 3,5 miljonit lõbusõidulaeva sõidavad 
Läänemerel rannikulähedases piirkonnas, kusjuures kiirkaatrite arvu suurenemine 
süvendab saastet, häirib laevaliiklust ja kujutab ohtu rannikupiirkondade elanike 
turvalisusele. Nende probleemide lahendamiseks on oluline arendada tõhusamaid 
kiirkaatreid. Innovatiivsed keredisainid, nagu astmelised kered, võivad oluliselt 
vähendada nende keskkonnamõju ja aidata kaasa Läänemere ökoloogilise ja 
majandusliku tervise säilitamisele. 

Astmelised laevakered võivad märkimisväärselt vähendada hõõrdetakistust. Astmete 
pikisuunaline asukoht ja kõrgus on üliolulised – strateegiliselt kere põhjal paigutatud 
astmed  tagavad voolu eraldumise astmetel ja piisava ventilatsioon/õhutus astmete 
vahel. Vale astmete asukoha ja kõrguse valik võib põhjustada astme ebaefektiivsust 
suurendades takistust ning läbi selle tõsta kütusekulu, vähendada dünaamilist 
sooritusvõimet, kahjustada meresõiduomadusi, viia stabiilsusprobleemide, meeskonna 
ohutuse vähenemise ja konstruktsiooni eluea lühenemiseni. Mõistmaks astmelise disaini 
kontseptsiooni, on hädavajalik mõista glisserite  (veepinnal libisev lamedapõhjaline 
kiirmootorpaat) hüdrodünaamilisi põhimõtteid. Astmed aitavad säilitada aluse 
väiksemat trimmi kõrgetel kiirustel, vältides suurenenud takistusjõudu ja tõhustades 
kütusesäästlikkust. Lisaks on päramootoriga glisserite kere ja sõukruvi interaktsioon 
minimaalne, rõhutades kere disaini optimeerimise tähtsust maksimaalseks 
kütusetõhususeks. 

Hoolimata nende potentsiaalist, puuduvad spetsiifilised juhised astmeliste kerede 
disainiks. Erinevaid astmete disaine saab kasutada takistuse vähendamiseks ja 
energiatõhususe parandamiseks, kuid nende optimeeritud kuju ja paigutus ning nende 
mõju meresõiduomadustele ja manööverdusvõimele on laevaehituse kogukonnas veel 
teadmata. Selle lünga täitmiseks on käesoleva doktoritöö eesmärk uurida erinevate 
astmeliste kerede hüdrodünaamikat, töötada välja uusi arvutuslikke- ja matemaatilisi 
mudeleid ning viia läbi  eksperimentaalseid mudelkatseid, et tuvastada, millised 
lahendused võivad viia kütusesäästliku keredisainini, võttes arvesse sooritusvõimet 
rahulikes vetes ja lainetes. 

Uuring astmeliste glisserite optimeerimiseks hõlmas kolme etappi. Esimene etapp 
keskendus sirgete astmetega glisseritele, kus töötati välja matemaatiline mudel, 
kasutades 2D+t raamistikku, ja arvutusliku vedelikudünaamika (CFD) seadet, mis põhineb 
piiratud mahtude meetodil (FVM), et simuleerida kere sooritusvõimet rahulikes vetes ja 
dünaamilist liikumist korrapärastes lainetes. Mudeleid valideeriti eksperimentaalsete 
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katsete tulemustega sirgete astmetega kerede sooritusvõime kohta rahulikes vetes. 
Kuna eksperimentaalsed andmed astmeliste kerede kohta regulaarsetes lainetes olid 
puudulikud, kasutati mitte-astmeliste kerede andmeid mittelineaarse liikumise 
valideerimiseks. Kontrollanalüüs kahe mudeli vahel regulaarsetes lainetes näitas tugevat 
vastavust, rõhutades nende sobivust varajases staadiumis disaini ja sirgete astmetega 
glisserite parameetrilisteks testideks. See etapp keskendus peamiselt sirgetele 
astmetele, jättes kõrvale astmed (swept step) 

Teine etapp tutvustas uut astmeliste kerede seeriat, mida arendati ja katsetati Napoli 
Ülikooli “Federico II” tööstusinseneeria osakonna katsebasseinis. Kaheksat  erineva 
kõrguse ja asendiga üheastmeliste vöörisuunalise kere (single forward-swept step) 
mudelit hinnati takistuse suhtes rahulikes vetes. Mudelitel oli läbipaistev põhi, mis 
võimaldas vaadelda märgunud pindu ja keerisvoolu nähtusi astmete taga. Sooritusvõime 
varieerus oluliselt erinevate kiirusvahemike puhul, kusjuures C04 kere (ühe 
vöörisuunalise astmega 48,3% kere pikkusest ja astme kõrgus 0,91% BTC) näitas väga 
suurte kiiruste (𝐹𝑟𝐵  = 3.9–4.97) puhul parimat sooritusvõimet. Kahe astmega kerede seas 
oli hea sooritusvõime  ka C08 kerel, millel oli lisaks aste ahtris 31,6% kere pikkusest. 
Katsebasseini katsete piirangute tõttu, mis ei võimalda täpselt jäädvustada rõhujaotust 
ja voolu eraldumist, viidi läbi üksikasjalikud CFD uuringud. CFD analüüs, mis võrdles 
märgunud pindade kujusid eksperimentaalsete andmetega näitas, et CFD suudab täpselt 
ennustada märgunud pindade kujusid. Analüüs näitas, et ülekattuvate võrkude 
lähenemisviis ületab morfoloogilise võrgustiku meetodi keeruliste glisserkerede puhul nii 
numbrilise ebamäärasuse kui ka valideerimise osas. 

Kolmas etapp laiendas uuringut ebakorrapäraste lainetingimuste jaoks, kasutades CFD 
modelleerimist, et uurida sirgete astmetega, ühe astmega ja kahe astmega kerede 
dünaamilisi reaktsioone. CFD ja eksperimentaalsete tulemuste vahelisi lahknevusi 
analüüsiti, keskendudes ajalooliste andmete ja tipp- ja miinimumväärtuste 
tuvastamisele, kasutades lokaalse Maxima/Minima lähenemisviisi. Statistilised analüüsid 
paljastasid keerulised ja mittelineaarsed liikumismustrid, tuues esile kõrgete kiirustega 
glisserkerede dünaamika ebakorrapärastes meretingimustes. Tulemused näitasid, et 
kõige äärmuslikumad vertikaalse kiirenduse kõrvalekalded kahe astmega kerel 
kõrgeimatel kiirustel olid 31% madalamad kui mitteastmelisel kerel, samas kui ühe 
astmega kere näitas võrreldes mitteastmelise kerega 9% vähenemist. 

Kokkuvõttes pakub see terviklik lähenemine – matemaatilise modelleerimise, 
katsebasseini eksperimentide ja CFD simulatsioonide integreerimine – väärtuslikke 
teadmisi astmeliste kerede disaini optimeerimiseks erinevates töötingimustes, 
edendades laevaehituspraktikaid ja parandades laevade sooritusvõimet erinevates 
kiirusvahemikes. Selle uuringu tulemusi saab rakendada tõhusamate ja 
keskkonnasõbralikumate kiirkaatrite disainimisel ja arendamisel. Tulevased uuringud 
võiksid keskenduda erineva kõrguse ja asendiga astmete mõjule ebakorrapärastes 
lainetes, samuti erinevate astmekonfiguratsioonide mõju dünaamilisele stabiilsusele ja 
manööverdusvõimele, nagu pöörded ja siksakmanöövrid. 



10 

List of Publications 

This thesis comprises publications from the following peer-reviewed journals: 

I Niazmand Bilandi, R., Tavakoli, S., Dashtimanesh, A. (2021). Seakeeping of 
double-stepped planing hulls. Ocean Engineering, 236, 109475. 
https://doi.org/10.1016/j.oceaneng.2021.109475. 

II Vitiello, L., Mancini, S., Niazmand Bilandi, R., Dashtimanesh, A., De Luca, F., & Nappo, 
V. (2022). A comprehensive stepped planing hull systematic series: Part 1 -
Resistance test. Ocean Engineering, 266, 112242.
https://doi.org/10.1016/j.oceaneng.2022.112242.

III Niazmand Bilandi, R., Dashtimanesh, A., Mancini, S., & Vitiello, L. (2023). 
Comparative study of experimental and CFD results for stepped planing hulls. Ocean 
Engineering, 280, 114887. https://doi.org/10.1016/j.oceaneng.2023.114887. 

IV Niazmand Bilandi, R., Mancini, S., Dashtimanesh, A., Tavakoli, S. (2024). A revisited 
verification and validation analysis for URANS simulation of planing hulls in calm 
water. Ocean Engineering, 293, 116589. 
https://doi.org/10.1016/j.oceaneng.2023.116589. 

V Niazmand Bilandi, R., Tavakoli, S., Mancini, S., Dashtimanesh, A. (2024). Dynamic 
Motion Analysis of Stepless and Stepped Planing Hulls in Random Waves: A CFD 
Model Perspective. Applied Ocean Research 149:104046. doi: 
10.1016/j.apor.2024.104046. 

And the following relevant publications in peer-reviewed conference proceedings: 

VI Dashtimanesh, A., Ghaemi, M. H., Wang, Y., Karczewski, A., Niazmand Bilandi, R., 
Hirdaris, S. (2022). Digitalization of High Speed Craft Design and Operation 
Challenges and Opportunities. Procedia Computer Science, 200, 566–576. 
https://doi.org/10.1016/j.procs.2022.01.254. 

VII Niazmand Bilandi, R., Dashtimanesh, A., Tavakoli, S. (2023). Stepped Hulls Early Stage 
Design by Implementing 2D+t Method. In HSMV 2023 (pp. 23–32). IOS Press. 
https://doi.org/10.3233/PMST230005. 

VIII Niazmand Bilandi, R., Mancini, S., Dashtimanesh, A., Lakatos, M. (2023). How to 
Improve Full-Scale Self-Propulsion Simulations? A Case Study on a Semi-
Displacement Hull. In HSMV 2023 (pp. 265–274). IOS Press. 
https://doi.org/10.3233/PMST230034. 



11 

Author’s Contribution to the Publications 

Contribution to the papers in this thesis are: 

I Rasul Niazmand Bilandi:  Investigation, Software, Validation, Visualization, Writing 
– original draft. Sasan Tavakoli: Investigation, Software, Validation, Visualization,
Writing – original draft.  Abbas Dashtimanesh:  Supervision, Conceptualization,
Funding acquisition, Methodology, writing – review.

II Luigi Vitiello: Conceptualization, Methodology, Towing Tank Test, Visualization, 
Writing – original draft.  Simone Mancini:  Resources, Investigation, Data curation, 
Writing – review & editing. Rasul Niazmand 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. 

III Rasul Niazmand Bilandi: Software, Validation, Visualization, Formal analysis, 
Methodology, Writing – original draft. Abbas Dashtimanesh: Supervision, 
Conceptualization, Funding acquisition, Methodology, Formal analysis, 
Investigation, Project administration, Writing – review & editing. Simone Mancini: 
Software, Methodology, Writing – review & editing. Luigi Vitiello: Writing – review 
& editing. 

IV Rasul Niazmand Bilandi: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Resources, Software, Validation, Visualization, Writing 
– original draft. Simone Mancini: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Writing – review & editing. Abbas
Dashtimanesh: Funding acquisition, Supervision, Writing – review & editing. Sasan
Tavakoli: Formal analysis, Writing – review & editing.

V Rasul Niazmand Bilandi: Writing – original draft, Visualization, Validation, Software, 
Resources, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Sasan Tavakoli: Writing – review & editing, Investigation, Formal 
analysis, Resources. Simone Mancini: Writing – review & editing, Software, 
Resources, Formal analysis. Abbas Dashtimanesh: Writing – review & editing, 
Supervision. 



12 

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 (Moldanová 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 
(AI) 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 (𝐹𝑟∇ 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 𝐹𝑟𝛻 = 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 𝐹𝑟𝛻 = 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 
(𝐹𝑟𝐵  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 in increased 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 𝐹𝑟𝛻 = 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 𝐹𝑟𝛻 = 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 AI 
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. 



19 

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: 

• 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.

• 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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• 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). 

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 
𝐹𝑟𝐵=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 
in irregular 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: 

• Are the analytical equations and regression equations of non-stepped planing
hulls valid for stepped planing hulls?

• 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?

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

• 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: 

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

• 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: 

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

• 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: 

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

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

• 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?

• 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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Figure 3. Logical relations between the publications and objective within the thesis. 
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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 WaveWatchIII) 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: 

• 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.

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

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

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

• 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 (DII) of the Università degli Studi di Napoli 
“Federico II”. 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/s2. The carriage system is equipped with advanced sensors and a data-acquisition 
device to measure key parameters during hydrodynamic testing. These include: 

• Speed: Measured using a high-precision encoder with a resolution of 1.0 mm.

• Resistance: Assessed with a load cell of 0.003% accuracy and 0.005 N resolution.

• Trim: Evaluated by an accelerometer with an accuracy of ±0.1%.

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

• 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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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 

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

Item P1 P3 P4 P5 

Software 
version 

STAR-CCM+, 
2011, 
Version 
13.04. 

STAR-CCM+, 
2022, Version 
17.02.007. 

STAR-CCM+, 
2022, Version 
17.02.007. 

STAR-CCM+, 
2022, Version 
17.02.007. 

solver 
Implicit 
unsteady 

Implicit 
unsteady 

Implicit 
unsteady 

Implicit 
unsteady 

Implicit scheme SIMPLE SIMPLE SIMPLE SIMPLE 

Convection 
term 

2nd order 2nd order 2nd order 2nd order 

VOF scheme HRIC HRIC HRIC HRIC 

VOF Surface Regular wave Flat wave Flat wave Irregular waves 

Turbulence 
model 

Realizable 
𝑘 − 𝜀 

k-Omega SST
k-Omega SST/
Realizable 𝑘 −
𝜀

Realizable 𝑘 − 𝜀 

Temporal 
Discretization 

2nd order 1st order 1st order 2nd order 

Table 1. Solver settings for stepped hulls. 
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Iteration per 
time step 

10 5 5 10 

Mesh motion Overset Overset 
Overset/ 
Morphing 

Overset 

Overset 
Interpolation 
scheme 

Linear Linear Linear 
Distance-
weighted 
interpolation 

Wall treatment 
All y+ wall 
treat 

All y+ wall 
treat 

All y+ wall 
treat 

All y+ wall treat 

No-slip 

(wall) 
Symmetry Velocity inlet Pressure outlet 

Velocity 
 𝑣𝑥 = 𝑣𝑦

= 𝑣𝑧 =  0 
𝑼 =  0 𝑼 =  𝑣𝑥  

𝜕𝑼

𝜕𝒏
= 0 

Pressure 
𝜕𝑝

𝜕𝒏
= 0 

𝜕𝑝

𝜕𝒏
= 0 

𝜕𝑝

𝜕𝑛
= 0 𝑝 = 0 

Volume 

fraction 

𝜕Ψ

𝜕𝒏
= 0 

𝜕Ψ

𝜕𝒏
= 0 

Ψ = 1, for water Ψ = 1, for water 

𝜕Ψ

𝜕𝒏
= 0, for air 

𝜕Ψ

𝜕𝒏
= 0, for air 

Turbulent 

kinetic 

energy (k) 

𝑘 = 0 𝑘 = 0 𝑘 =constant 𝑘 =constant 

dissipation 

rate (ε) 
𝜀 = 0 𝜀 = 0 𝜀 =constant 𝜀 =constant 

dissipation 

rate (Omega) 

Omega

= 0 
Omega = 0 Omega =constant Omega =constant 

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

• Rapid Assessment: It provides quick performance predictions, allowing for
efficient iteration during the design process.

• Versatility: The method can be applied to various conditions, including
calm water and wave environments.

• Design Optimization: It assists in optimizing hull shapes by providing
insights into how different design parameters affect performance.

Fig. 5. The computational domain, showing the applied boundary conditions and grid configuration, 
used for simulating a planing hull in irregular waves with an overset grid [P5].  
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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 FrB = 𝑢/(𝑔𝐵)−1 in calm water or waves.
Two coordinate systems are considered: 

• 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.

• Hydrodynamic Frame (Oξηζ): 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.

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: 

• 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).

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

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

Figure 8. The schematic of linear wake profile assumption. 
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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 Università 
degli Studi di Napoli “Federico II” (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. 



36 

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. 

𝑧/𝑎𝑖𝑛 𝜃/𝑘𝑖𝑛𝑎𝑖𝑛 
𝑧𝐶𝐺̈

𝑔

𝑅𝑤

∆
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% 

Figure. 9. Illustrated 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]. 

Figure 10. RAOs of heave, pitch, Vertical acceleration, and maximum value of the vertical 
acceleration C2s model at 𝐹𝑟𝐵 = 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. 
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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. 

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 λ = 4.34L at 𝐹𝑟𝐵 = 2.28. In 
the plots 𝑧/𝑎𝑖𝑛 denotes RAO of heave, 𝜃/𝑘𝑖𝑛𝑎𝑖𝑛 represent RAO of pitch and 𝑧𝐶𝐺̈ /𝑔 reflects RAO of 
vertical acceleration at the CG. 
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Figure 12. RAOs of heave, pitch, Vertical acceleration, and wave resistance of C2 hull at different 
operations speeds, 𝐹𝑟𝐵 = 2.94, 𝐹𝑟𝐵 = 3.83 and, 𝐹𝑟𝐵 = 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/𝑎𝑖𝑛, the RAO of pitch is denoted as 𝜃/𝑘𝑖𝑛𝑎𝑖𝑛, the RAO of vertical 
acceleration at the center of gravity is shown as 𝑧 �̈�𝐺/𝑔, and the RAO of wave resistance is expressed 
as 𝑅𝑤/∆. Asterisk and triangle markers respectively show the 2D+t and CFD results ([P1], Niazmand 
Bilandi et al., 2023a).  
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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 𝐹𝑟𝐵 = 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 𝐹𝑟𝐵 = 3.83. This figure illustrates time history of the dynamic responses, 
including RAO of heave (𝑧/𝑎𝑖𝑛), RAO of pitch (𝜃/𝑘𝑖𝑛𝑎𝑖𝑛), RAO of vertical acceleration at CG (𝑧𝐶𝐺̈ /𝑔), 
and RAO of wave resistance (𝑅𝑤/∆), 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 C05 for single-stepped hulls, and 
C06, C07, C08, and C09 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 (DII) at the Università degli Studi di 
Napoli “Federico II,” 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 𝐹𝑟𝐵  ranging from 0.8 to 4.96, with an 
even keel (0°). Analyzing the resistance test results in the very-high-speed range of 𝐹𝑟𝐵  
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 C08 shows the best performance in calm water. In the high-speed range of 𝐹𝑟𝐵  
between 2.8 and 3.9, hull C05, with one step at 48.4%L and a step height of 2.73BTC, 
performs best. Hull C07 is the best-performing double-stepped hull in this range. For the 
medium-speed range of 𝐹𝑟𝐵  between 1.9 and 2.8, hull C05 performs best, and for the 
low-speed range of 𝐹𝑟𝐵  between 0.8 and 1.9, hull C06 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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Figure 15. Wetted surfaces of C07 hull (double-stepped hull) at the maximum test speed condition 
(𝐹𝑟𝐵 = 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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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 C07 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 C05 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 

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]. 
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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. 

Models C02 C03 C04 C05 C06 C07 C08 C09 

𝑨𝒗𝒆. 𝑬𝝉% 7.98% 3.05% 6.06% 4.85% 2.14% 0.04% 5.39% 1.41% 
𝑨𝒗𝒆. 𝑬𝐙𝐆

% 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. 𝑬𝒘% 5.55% 6.72% 4.66% 2.29% 3.97% 0.22% 7.71% 9.11% 

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 C07 
hull. For details on other hull configurations, refer [P3]. 

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

Figure 18. The spray area for the C05 hull at 𝐹𝑟𝐵 = 3.31 [P3]. 
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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 C07 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 0 (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. 

Figure 19. Comparison of numerically calculated wetted surfaces with the experimental results of 
Vitiello et al. (2022) for C07 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]. 
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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. 

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 C07 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]. 
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In Figure 22, the wake profile formation from the steps of the C07 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. 

Figure 21. Pressure contours on the bottom of the C07 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]. 
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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 C07 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 C05 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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Figures 24 show the impact of time-step uncertainty on trim and resistance for the 
two hulls. For the C05 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. 

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 C05 
stepped hull. For detailed equations and further information, refer to [P4]. 
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Figure 25 depicts the grid uncertainty analysis of trim and resistance for the C05 
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 𝑈𝐷 in the figures 
denotes experimental or data uncertainty. For trim values, the apparent order of 
convergence Ƥ is less than 0.5 for the overset mesh technique, indicating first-order 
convergence. In contrast, the morphing mesh technique shows Ƥ 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 Ƥ less than 0.5, 
indicating first-order convergence. Conversely, the morphing mesh technique Ƥ greater 
than 2 for most Froude numbers except 3.31, 3.91, and 4.97, where Ƥ 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. 

Figure 24. Time-step uncertainty error assessment for trim and resistance values of the C05 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]. 
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Figure 25. Mesh uncertainty error assessment for trim and resistance values of the C05 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 (𝑈𝐺) and time step uncertainty (𝑈𝑇𝑆), the simulation 
uncertainty (𝑈𝑆𝑁) 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 C05 hull are listed in Table 4. 

Overset 

𝐹𝑟𝐵  UG𝑅
% UTS𝑅

% 𝑈𝑆𝑁𝑅
% UG𝜏

% UTS𝜏
% 𝑈𝑆𝑁𝜏

%

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% 

Table 5. Simulation Uncertainty Error of C05 stepped hull for Mesh Configurations 15.4M (Overset) 
and 15.17M (Morphing) [P4]. 



56 

To validate the CFD setups used in this research, an essential indicator called the 
Uncertainty Value (𝑈𝑉)  is introduced. 𝑈𝑉  is calculated as the square root of the sum of 
the squares of the experimental or data uncertainty (𝑈𝐷) and the simulation uncertainty 
(𝑈𝑆𝑁). 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 𝑈𝑉  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 𝑈𝑉  is greater than or significantly greater than |E|. If 𝑈𝑉  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 𝑈𝑉 level of uncertainty” (where 𝑈𝑉  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. 

Overset 

𝐹𝑟𝐵   𝐸𝑅% 𝑈𝐷𝑅
% 𝑈𝑆𝑁𝑅

% 𝑈𝑉𝑅
% 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 

3.31 2.09% 0.22% 16.26% 16.26% Yes, at UV level of Uncertainty 

3.91 -1.65% 0.18% 23.47% 23.47% Yes, at UV level of Uncertainty 

4.50 -5.97% 0.15% 28.20% 28.20% Yes, at UV level of Uncertainty 

4.97 -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 

2.86 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 

Table 6. The validation results for the resistance of the C05 stepped hull using two different mesh 
configurations (15.4M for Overset and 15.17M for Morphing) across various speeds [P4]. 
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Overset 

𝐹𝑟𝐵   𝐸𝑅% 𝑈𝐷𝑅
% 𝑈𝑆𝑁𝑅

% 𝑈𝑉𝑅
% 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 

3.31 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 

4.97 -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 

3.91 -5.78% 3.26% 3.67% 4.91% No 

4.50 -4.59% 3.47% 2.27% 4.15% No 

4.97 -13.30% 3.39% 3.13% 4.61% No 

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]. 



58 

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 

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]. 
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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). 

Configuration Model 𝑢 (𝑚/𝑠) 𝐹𝑟𝐵 𝐻𝑠 (m) 𝑇𝑃 (s) 𝑘 (m-1) 𝜅 = 𝑘 𝐻𝑠
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 C1 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 C2 6.25 2.94 0.092 2.57 0.609 0.028 
case 31 C2 10.1 4.71 0.092 2.57 0.609 0.028 
case 32 C2 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 

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. 

Table 8. Simulation particulars for seakeeping models in irregular waves (Taunton et al., 2011). 
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Definition Theoretical CFD 
Error CFD with 

theoretical 
Exp. 

𝐻𝑆 (m) 
significant wave 

height 
0.092 0.086 6.5% 0.109 

𝐻 (m) 
average wave 

height 
0.0575 0.054 6% 0.0687 

�̅�(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: 

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

• Nonlinearity affects the time histories of motions and accelerations.

• 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).

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

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

• A lack of comprehensive experimental data on wave time histories and recorded
motions complicates analysis.

• 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.

• 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. 

Table 9. Wave characteristic comparison: theoretical JONSWAP vs. experimental data vs. current 
CFD results [P5]. 



61 

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. 

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]. 
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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.  

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 

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

• The mean value for hulls with steps is lower than the non-stepped hull at all
speeds.

• 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.

• 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.

𝐶𝐺𝐻𝑚𝑒𝑎𝑛

𝑔

𝐶𝐺𝐻1/3

𝑔

𝐶𝐺𝐻1/10

𝑔

𝐶𝐺𝐻1/100

𝑔

C1 

Case 27 -7% 93% 60% 33% 

Case 28 -64% -79% -75% -59%

Case 29 -65% -66% -48% -9%

C2 

Case 30 -15% 133% 69% 39% 

Case 31 -64% -78% -69% -32%

Case 32 -67% -73% -64% -31%

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



65 

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. 

Figure 29. Effect of step configurations on heave, pitch, and CG acceleration statistics with 
increasing Froude numbers in identical irregular wave conditions [P5]. 
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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. 

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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Figure 31. Exceedance Probability Functions for crest height in 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 the Rayleigh distribution function, and K represent the kurtosis 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: 

• 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.

• 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.

• 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.

• 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 (DII) at Università 
degli Studi di Napoli “Federico II.” 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: 

• 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 C05 for single-stepped hulls and
in C07 for two-stepped hulls. Optimal step heights can significantly enhance
performance.

• 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 C08 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 (𝐹𝑟𝐵 = 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, C08 stands out for its effectiveness
in calm water at these speeds. Moving to the high-speed range (𝐹𝑟𝐵 = 2.8–3.9),
hull C05 (single step at 48.4%L, step height 2.73% BTC) emerges as the top
performer, with C07 leading among double-stepped designs. For medium-speed
conditions (𝐹𝑟𝐵 = 1.9–2.8), hull C05 continues to exhibit optimal performance,
while hull C06 excels in the low-speed range (𝐹𝑟𝐵 = 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: 

• 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.

• 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.

• 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 

𝑎𝑖𝑛 Amplitude of the incoming wave (m) 

𝐵 Maximum Beam of the boat (m). 

𝐵𝑇𝐶  Chine breadth at transom (m). 

𝐹𝑟𝐵

= 𝑢/(𝑔𝐵)−1 
Beam Froude Number (-). 

𝐹𝑟∇

= 𝑢/(𝑔𝐵)−1 
Beam Froude Number (-). 

𝑔 Gravity acceleration (𝑚 𝑠2⁄ ). 

𝐺𝓍𝓎𝓏 Body fixed frame (Coordinate system). 

𝒽𝑠⬚
Step height (m). 

Hs Significant wave height (m). 

H̅ Average wave height. 

k Wave number (m-1). 

K Kurtosis. 

𝜅 Wave steepness. 

𝐿 Length over all (m). 

𝐿𝑉𝑖
The ventilation area for each planing surface (m) 

𝐿𝑤𝑙  Length of waterline (m). 

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

∆ Mass of the boat (Kg). 

m𝑛 nth order spectral moment. 

𝐧 Normal unite vector. 

𝑂ξηζ Hydrodynamic frame (Coordinate system) 

𝑝 Fluid pressure (N m2⁄ ). 

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. 

𝑅 Resistance (N). 

𝑆 Skewness. 

𝑆𝑤 Wetted surface (𝑚2). 

𝑡 Time (s). 

𝑇𝑖𝑛 Wave period (s). 

𝑇𝑝 Peak wave period (s). 

T̅ Mean wave height. 

𝑢 Boat speed (m/s). 

𝑼 =
[𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧] 

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

Z, Ż, Z̈ Heave displacement (m), speed (m/s), and acceleration (m/s2). 

𝑍𝐻𝑚𝑒𝑎𝑛  Mean of highest height of heave (m). 
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𝑍𝐻1/𝑛 Mean of 1/n highest height of heave (m). 

�̈�𝐻𝑚𝑒𝑎𝑛  Mean of highest height of CG acceleration (m/s2). 

�̈�𝐻1/𝑛 Mean of 1/n highest height of CG acceleration (m/s2). 

𝜃, �̇�, �̈� Pitch angle (rad), velocity (rad 𝑠⁄ ), and acceleration (rad 𝑠2⁄ ). 

𝜃𝐻𝑚𝑒𝑎𝑛  Mean of highest height of pitch angle (rad). 

𝜃𝐻1/𝑛 Mean of 1/n highest height of pitch angle (rad). 

𝜃𝑗  Local Pitch angle (rad) 

𝜆 wavelength (m) 

∇ Displaced volume (m3). 

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

ω Wave angular frequency (rad/s). 

ω𝑝 Peak wave angular frequency (rad/s). 
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HIJKKLMNO�PK�ONLQ�PR�STRUVWM�XLOQPROLO�PK�U�SPYZ[L\ONLQQLS�ZPUN�E#�� ��-���*�.����,�*�#�$�� ��-��/��(!#,���/�%&�' ��(���)�*#�,�(-.�*#+�� ���0#!(*,����-�#����/�!���.�)�<���--��������)��-��!�*#+�*#�-)!#*#+�(����"!����!).!���4�E��"!������������ !��*��,!#�,�(-.���� ���.##*#+�!��*�.����!#�����*��!#,���/�!� !��<, *#�����--���-)!#*#+���!��!��!#,*#+�*#��(��� �"!����"*� �!�+����)���)��/�!,,.�!,0$���-�,*!))0�!�� *+ ����-����4�5 �#�*��"!��� �"#� �"�*��,�(-.����� ���0#!(*,����-�#����/�!���.�)�<���--�����!��.#����� ��/��,����/� �!����!�"!���4�5 ��,�(-!�*��#����"��#�� �����.)����/�23&�!#��%&�'��(���)��� �"�� !��� ��%&�'��(���)�,!#�-���*�����)*!�)���!�!�!#��,!#����!--)*���/���*(-���*#+��.��.#�����!#�*#+��/�� ��.#���!�0�-)!#*#+�(��*�#��/���.�)�<����--�����!��4�E#�� *����,�*�#$�� *��(���)�*��.����/���� *��!*(4�]̂_̂ àabcd�Cef�gChig�Cf�Cjh�kfCCfl�=�!���!#��-*�, ����-�#�����/�(���)�2�!#��2%�!���/�.#���0�.�*#+�� ������)�-���(!� �(!�*,!)�(���)4�:��*�#���/�� �����"�������)��"����(!� �(!�*,!))0���-)*,!����!��/�.���*//���#����!(�3��.���m.(����$��!#+*#+�/��(�>4n����o4pp4�;!����"*� ��*//���#��/��1.�#,*���"����+�#��!������� !���qAr�-)����"*� ��#�.+ �"!��)�#+� �4�=�!������-�#����/���� �(���)��!���� �"#�*#�3*+4�>o4�A��� ���"��)�"����-����$� �!������-�#�����/���� �(���)�����(�����������<�!(-��$�!#�����#�����!, �!��*+#*s,!#��-�!6��!).��*#�� ������#!#,��t�#�4�A�����0�)�#+�"!���$��., �!��u�vwx$� �!������-�#�����/���� �(���)��,�#���+�����>484�:���)�2%�*�������������� !����(!))������-�#���!��(�����/�� ��/��,*#+�,�#�*�*�#�4�A��� ��)�#+����"!��$� �!������-�#����/�� *��(���)�*���)*+ �)0�)!�+���,�(-!�������� !���/�(���)�24�A��� ��3�G�vw4yw$� �!������-�#����/�(���)�2���!, ���*���(!@*(.(��!).��!��!�"!��)�#+� ��!#+*#+����"��#�%x����ox4�;!����,!#�!)�������<#!��� �!������-�#����/�(���)�2%4�G.�$� �!������-�#���,�����-�#�*#+��������#!#,���/�(���)�2%�*��(., ��(!))���,�(-!�������� !���/�(���)�2�!��� *���-���4�3*#!))0$�!��� �� *+ ������!(�3��.���m.(���$�#������#!#,���(��+���*#� �!������-�#����/�(���)�2%$�" *)��!�����#!#,��*�����#�����(��+��*#�� �� �!������-�#����/�(���)�24�A��� ��!))�/��,*#+�,�#�*�*�#�$�(���)�2�*��/�.#����� !���+��!���� �!������-�#��4�z*�, ����-�#�����/���� �(���)�2�!#��2%�!���-����#����*#�3*+4�>{4�E��,!#�������#�� !�$�!��� ��)�"�����-����-*�, ����-�#����/���� �(���)��*������<�!(-��$�b̂h$�-*�, �!(-)*�.���*��#��� *+ )0�*#��#�*s���!��/��1.�#,*���#�!��� ��#!�.�!)�/��1.�#,0��/���� ������)�4�:���)�2%�*�����#���� !����(!))������-�#���!��(�����/�� ��/��,*#+�,�#�*�*�#��!��� *���-���4�A��� �� *+ ����-����$�� ��-*�, ����-�#����/�(���)�2���,�(���)!�+��$�!#������#!#,���,,.��4�G.��(���)�2%�*��#���!//�,����*#�� !��"!04�q���<#!#,���#)0��,,.���" �#�(���)�2%�!��!#,���!��3��.���m.(�����/�o4pp4�A��)!�+���3��.���m.(���$����-�#���*�����#�����������<�!(-���!#��-*�, ����-�#���*�������������������)�"$����#�!�)0��1.!)�� ������-#�����/�� ��*#,�(*#+�"!��4�E#�!��*�*�#$�*��*�����*�.��� !��(���)�2%� !���(!))���-*�, ����-�#���!��!))��-����4�|���*,!)�!,,�)��!�*�#��/���� �(���)��!���� �"#�*#�3*+4�>}4�A�����#$�����*,!)�!,,�)��!�*�#��/���� �(���)��*#,��!�����0�� ��*#,��!���*#��-����" *, �!+�����"*� �� ��-���*�.��������!�*�#�4�:���)�2� !�����#�/�.#����� !���)!�+�������*,!)�!,,�)��!�*�#�!��*���2~4�A��� �� *+ �����-���$�����*,!)�!,,�)��!�*�#��/�(���)�2���!, ���.-����>4pd$�" *, �*��1.*���)!�+��!#��,!#�������0� !�(/.)�/���� ��,��"��/�� �������)4�r���!))$�*��*������������ !��(���)�2%$�" *, � !���"����!#����������-�$� !��!��������-��/��(!#,��*#� �!����!�,�#�*�*�#4�b̂h$�*��� �!���!#��-*�, ����-�#����!��"�))�!������*,!)�!,,�)��!�*�#�!��2~�!����(!))���,�(-!�������� �����/�(���)�24�5 *��-���*����.��"*� �!#�*(-���!#��(���!+��� !��!���.�)�<���--������*+#�,!#�!//�,��� �� 0����0#!(*,��� !�*����/�!������)�!��!#,*#+�!��-)!#*#+���+*(�4�r#���/�� ��(!*#���!��#��� !��)�!�������., �!��������-��/��(!#,��*��)*6�)0�������� ��, !#+���*#�� ��"�������.�/!,��-!����#��/�� �������)4�5 �����*//���#���.�/!,���" *, �!���-!��*!))0�"!� ����0�"!����,!#�*#,��!���� ���!(-*#+�/��,���!#��(�(�#��$�" *, ����.,��� �� �!���!#��-*�, ����-�#����/�� �������)�*#�����#!#,��t�#�4�m����� !�$�� ���//�,�����.�)�<���--������*+#��#� �!���!#��-*�, ����-�#����"!�����#�

�W�I���IA���/�3*+4�>>$��.��/���-*�, ����-�#��4�5 ���!� �������)*#��� �"��� ��"!�������-#���$���/���#,��)*#�4�73���*#���-���!�*�#��/�� ����/���#,������,�)���*#�� *��s+.���)�+�#�$�� ����!����*����/���������� ��;�������*�#��/�� *��!��*,)�49�

�W�I���IA���/�3*+4�>%$��.��/�������*,!)�!,,�)��!�*�#�!��2~4��

�̂�̂��b��cab�hC���̂������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



������������	���
��
�
��������

��
������������� !�"#$!��$���%���&��%� %����'��(�)�*%����$�#%���&��%��%��'%+��#���,�'���-��)�.���%���'��(��,�$�(�/�-�����''�(�%/--��!#��$���0��,,�#����,����'��!�1�&�'$����!���#����� ��$����$!(�-�$(�����-$� ���2�!��-$���!�$��$0�$!(�$-��������(/#����%��(+!$��#������$! -�)�34546789�:8;<:7�=!��%����/�>��#���!0�2����#$-������!���,��&��(�,,���!��(�/�-�>���''�(�%/--��$����$�%��$��#$--+����/-$��(��!�%�$(���$�#�!(����!)�?!���,��%��%/--�0�@$���A0�%$��$��%������,��!�����'0�$!(��%����%��0�@$���B0�%$���&�����'��

&��%�����-$��%�� %��)�C�#���!$-�%$-,>��$��$!(�(�$(�����$! -���,��%�����&��%/--��$����%���$��)�D�$2�����'�!�����,�@$���A0����$! -���$�E���0�$!(�@$���B0�#������$�E���0�$���(��'-$+�(��!�F� )�GH)�I��#%����'�!����,�@$���A�������!���������$--���#��'$��(�����%$���,�#$���J�$��%� %����'��()�=!�$((����!0�2����#$-������!��,��%���2����-0�@$���A0����!�������!$��(��+�&$2���$���%���$�E�(�$��$0�$!(��%��%�$2�����'�!���'-�������%�&�! �$!��2��>($�'�(���%$2���)�K�����%$�0�$����$--���F��/(��K/����0�F�L�MN)OP0�%�$2�����'�!����,�@$���A�������!�������-$� ��0�#��'$��(����@$���B0�$���%����&$2��)�I��#%����'�!����,�#$����A�$!(�B�$���'-����(��!�F� )�GO)�L��%���(�-��

QRST�UVTD�$2�����'�!����,���(�-��@�$!(�@W)��

QRST�UXT.���,�F� )�GA0��/��,���'��#%����'�!��)�*%��($�%�(���(�-�!���%�&���%������'!�����,��%���!#���! �&$2�)�YF����!���'���$���!��,��%����,���!#������#�-����!��%���" /���-� �!(0��%����$(��������,����(�����%��Z���2�����!��,��%���$���#-�)[�

QRST�U\T.���,�F� )�GJ0��/��,���2����#$-�$##�-��$���!)��
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Appendix 2 (Publication II) 

[P2] Vitiello, L., Mancini, S., Niazmand Bilandi, R., Dashtimanesh, A., De Luca, F., & 
Nappo, V. (2022). A comprehensive stepped planing hull systematic series: Part 1 - 
Resistance test. Ocean Engineering, 266, 112242. 
https://doi.org/10.1016/j.oceaneng.2022.112242 
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Appendix 3 (Publication III) 
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Comparative study of experimental and CFD results for stepped planing hulls. Ocean 
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������������ !"�#�$%&'(� )*+� )*, -./0�$123(� -4)5�$123(� 678� 96:;<�� 9=>?<�� 6@8� ABCD6:;,EFG�� ABCD=>?,EFG�� 6BC8� AHID6:;,JFG�� AHID=>?,JFG�� 6HI8�KLMKM� MLNKM� "LO"P� QLPQP� QLPR!� !LPO8� !L"MO� !L"!N� SKLMQ8� !L!OP� !L!PO� SMKLP"8� QLN"K� PL"PK� OLR!8�QLOKM� "LTPR� KLTT"� KL"RO� KLQTR� S!LQT8� !L"NO� !LK!!� MLQK8� !LMQK� !LMMN� SMOLTO8� QLMTK� QLK!!� "LRN8�PLKOT� KLKMM� QLP!!� "LTMR� KL!QP� TLMM8� !LKQR� !LKPO� "LRP8� !LMK"� !LMKP� "LMN8� QL!MQ� QLM!K� "L""8�OLKQ� KLNMM� PLKMQ� "LOQ"� "LRTP� PLQ"8� !LQMN� !LQKP� KLTR8� !LMKR� !LMPP� MKLK!8� KLTQP� QLM!K� OLRM8�RLK!M� QLP!Q� OLM"!� "LPTQ� "LR"P� PLQQ8� !LQTP� !LP!N� PL!O8� !LMQR� !LMRK� MRLN"8� KLQMT� KLON"� TL!!8�TL!P� QLNOO� OLRQT� "LOQ"� "LRPR� QLKO8� !LPKO� !LPPK� KL"T8� !LMNK� !LMTO� SKLPO8� KL!QQ� KLKPO� M!L"K8�UVW�#�XYZ[\� )*+� )*, -./0�X]̂_\� -4)5�X]̂_\� 678� 96:;<� 9=>?<� 6@8� ABCD6:;,EFG� ABCD=>?,EFG� 6BC8� AHID6:;,JFG� AHID=>?,JFG� 6HI8�ML"N� !LRNO� ML!TM� MLPQT� MLTK!� MTL"M8� !L!N!� !LM!M� M"LNQ8� S!L!RM� S!L!T"� MPLTN8� OLOQM� RLKTQ� MMLMT8�"LKPR� MLQPQ� MLNRO� KLK"O� KLR!!� MML"P8� !LMTT� !LMR!� SNLRT8� !L!!"� !L!!"� MKL!"8� OLQQT� OLTMQ� PLOT8�KLMKM� MLNKM� "LO"P� KLK"O� KLPM!� PLPK8� !L"MK� !LMNT� SRL"!8� !L!K"� !L!KP� M!LOT8� KLRRR� QL!NQ� TLQ!8�QLOKM� "LTPR� KLTT"� KLK"O� "LNQ!� SMMLOM8� !L"TP� !L"RM� SQLN"8� !LM!!� !L!NK� SOLRQ8� "LTTQ� KL!NQ� RL"T8�PLKOT� KLKMM� QLP!!� KL!NR� "LTM!� SNL"R8� !LKMN� !LKPQ� MMLMR8� !LMMR� !LMM!� SOLQQ8� "LQQM� "LTK"� MOL!"8�OLKQ� KLNMM� PLKMQ� KL!Q!� "LPT!� SMPLMK8� !LKNK� !LQ"M� RL!K8� !LMQP� !LMK!� SM!L!R8� "L"QQ� "LQPT� NLPO8�RLK!M� QLP!Q� OLM"!� "LONO� "LOM"� SKLM"8� !LPKP� !LPQM� MLMK8� !LMOR� !LMP"� STLNQ8� "LMQ!� "L"NN� RLQQ8�TL!P� QLNOO� OLRQT� "LOKN� "LQP!� SRLMO8� !LOMQ� !LOMN� !LRT8� !LMTR� !LMOM� SMKLT!8� MLNNP� "LMQ!� RLK!8��`̂ âb̂cd̂[�e2fg2hi� Li�jkh2lki�mLi�no2ppi�qLi�"!!TL�m�nr'l2%sltf�nlu1r�kv�nl2ww21�xpsyty3�zupp'L�{2||�}y'ltlul2i�~p2y� k�2i���L��e23k�tfi��Li�e2hlkh2ppki� Li�"!M"L��2't'lsyf2�s''2''%2yl�kv��shw21�ouppvkh%L��f2sy��y3L�POi�"T�Q"L�e2y2yi�jLi�MNOOL�~2y2hsp��2't'lsyf2��2'l�kv�s�nosppk��nl2w�xpsyty3�zupp��tlo�mwwptfsltky�lk�s�zr1hkvktp� ky�3uhsltkyi��kpL�"MONL����e��2wkhlL�e2y2yi�jLi�MNORL�~2y2hsp��2't'lsyf2��2'l�kv�s�nl2ww21�xpsyty3�zupp��tlo�mwwptfsltky�lk�s�zr1hkvktp� ky�3uhsltkyi��kpL�"K"!L��n�� ��2wkhlL�epkuyli��LjLi� k123si�jL�Li�MNN"L��rys%tf�'ls|tptlr�kv�wpsyty3�|ksl'L��shL��2foykpL�"N��M�i�Q�M"L�eht��kpshsi�nLi��212htfti�mLi�"!MKL��2't3yty3�kv�wpsyty3�oupp'��tlo�pky3tlu1tysp�'l2w'�� ���ty�'uwwkhl�kv�lhs1tltkysp�'2%t�2%wthtfsp�%2lok1'L�}y��xhkf221ty3'i��2't3yi� ky'lhufltky����w2hsltky�kv�nuw2h�sy1��23s��sfol'� kyv2h2yf2L�~2yksi�}lsprL��sr�T�NL�� p2%2yli��LxLi�MNORL��vv2fl�kv�j2y3lo�e2s%��sltk�ky�lo2�x2hvkh%syf2�kv�s�nl2ww21�xpsyty3�eksl��tlo�sy�m1�u'ls|p2�nl2hy�nls|tpt�2hL��n�� ��2wkhl�"PP"L�� uftykllsi��Li�~u3pt2p%tyki��Li�nvhs�shsi��Li�nlhs''2hi� Li�"!MTL��u%2htfsp�sy1�2�w2ht%2ylsp�ty�2'lt3sltky�kv�s�wpsyty3�mth� s�tlr�notw�sy1�tl'�sth�psr2h�2�kpultkyL��f2sy��y3L�MP"i�MK!�MQQL� uftykllsi��Li��u32ytki�~Li��2ptf2i�nLi�"!MNL�m�fhtltfsp� m��syspr't'�kv�lo2�|kllk%�'osw2�kv�s�%uplt�'l2ww21�sth�fs�tlr�wpsyty3�ouppL�mwwpL��f2sy��2'L�T"i�MK!�MQ"L��syt2p''kyi�qLi�nlh�%�ut'li�qLi�"!M"L� kyf2wlusp��2't3y�kv�s�zt3o�nw221�nuw2hrsfol��2y12h�zupp��kh%�myspr't'�sy1�nlhufluhsp��wlt%t�sltky�$lo2't'(L��shtys�nr'l2%� 2ylh2�vkh��s�sp�mhfotl2fluh2i���z��yt�2h'tlri�nlkfgokp%L���s'olt%sy2'oi�mLi��s�sgkpti�nLi�nsokki�xLi�"!MRL�m�'t%wpt�21�%2lok1�lk�fspfupsl2�lht%�sy1�h2't'lsyf2�kv�s�l�k�'l2ww21�wpsyty3�ouppL�notw'��vv'okh2�nlhuflL�M"i�nKMR�nK"NL��s'olt%sy2'oi�mLi��'vsy1tshti�mLi��syftyti�nLi�"!MTL�x2hvkh%syf2�wh21tfltky�kv�l�k��'l2ww21�wpsyty3�oupp'�u'ty3�%khwoty3�%2'o�swwhksfoL�qL�notw�xhk1L��2'L�KQ��K�i�"KO�"QTL��s'olt%sy2'oi�mLi��k'osyi��Li��s�sgkpti�nLi��kosy'spi�mLi�esh%spsi�eLi�"!MNL��vv2fl'�kv�'l2w�fky�3uhsltky�ky�or1hk1rys%tf�w2hvkh%syf2�kv�ky2�sy1�1ku|p21�'l2ww21�wpsyty3��sl�wpsl2'��s�yu%2htfsp�'t%upsltkyL�}y��xhkf221ty3'�kv�lo2�}y'ltlultky�kv��2fosytfsp��y3ty22h'L�qkuhysp�kv��y3ty22hty3�vkh�lo2��shtlt%2��y�thky%2yli�xshl��L�ollw'�&&1ktLkh3&M!LMMRR&MQRP!N!"MNTPMNMR��xu|pt'o21��ypty2�L���2��shfki�mLi��syftyti�nLi��thsy1si�nLi�nfk3ys%t3ptki��Li��tlt2ppki�jLi�"!MRL���w2ht%2ylsp�sy1�yu%2htfsp�or1hk1rys%tf�syspr't'�kv�s�'l2ww21�wpsyty3�ouppL�mwwpL��f2sy��2'L�OQi�MKP�MPQL��kflkh'i�jLqLi�MNTPL�zr1hk1rys%tf'�kv�zt3o�nw221�n%spp� hsvlL��kL�"N"L���tpty3i�qLi�MNNKL���w2ht%2ylsp�xhkf21uh2�sy1�myspr't'�kv�nl2ww21�xpsyty3�zupp'��tlo�mwwptfsltky'�lk��klkh��sfol'i�xslhkp��2''2p'i�sy1��s'l��2hht2'L�{2||�}y'ltlul2i�~p2y� k�2i���L��~shpsy1i�{L�Li�"!M!L�nl2ww21�xpsyty3�zupp�}y�2'lt3sltkyL��ytl21�nlsl2'��s�sp�mfs12%rL�~s''%syi�{Li��shlty2yi�nLi�MNNQL�my�}y�2'lt3sltky�tylk�lo2��vv2fl'�kv�lo2�nl2w�jkfsltky�sy1�lo2�jky3tlu1tysp� 2yl2h�kv�~hs�tlr�jkfsltky�ky�lo2�x2hvkh%syf2�kv�nl2ww21�xpsyty3�zupp'L�{2||�}y'ltlul2i�~p2y� k�2i���L��zu''2hi��LmLi�"!"KL���w2ht%2ylsp�sy1��u%2htfsp�}y�2'lt3sltky�kv��kh�sh1�sy1�mvl�n�2wl�nl2ww21�xpsyty3�zupp'�ty� sp%�{sl2h�sy1��23upsh�{s�2'L��kflkhsp�1t''2hlsltkyL��th3tyts��2foL�}�� i�"!MQL�xhsfltfsp�~ut12pty2'�vkh�notw� ���mwwptfsltky'�RLP�!K�!"�!Ki��2�L�!ML�j22i��Li�xs�gk�i��Li��f u2�{2tpi�jLi�"!MQL��o2�'r'l2%sltf��shtsltky�kv�'l2w�fky�3uhsltky�sy1�1t'wpsf2%2yl�vkh�s�1ku|p2�'l2w�wpsyty3�fhsvlL�qL�notw�xhk1L��2'L�K!��"�i�TN�NRL��kpfosyk�i�eLi�juy1%shgi�nLi���hloi��Li�~h22yi��Li�"!MNL���w2ht%2ylsp��spt1sltky�kv�'whsr�12�2flkh'�vkh�ot3o�'w221�fhsvlL��f2sy��y3L�MNMi�M!OQT"L�

�khs|tlki��L~Li�xs�gk�i��L�Li�"!MQL���w2ht%2yl'��tlo�'l2ww21�wpsyty3�oupp'�vkh�'w2ftsp�kw2hsltky'�fhsvlL��hsy'L��krsp�}y'lL�kv��s�sp�mhfotl2fl'L�xshl�e�}ylL�qL�n%spp� hsvl��2foykpL�MPO��e"�i�TR�NTL��ts�%sy1�etpsy1ti��Li��s'olt%sy2'oi�mLi��s�sgkpti�nLi�"!MNL��2�2pkw%2yl�kv�s�"����lo2khr�vkh�w2hvkh%syf2�wh21tfltky�kv�1ku|p2�'l2ww21�wpsyty3�oupp'�ty�fsp%��sl2hi�xhkf221ty3'�kv�lo2�}y'ltlultky�kv��2fosytfsp��y3ty22h'i�xshl��L�qL��y3L��shtlL��y�thkyL�"KK��K�i�TTO�N!QL��ts�%sy1�etpsy1ti��Li��s'olt%sy2'oi�mLi��s�sgkpti�nLi�"!"!sL�zr1hk1rys%tf�'lu1r�kv�o22p21�1ku|p2�'l2ww21�wpsyty3�oupp'�u'ty3� ���sy1�"����%2lok1L��f2sy��y3L�MNOi�M!OTMKL��ts�%sy1�etpsy1ti��Li��s�sgkpti�nLi��s'olt%sy2'oi�mLi�"!"ML�n2sg22wty3�kv�1ku|p2��'l2ww21�wpsyty3�oupp'L��f2sy��y3L�"KOi�M!NQRPL��kuh3os'2%ti�zLi�esgoltshti��Li�~os''2%ti�zLi�"!MRL��u%2htfsp�'lu1r�kv�'l2w�vkh�sh1�'�2wl�sy3p2�2vv2fl'�ky�lo2�or1hk1rys%tf�w2hvkh%syf2�kv�s�wpsyty3�ouppL�}y���2'�rlr��sugk�2�mgs12%tt��kh'gt2����n�f�2ftyt2L�xshgi�nLi�{sy3i��Li�nl2hyi��Li�zu''2hi��Li�eht��kpshsi�nLi��khs|tlki��Li�j22i��Li�"!""L�nty3p2�sy1�l�k�wos'2� �������vkh�ot3o�'w221�'l2ww21�wpsyty3�oupp'L��f2sy��y3L�"OMi�MM"!QRL��tfg'i�mLi��khs|tlki��L~Li��slpsi��Li�"!""L��vv2fl�kv��2yltpsltky�ky�fs�tlr�vkh%sltky�ky�'l2ww21�wpsyty3�oupp'L�qL�notw��2'L�M�MOL��k1'lhk%i��Li��1'lhsy1i�zLi�ehslli�zLi�MNPKL��o2��hsy'�2h'2�nls|tptlr�sy1��2't'lsyf2�kv�nty3p2�'l2w�eksl'��o2y�xpsyty3i��hL�"PL��o2�n�21t'o�nlsl2�notw|utp1ty3���w2ht%2ylsp��sygi�~kl2|kh3i�n�212yL��ns�tl'gri��Li�MNOQL�zr1hk1rys%tf�12't3y�kv�wpsyty3�oupp'L��shL��2foykpL�n�m����2�'�Mi�RM�NPi�!QL��ns�tl'gri��Li��khs|tlki��Li�"!M!L�nuhvsf2��s�2�fkylkuh'�s''kftsl21��tlo�lo2�vkh2|k1r��sg2�kv�'l2ww21�wpsyty3�oupp'L��shL��2foykpL�QR��M�i�M�MOL�ns�tl'gri��Li��khs|tlki��Li�"!MML��ht3ty�sy1�foshsfl2ht'ltf'�kv�lo2�'whsr�wsll2hy'�32y2hsl21�|r�wpsyty3�oupp'L�qL�notw�xhk1L��2'L�"Ri�OK�TKL�no2ty3shli��Li�"!MQL�zr1hk1rys%tf'�kv�zt3o�nw221�xpsyty3�zupp'��tlo�xshltsppr��2yltpsl21�ekllk%�sy1�zr1hkvktp'i��s'l2h�kv�nft2yf2��o2't'L��2wshl%2yl�kv��2fosytfsp��y3ty22hty3i��s''sfou'2ll'�}y'ltlul2�kv��2foykpk3ri� s%|ht132L��nt2%2y'i�xLjL�Li�"!""L�n�m��  ���'2h�'�~ut12��2h'tky�MRL!"L!!RL��suylkyi��LqLi�zu1'kyi��LmLi�no2ykti��LmLi�"!M!L� oshsfl2ht'ltf'�kv�s�'2ht2'�kv�ot3o�'w221�osh1�foty2�wpsyty3�oupp'�wshl�M��w2hvkh%syf2�ty�fsp%��sl2hL�}ylL�qL�n%spp� hsvl��2foykpL�MP"i�PP�RPL��suylkyi��LqLi�zu1'kyi��LmLi�no2ykti��LmLi�"!MML� oshsfl2ht'ltf'�kv�s�'2ht2'�kv�ot3o�'w221�osh1�foty2�wpsyty3�oupp'�wshl�}}��w2hvkh%syf2�ty��s�2'L�}ylL�qL�n%spp� hsvl��2foykpL�MPKi�eM�e""L��tlt2ppki�jLi��syftyti�nLi��ts�%sy1�etpsy1ti��Li��s'olt%sy2'oi�mLi��2�jufsi��Li��swwki��Li�"!""L�m�fk%wh2o2y't�2�'l2ww21�wpsyty3�oupp�'r'l2%sltf�'2ht2'��xshl�M���h2't'lsyf2�l2'lL��f2sy��y3L�"OOi�MM""Q"L�{otl2i�~Li�e2s�2hi�{Li�"!M!L�nl2ww21�oupp�zt3o�nw221�eksl��k12p��2'l��{�!R�M!L��LnL��s�sp�mfs12%ri�myyswkpt'i���i��nmL��{otl2i�~Li�e2s�2h{i��syy��Li�"!M"L�my�2�w2ht%2ylsp�syspr't'�kv�lo2�2vv2fl'�kv�'l2w'�ky�ot3o�'w221�wpsyty3�|ksl'L�}y��xsw2h�xh2'2yl21�sl��lo2�Kh1� o2'sw2sg2�xk�2h�eksl�nr%wk'tu%��myyswkpt'�����i��nmL�{t2p3k'�i� Li��k'2yi�mLi��slpsi��Li� ouy3i��Li��syt2p''kyi�qLi�"!"!L���w2ht%2ylsp�%k12ppty3�kv�'whsr�12�2fltky�ty�u2yf2�ky�wpsyty3�fhsvl�w2hvkh%syf2�ty�fsp%��sl2h�sy1��s�2'L�xhkfL�}�����qL��y3L��shtlL��y�thkyL�"KQ��"�i�KNN�Q!TL�zu''2hi��Li�eht��kpshsi�nLi�"!"ML��o2�t%wsfl�kv�'�22w�sy3p2�ky�'l2ww21�wpsyty3�oupp�w2hvkh%syf2L�}y��n�m���}yl2hysltkysp� kyv2h2yf2�ky��s'l�n2s��hsy'wkhlsltkyi�"O�"R��flk|2h�"!"ML�xhk�t12yf2i��ok12�}'psy1i��nmL��

����� ¡¢ ���£�¤ ������� ¤���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



147 

Appendix 4 (Publication IV) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[P4] Niazmand Bilandi, R., Mancini, S., Dashtimanesh, A., Tavakoli, S. (2024). A revisited 
verification and validation analysis for URANS simulation of planing hulls in calm water. 
Ocean Engineering, 293, 116589. https://doi.org/10.1016/j.oceaneng.2023.116589 
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C DEF�?0+2A�C GHI�?0+2

A� JK+$&+,�
L $"9%'2�

M=NL�OP�
QQ=RL�OP�

QR=NL�OP�
Q8=SL�O TP�

U=SVL�OP�
M=ML�O TP�

QQ=78L�O TP�
Q8=QVL�O TP�

W=QWQ�Q=NWQ�
W=M8W�W=MUW�

X7=RVP�W=MVQ�
X7=SMP�W=U8M�

8=78P�W=UNU�
S=7UP�W=UV7�

S=VSP�W=UVU�
S=8MP�W=UU8�

S=MVP�W=USU�
8=WUP�

S=UWQ�R=M8V�
R=8MS�R=VRU�

X8=SMP�R=VWM�
X8=N8P�R=87V�

R=NNP�R=8SU�
Q=SMP�R=8R8�

R=W7P�R=8RU�
R=RUP�R=SVM�

S=QQP�R=87R�
W=QNP�

8=WUM�W=WQQ�
R=QMQ�R=WMR�

XN=RSP�R=SQW�
XQ7=UUP�R=QSR�

Q=VVP�R=QUU�
7=UVP�R=RQ7�

XQ=W8P�R=QVN�
7=7VP�R=QQ7�

W=RSP�R=QUS�
7=VUP�

U=WS�W=NQQ�
Q=VVV�R=7NR�

XQV=VQP�R=7NQ�
XQV=U8P�Q=MNU�

XU=UMP�Q=NQM�
XV=NRP�Q=NRN�

XM=8WP�Q=NWQ�
XM=U8P�Q=MNW�

XU=8QP�Q=MM7�
X8=VMP�

V=W7Q�S=87S�
Q=V77�Q=NQ7�

XQR=WUP�Q=NRR�
XQW=7VP�Q=VUN�

XS=7UP�Q=VMN�
X8=RSP�Q=V8S�

XW=QMP�Q=MQ7�
XU=SMP�Q=VMS�

XS=N8P�Q=VVM�
XS=8NP�

M=78�S=NUU�
Q=U7U�Q=NR7�

XQN=8NP�Q=NQ7�
XQM=NUP�Q=VMS�

XQQ=QRP�Q=VN7�
XQQ=SNP�Q=VU8�

XN=NWP�Q=M7R�
XQR=RSP�Q=M7U�

XQR=SNP�Q=MQN�
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+66�:5!*+$&�%'�;$+0%<,%
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>�?!@&A�.$ B�
C DEF G�C HIJ G� KL+$&+,�

M $"9%'2�
N=OM�DP�

QQ=RM�DP�
QR=OM�DP�

Q8=SM�D TP�
U=SVM�DP�

N=NM�D TP�
QQ=78M�D TP�

Q8=QVM�D TP�
W=QWQ�Q=OWQ�

7=R77�7=QNS�N
=RVP�7=QNN�

8=OWP�7=QNO�
8=N7P�7=QNU�

V=Q7P�7=QVU�
QR=QVP�7=QVO�

Q7=S8P�7=QVU�
QQ=OSP�7=QVO�

Q7=88P�
S=UWQ�R=N8V�

7=R8N�7=RUQ�X
Q=8RP�7=R8O�

X7=SUP�7=RSV�
S=RVP�7=RSN�

W=NSP�7=RSS�
8=WUP�7=RSQ�

U=RRP�7=RS7�
U=N7P�7=RSQ�

U=WVP�
8=WUN�W=WQQ�

7=W7Q�7=WQS�X
S=WNP�7=WR7�

XU=WVP�7=W7Q�
7=7NP�7=RO8�

R=7OP�7=ROU�
Q=SOP�7=ROW�

R=8VP�7=RNV�
S=VWP�7=RN8�

8=RWP�
U=WS�W=OQQ�

7=WVN�7=SQR�X
O=7WP�7=SWO�

XQU=7NP�7=WNU�
XR=QOP�7=WNS�

XQ=U8P�7=WNW�
XQ=WSP�7=WV8�

7=NQP�7=WVQ�
Q=N8P�7=WUU�

W=RWP�
V=W7Q�S=87S�

7=S8W�7=8WN�X
QN=N7P�7=8RV�

XQU=WOP�7=SVS�
XS=VUP�7=SN7�

X8=OVP�7=8QN�
XQS=8RP�7=SVQ�

XS=7VP�7=S8S�
X7=WRP�7=S8Q�

7=RNP�
N=78�S=OUU�

7=8R8�7=U8V�X
R8=WQP�7=U8W�

XRS=S8P�7=8U8�
XV=UWP�7=88O�

XU=SVP�7=8NN�
XQR=77P�7=8NS�

XQQ=WQP�7=8RV�
X7=WUP�7=8W7�

XQ=QQP���YZ�[\]̂_]̀a�b\c]̀a\�de�]cZ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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1�0"&2�0*%+�3*%45+%��'�
�67�8455�"+�.$''*#*&+��

*55�94 )*#%�$&�:#*/$;+$
&1�%$&2"1*<��

=�> ?%@�-# A�
BC DE FGH IJKL�BC DE MNO IJKL� PQ*#%*+�

R�#!8$&1�
S<TR�FU�

VV<WR�FU�
VW<TR�FU�

V7<XR�F YU�
Z<X[R�FU�

S<SR�F YU�
VV<67R�F YU�

V7<V[R�F YU�
\<V\V�V<T\V�

6<6TV�6<6ZZ�
W[<ZXU�6<6ZZ�

W[<[TU�6<6Z7�
WS<67U�6<6Z7�

WS<\WU�6<6ZX�
WT<T\U�6<6ZX�

WT<[7U�6<6ZX�
WT<7TU�6<6ZX�

WT<T7U�
X<Z\V�W<S7[�

6<V\V�6<VW6�
S<W6U�6<VWV�

[<SVU�6<VVT�
T<WSU�6<VW6�

S<[XU�6<VVS�
T<[WU�6<VVS�

T<SSU�6<VV[�
V6<7ZU�6<VVS�

V6<6\U�
7<\ZS�\<\VV�

6<V\\�6<V\7�
]V<[ZU�6<V\Z�

]W<VVU�6<V\X�
]6<Z6U�6<V\7�

]V<\WU�6<V\X�
]V<6TU�6<V\\�

]6<6[U�6<V\\�
6<V6U�6<V\X�

]6<SZU�
Z<\X�\<TVV�

6<VXS�6<V7V�
]V<TXU�6<V76�

]V<\XU�6<V76�
]V<7ZU�6<V7V�

]V<[\U�6<VXT�
]6<TWU�6<V7V�

]V<S7U�6<V76�
]V<7XU�6<V7V�

]V<TSU�
[<\6V�X<76X�

6<WVZ�6<VZ\�
WX<[XU�6<VZX�

WX<W\U�6<VZ7�
W\<[TU�6<VZX�

WX<V[U�6<VZV�
W7<ZZU�6<VZ\�

WX<7\U�6<VZX�
W\<TVU�6<VZ7�

W\<7WU�
S<67�X<TZZ�

6<VST�6<V[7�
[<ZWU�6<V[X�

[<SXU�6<V[X�
[<ZTU�6<V[X�

[<ZTU�6<V[W�
S<T7U�6<V[\�

S<\XU�6<V[7�
[<VTU�6<V[Z�

Z<S7U���_̂�̀abcdbef�gahbefa�ij�bh_��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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1�0"&2�0*%+�3*%45+%��'�
�67�8455�"+�.$''*#*&+��

*55�94 )*#%�$&�:#*/$;+$
&1�,*++*/�%4#'";*<��

=�> ?%@�-# A�
BC DE FGH IJKL�BC DE MNO IJKL� PQ*#%*+�

R�#!8$&1�
S<TR�FU�

VV<WR�FU�
VW<TR�FU�

V7<XR�F YU�
Z<X[R�FU�

S<SR�F YU�
VV<67R�F YU�

V7<V[R�F YU�
\<V\V�V<T\V�

X<T\T�X<76W�
S<SXU�X<TWV�

6<\ZU�7<VV\�
]\<7WU�X<[XX�

\<T7U�X<ZX7�
7<TXU�7<WT6�

][<VWU�7<6S7�
]W<T7U�7<WZW�

]Z<77U�
X<Z\V�W<S7[�

X<VS6�\<TTV�
X<7VU�\<T7X�

7<XVU�X<666�
X<WTU�X<\7Z�

]X<WVU�X<XVW�
]7<77U�X<VS[�

]6<VSU�X<W[W�
]W<W6U�X<W\X�

]V<\6U�
7<\ZS�\<\VV�

\<S6[�\<Z77�
X<66U�\<[T7�

6<\VU�\<SW\�
]6<XWU�\<SZ6�

]V<XVU�\<[WT�
W<6\U�\<[[Z�

6<S6U�\<[7[�
V<\6U�X<VXV�

]S<[[U�
Z<\X�\<TVV�

\<\V7�\<[[Z�
]V\<TVU�\<S[T�

]V[<6WU�\<767�
]7<[XU�\<\Z7�

]V<7VU�\<ZTW�
]VV<\SU�\<7XW�

]Z<S[U�\<X\6�
]\<XSU�\<7XW�

]Z<S[U�
[<\6V�X<76X�

W<SWT�X<VS[�
]XS<6XU�\<T[W�

]X6<XXU�\<6\S�
][<\TU�\<6VT�

]Z<[\U�\<XWV�
]W6<TXU�\<WTZ�

]VZ<7VU�W<TWZ�
]\<X\U�\<6\S�

][<\TU�
S<67�X<TZZ�

W<X76�\<XX6�
]X6<XWU�\<WT6�

]\X<\VU�W<7WX�
]\<6WU�W<7S6�

]7<\VU�W<TTV�
]WW<V6U�W<STS�

]VS<WTU�W<ZZX�
]S<[7U�W<Z\Z�

][<Z6U���_̂�̀abcdbef�gahbefa�ij�bh_��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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2�3 �41 5678�9:;<6=>7:=?�>:>@?A7A�9A7:B�=C<�D<>A=�EF9>6<A�G<=CH8�IH6�=C<�=67J�K>@9<�HI�LMN�A=<OO<8�C9@@�P7=C�HK<6A<=�>:8�JH6OC7:B�J<AC�=<;C:7F9<AQ�6<K<>@7:B�=C<�H68<6�HI�;H:K<6B<:;<�>:8�<A=7J>=7H:�HI�<66H6A�>=�R6H98<�:9JS<6A�TUVWQ�XUXYQ�XUZYQ�>:8�[UNU��

\]�̂_̀ab̀ cd�e_f̀cd_�gh�̀f]��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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���������� !"���#�$�"%&��%'�&�&(')�)�*+"�%,��"�)�)%&�$��-&(#��+*��./�)%������,#((��

���������0 �+1�&"&%�-����&(')�)�+*�2�%%���3#"*&$��&���4��%�(&%�+��5+"1&%�+��+*��./�3%������6#((�7)��8�4&"�+#)��50�9�),�:�$,��;#�)�&���<#1=�")�&%�0�**�"��%�5"+#���<#1=�")��+1�&"���%+�:+>��8�:&�?�:�)%�@�)#(%)�ABCD�EFFGHICJ�FKGDGHLD�E�MNOFEKELCPG�EHEQRDCD�NS�LBG�TGLLGI�DUKSEMG�EHI�PGHLCQELCNH�SNKOELCNH�CH�VWX�DLGFFGI�BUQQD�UDCHY�ICSSGKGHL�VZ[�OGDB�LGMBHC\UGD�EHI�HUO]GKD�EL�PEKCNUD�ZKNUIG�HUO]GKD̂�CH�MNOFEKCDNH�LN�LBG�KGDUQLD�N]LECHGI�SKNO�LNTCHY�LEH_�LGDLD̀�ABG�ECO�NS�LBCD�EHEQRDCD�CD�LN�CHPGDLCYELG�LBG�EMMUKEMR�NS�ICSSGKGHL�VZ[�OGDB�LGMBHC\UGD�EHI�HUO]GKD�CH�FKGICMLCHY�LBG�TGLLGI�DUKSEMG�DBEFG�EHI�PGHLCQELCNH�SNKOELCNH�EHI�LN�CIGHLCSR�LBG�NFLCOEQ�OGDB�LGMBHC\UG�EHI�HUO]GK�SNK�EMMUKELG�FKGICMLCNH������
5�8 �ab cKCI�UHMGKLECHLR�EHEQRDCD�UDCHY�LBG�dGEDL�e\UEKGD�fGLBNI�SNK�LBG�KGDCDLEHMG�PEQUG�NS�VWX�DLGFFGI�BUQQ�TCLB�NPGKDGL�EHI�ONKFBCHY�OGDB�LGMBHC\UGD̂�KGPGEQCHY�LBG�NKIGK�NS�MNHPGKYGHMG�EHI�GDLCOELCNH�NS�GKKNKD�EL�ZKNUIG�HUO]GKD�g̀hî�j̀jk̂�j̀lk̂�EHI�m̀X̀��

no�pqrstruv�wqxruvq�yz�rxo��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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;<�=>?@A?BC�D>E?BC>�FG�?E<��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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���������� !"#�$%$&�'����$()*�*�"+�,-����.��&&�&-��*�$���,�*�*&$�/��0%���/&�"���%%"%*�1�&2����3$%�"-*�!45�6�*7�8�/7��9-�*�$���8"2��.�8$�:�8�*&�,�*-(&*�+"%�;�&�%/��&"%�0($���.�<-((=�!>=�$&�3$%�"-*�4%"-���?-#@�%*��8$@(��AB�CDEFGH�IJ�KGLLM�JIH�NGHOPQRSOIT�USDVW�IJ�KX�OTSGHQGYSIH�YLRTOTZ�[DLL\��]̂GHMGS� _IHỲOTZ�aHOV�TI\� KGLL�QIDTS� aHOV�TI\� KGLL�QIDTS�b\b_� bcbXdcXef� g\h_� gchdecXhi�XX\h_� XXchhecfdd� b\X_� bcXigcjih�Xh\k_� Xhckihcbje� Xi\g� Xicgfecefg�Xf\k_� XfckfhcjkX� Xj\h� Xjchdfcjij���

lm�nopqrpst�uovpsto�wx�pvm��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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+,-++'��./�#'0�1 -%'

2�1#'3�1+&,�4+&56,&� (�
�7�8566�#,�/%((+$+',��+

66�95!*+$&�%'�:$+0%;,%'
2�,$%!�#'26+<��

=�>!?&@�.$ A�B CD
E�>0+2@�B FGH�>0+2@� IJ+$&+,�

K $"8%'2�
L<LK�MN�

77<OK�MN�
7O<PK�MN�

7Q<PK�M RN�
S<OK�MN�

L<7K�M RN�
7T<SK�M RN�

7U<OK�M RN�
O<V�T<LL�7

<SST�7<STT�
U<S7N�7<VSU�

V<LQN�7<VSL�
V<VQN�7<VWS�

V<TSN�7<VOV�
L<7UN�7<VQL�

S<WVN�7<VTT�
P<SQN�7<V7T�

P<TQN�
U�7<TS�O

<TVW�O<T7U�
O<7QN�O<TTT�

O<WWN�O<TTT�
O<WWN�O<TVT�

T<UQN�7<PPW�
O<PON�O<TQT�

T<LUN�7<PPT�
U<OSN�O<TQV�

T<VLN�
U<V�7<OQ�7

<LQW�7<LS7�
XT<WSN�7<LVT�

XT<7SN�7<LVT�
XT<7SN�7<LPV�

XO<STN�7<LUV�
T<SVN�7<LPT�

XO<UUN�7<WLT�
U<SUN�7<LPO�

XO<QQN�
Q�7<Q7�7

<QQT�7<UUQ�
W<USN�7<UQO�

S<L7N�7<UOL�
W<WLN�7<UVU�

S<TQN�7<UWO�
Q<WON�7<QOT�

7<UPN�7<UUT�
W<SQN�7<UWQ�

Q<VLN�
Q<V�7<S�T

<LVU�T<LUP�
7<SQN�T<LOW�

U<TVN�T<LSP�
X7<LLN�T<LSO�

X7<TSN�T<LWL�
XO<PUN�T<POT�

XW<LVN�T<LW7�
XO<77N�T<LLT�

XU<7WN�
V�7<WW�T

<QTS�T<UP7�
U<SPN�T<UPU�

U<OTN�T<ULW�
Q<SLN�T<Q7P�

XU<OTN�T<QST�
X7U<UTN�T<QVT�

X7T<LQN�T<USW�
P<S7N�T<QQU�

XP<77N�
V<V�7<PQ�X

T<TP7�XT<7TS�
X7S<QLN�XT<7TU�

X7U<7PN�XT<TLW�
Q<QTN�XT<TLP�

O<OTN�XT<7TS�
X7S<QLN�XT<7TQ�

X7Q<OPN�XT<7TO�
X7O<TPN�XT<7TT�

XP<LPN���YZ�[\]̂_]̀a�b\c]̀a\�de�]cZ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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�7�8566�#,�/%((+$+',��+

66�95!*+$&�%'�:$+0%;,%'
2�$+&%&,#';+<��

=�>!?&@�.$ A�
B CDE F�B GHI F� JK+$&+,�

L $"8%'2�
M<ML�CN�

77<OL�CN�
7O<PL�CN�

7Q<PL�C RN�
S<OL�CN�

M<7L�C RN�
7T<SL�C RN�

7U<OL�C RN�
O<V�T<MM�

T<TM7�T<TMQS�
WQ<TMN�T<TMST�

WV<XSN�T<TMUQ�
WO<VPN�T<TMUT�

WO<7ON�T<TMTU�
7<7PN�T<TMTX�

T<XTN�T<TMTX�
T<XTN�T<TXPX�

7<PXN�
U�7<TS�

T<7TT�T<7TOP�
WO<SVN�T<7TPX�

WP<QON�T<7T77�
WT<XPN�T<7TVM�

WV<QXN�T<TPSQ�
U<MVN�T<TPXT�

U<OSN�T<TPXQ�
O<MPN�T<TPXM�

O<QUN�
U<V�7<OQ�

T<77T�T<7OUP�
W7O<VSN�T<7O77�

W7T<7TN�T<77PO�
WM<UVN�T<77XU�

WS<STN�T<7TVO�
Q<UPN�T<7TST�

U<SXN�T<7TQV�
V<TQN�T<7TSM�

O<PQN�
Q�7<Q7�

T<77M�T<77SV�
7<QXN�T<7OSX�

WX<7TN�T<7OS7�
WS<SSN�T<7OST�

WS<VVN�T<77OU�
V<T7N�T<77OQ�

V<TTN�T<777O�
S<TTN�T<77OQ�

Q<PMN�
Q<V�7<S�

T<7UO�T<7OXP�
O<P7N�T<7QTT�

WS<OXN�T<7UPQ�
WV<MTN�T<7UPU�

WV<XQN�T<7OU7�
S<VXN�T<7OU7�

S<VQN�T<7OOS�
S<PVN�T<7OU7�

S<VSN�
V�7<XX�

T<7VT�T<7QQQ�
Q<TVN�T<7QPO�

T<MVN�T<7QPQ�
T<XON�T<7QMT�

7<SSN�T<7UMT�
M<OMN�T<7UXM�

M<QXN�T<7UXU�
M<XXN�T<7UXX�

M<QMN�
V<V�7<PQ�

T<7XM�T<7SVS�
X<TON�T<7SSU�

S<SSN�T<7SUU�
M<UQN�T<7SQX�

X<VQN�T<7VPT�
7T<XSN�T<7SXT�

S<OXN�T<7SMT�
V<SPN�T<7SPT�

V<7ON���YZ�[\]̂_]̀a�b\c]̀a\�de�]cZ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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66�95!*+$&�%'�:$+0%;,%'
2�&%'3#2+<��

=�>!?&@�.$ A�BC D
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Appendix 5 (Publication V) 
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Motion Analysis of Stepless and Stepped Planing Hulls in Random Waves: A CFD Model 
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