
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Tavakoli, Sasan; Zhang, Mingyang; Kondratenko, Aleksandr; Hirdaris, Spyros
A review on the hydrodynamics of planing hulls

Published in:
Ocean Engineering

DOI:
10.1016/j.oceaneng.2024.117046

Published: 01/07/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Tavakoli, S., Zhang, M., Kondratenko, A., & Hirdaris, S. (2024). A review on the hydrodynamics of planing hulls.
Ocean Engineering, 303, Article 117046. https://doi.org/10.1016/j.oceaneng.2024.117046

https://doi.org/10.1016/j.oceaneng.2024.117046
https://doi.org/10.1016/j.oceaneng.2024.117046


Ocean Engineering 303 (2024) 117046

Available online 8 April 2024
0029-8018/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A review on the hydrodynamics of planing hulls 

Sasan Tavakoli a,*, Mingyang Zhang b, Aleksander A. Kondratenko b, Spyros Hirdaris c 

a Department of Infrastructure Engineering, The University of Melbourne, Parkville, 3052, VIC, Australia 
b Marine and Arctic Technology Group, Aalto University, Espoo, 02150, Finland 
c American Bureau of Shipping, Global Ship Systems Centre, Kallithea, 17674, Athens, Greece   

A R T I C L E  I N F O   

Keywords: 
Planing hulls 
Advanced marine vehicles 
Hydrodynamics 
Mathematical modelling 
Computational fluid dynamics 
Artificial intelligence 
Holistic design optimization 
Intelligent systems 

A B S T R A C T   

The topology of planing hulls entails some of the most innovative specifications found in modern advanced 
marine vehicles. Planing hull designs can vary depending on their intended use and hence sound understanding 
of the influence of hydrodynamics on craft stability and performance is key within the context of modern design 
for safety and sustainability requirements. The planing motions of stepless or stepped hull surfaces, be it steady 
or unsteady are strongly coupled with nonlinear fluid flows. Consequently, calm water performance, seakeeping 
and maneuvering in waves, can be idealised by a diverse array of analytical and simulation-based models. In this 
paper, we holistically review scholarly studies on the subject, discuss research challenges and opportunities 
ahead. A conclusion drawn is that, although the mathematical models, especially the ones that simulate 
maneuvering motions, require further development to account for the complexities of operating in a real-world 
marine environment, they are mostly limited to monohull designs without steps. It is also suggested that the 
emergence of new-generation artificial intelligence algorithms opens up new prospects for hydrodynamic 
modelling and design as accounting for dynamic motion predictions. The holistic optimization of planing hulls, a 
realm yet overlooked in the context of planing hydrodynamics, is identified as an important and interesting 
future research opportunity. Pairing of AI algorithms with holistic optimization methods is recommended as a 
key direction in the development of intelligent planing boat design systems.   

1. Introduction 

Improving the operational speed of advanced marine vehicles while 
maintaining the highest safety standards has been one of the greatest 
dreams of engineers and naval architects. Unlike airplanes, trains, and 
sports cars, that may reach very high speeds, the design of advanced 
marine vehicles (AMV) is limited by the physical properties of water and 
the forces generated by air-hull-water interactions (Gabrielli and von 
Kármán, 1950). Amongst the various technologies that could be used to 
improve the speed limits of AMV is to trigger planing motions, and 
vessels operating under such state are known as “planing hulls”. 

Planing hulls are used for various applications at sea, particularly in 
way of coastal zones. Coastal guard boats, rescue vessels, and ocean 
racers are a few examples of AMV that benefit from this innovation 
(Savitsky, 1985). These vessels mostly feature a common V-bottom 
shape and transom stern design, giving rise to hydrodynamic lift that 
pushes the bow of the boat up. The result is a non-zero positive trim 
angle that leads to the reduction of the wetted length of the boat and 

suppresses the wave-making resistance (Savitsky and Core, 1980), thus 
allowing for high-speed advancement. For a schematic of the planing 
motions and transition of the vessel from displacement to planing mode 
refer to Fig. 1 (a). 

As the speed of a planing hull increases, the hydrodynamic lift that 
supports her weight force also increases. Buoyancy gradually converges 
to zero as the displaced volume diminishes. In a rough sea condition, this 
can result in relatively large wave-induced motions and vertical accel-
erations that can be way greater than gravity acceleration (Razola et al., 
2016). Such a large acceleration may be a serious threat to the crew 
onboard, both physically and in terms of consciousness (de Alwis et al., 
2016). During unsteady planing large slamming forces may arise, 
causing strains (see example of flexible water entry studies in Maki et al., 
2011, Piro and Maki, 2013, Shams and Porfiri, 2015, Izadi et al., 2018, 
Wang and Suarez, 2018, Hosseinzadeh et al., 2023a, b, Gilbert et al., 
2023, Tavakoli et al., 2023b for more technical information), and this 
may damage the vessel bow region (Allen and Jones, 1978; Faltinsen 
et al., 2004; Dessi and Martini, 2008; Camilleri et al., 2018). This is the 
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Fig. 1. The concept of planing motions (a) general overview of planing hydrodynamics, (b) calm water performance, (c) seakeeping (d) maneuvering (Sample plots 
showing calm water performance, vertical acceleration of a planing hull, and time history of roll angle of a planing hull maneuvering are shown in Appendix A). 
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reason why the accurate prediction of the unsteady motions of planing 
vessels and resulting sea loads are considered important. 

Some of many challenges in modelling planing motions may relate 
with the abrupt variations in way of the wet surface area leading to 
highly nonlinear added mass, damping, and restoring force effects 
(Troesch and Falzarano, 1993; Troesch and Hicks, 1994). 
Frequency-domain algorithms are not useful under such circumstances 
(Sun and Faltinsen, 2011a; Tavakoli et al., 2020). Suitable idealization 
of directional control even when maneuvering in calm water conditions 
is another major challenge (Day and Haag, 1952a,b; Cohen and Blount, 
1986; Codega and Lewis, 1987; Blount and Codega, 1992) dominated by 
high hydrodynamic pressures. In such conditions, the shift of the center 
of pressure towards the transom or any of the chines can result in un-
stable motions. To avoid this, the rider has no option but to decrease the 
operational speed. Apart from that, sea trail tests have shown that a 
common planing hull turning or stopping may not pass IMO (Interna-
tional Maritime Organization) standards (IMO, 1993, 1994). A relatively 
recent example, on the discrepancy predicted tactical diameters of Argo 
Class fast patrol vessels reported by Soares et al. (2004) demonstrates 
the latter. From an engineering point of view, it is important to inves-
tigate the hydrodynamics of a vessel in all contexts, including its calm 
water performance, seakeeping, and maneuvering. This helps ensure 
that the vessel can reach its maximum possible speed with the lowest 
required power, while keeping her stability, maneuverability, and 
minimal motion in waves. A general view of three different hydrody-
namic problems, namely calm water performance, seakeeping (dynamic 
motions in waves), and maneuvering that need to be considered for 
studying and designing planing hulls is shown in Fig. 1 (b, c, d). Pre-
dicting the calm water performance provides us with the resistance of 
vessel. Modelling the seakeeping of the vessel offers practical informa-
tion on extreme responses in waves, along with associated vertical ac-
celerations and resulting slamming loads. Maneuvering simulation of a 
planing surface helps us evaluate her maneuvering performance and 
directional stability. Integrating models solving different problems with 
consideration of environmental conditions, such as wave and wind 
hindcast data (see examples of wave hindcast data in Liu et al., 2022, 
2023) may allow us to simulate vessel motion in the real world and 
determine the optimal route. These may be helpful in establishing a safer 
operation for the vessel and decarbonization, which is turning into an 
important task in maritime transportation (see example of routing 
optimization for ships in Wen et al., 2017, and a recent digital twin built 
for a planing boat in Ciampolini et al., 2022b). 

Early studies on the hydrodynamics of planing hull surfaces are 
attributed to William Froude during the 1870s (Doctors, 2015). His 
towing tests demonstrated the optimal steady planing motions of flat 
plates (Froude, 1875). Consequently, the hydrodynamics of planing 
hulls have been studied by researchers and expert naval architects for 
more than a century. Two interesting review papers addressing the topic 
are presented by Payne (1995) and Yousefi et al. (2013), which mostly 
focus on the methods used for solving planing motion. However, a 
decade on, considering the gradual increase in computational and 
mathematical modelling within the ocean engineering sector (Tavakoli 
et al., 2023a), there arises a need for a refreshed and updated review on 
hydrodynamics of planing hulls. Hence, this paper attributes greater 
focus on the hydrodynamics of planing hulls from technological and 
scientific perspectives and presents a knowledge expert state-of-art re-
view. The aim is to provide: I) a thorough overview of scholarly studies 
contributing to our understanding of planing hydrodynamics and the 
design of planing hulls, whether through the development of methods, 
analysis of the problem, or conducting of experimental tests; II) identi-
fication of the historical progress of models over time; and III) discussion 
of future opportunities by examining present gaps and the potential use 
of emerging methods, such as artificial intelligence. 

This state-of-the-art review addresses three hydrodynamic problems: 
calm water performance, seakeeping and maneuvering. It also covers 
studies examining the physics of planing motion-a vessel moving in a 

planing mode but fixed in heave and pitch direction. The review covers 
various scientific methods used to study hydrodynamics of planing hulls, 
including experimental, potential flow-based models (non-viscous), 
empirical ones, 2D + t ones, and those based on viscous fluid dynamics 
(such as Computational Fluid Dynamics, CFD). To provide a better 
background, at the first step, different planing hull types are introduced 
to provide a more comprehensive picture of planing designs. The au-
thors have reviewed a diverse range of sources, including reports, 
journal papers, books, conference papers, and other scholarly works. 
Most of these sources were collected and reviewed over a span of 10 
years. Notably, some sources, such as reports, may not be found through 
Scopus and other search engines. To expand their references, the authors 
have also used a Boolean search and putting a search query as “hull type" 
AND “method," AND “related problem". Results were reviewed and those 
studies (not all) that have contributed to a deeper understanding of the 
use of models, developed new ones or advanced the state-of-art by 
improving available models were added to authors collections. In sum-
mary, this state-of-the-art review is conducted using a knowledge 
expert-based approach with additional assistance from Scopus. It is 
important to note that the present review is not a bibliographic study, 
and hence, no analysis on the distribution of words in titles, abstracts, 
and keywords of papers can be performed. Also, it is attempted to 
discuss future opportunities for the further development of these models 
as much as practice practically possible. 

Remaining of the paper is structured as follows. Section 2 introduces 
the general concept of planing motions, different hull types and standard 
planing hull series. Section 3 reviews experimental research and dis-
cusses future opportunities in this domain. Sections 4 and 5 respectively 
review methods for the computational modelling of two- and three- 
dimensional planing motions. Section 6 reviews the models developed 
for predicting the performance of stepless planing hulls in calm water 
conditions. Section 7 reviews the models developed for predicting wave- 
induced motions of planing hulls. Section 8 reviews the models devel-
oped for simulating the maneuvering of planing hulls. Section 9 in-
troduces the means by which available hydrodynamic models can be 
further developed to address calm water performance, seakeeping, and 
maneuvering for stepped planing hulls and planing catamarans. Section 
10 discusses forthcoming opportunities lying in the application of 
emerging methods, which can be followed by recent advancements in 
artificial intelligence and holistic optimization. These techniques have 
been widely employed in the modelling and design of displacement 
ships but have not yet been extensively used in the design and modelling 
of planing hulls. Section 11 presents final discussions and concluding 
remarks. 

2. Planing hull forms 

The first step towards the hydrodynamic modelling of a planing hull 
is to determine whether the vessel is operating in the planing regime. 
According to some references found in the literature, the onset of 
planing operations can be determined by the longitudinal Froude 
Number (Frl = V/√gL, where V is the operating speed, g is the gravi-
tational acceleration, and L is the length of the vessel) . A Frl of 0.89 (or 
1.0 in some other references, Kim and Kim, 2017; Savitsky, 1985) is 
commonly defined as the onset for planing motion, and an operational 
speed falling within the range of 0.5 < Frl < 1.0 is identified as 
semi-planing speed (in some other references, 0.39 < Frl < 0.89; Kim 
and Kim 2017; Savitsky, 1985). However, some researchers prefer to use 
the so called “Beam Froude Number” (also known as the speed coeffi-
cient) instead of the “Longitudinal Froude number” (FrB = V/√gB, 
where B is the beam of the vessel). Savitsky and Brown (1976) suggest 
that a Beam Froude number of FrB = 1.5 defines the onset of the 
so-called planing regime and identify operations falling in the range of 
0.5 < FrB < 1.5 as the semi-planing regime. However, the “Volumetric 
Froude Number” that is greater than 3.0 (Fr∀ = V/√g∀1/3, where ∀ is the 
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submerged volume of the vessel at zero speed condition) has also been 
used to define planing hull operations (Blount and Funkhouser, 2009), 
and the range of 1.5 and 3 is introduced as the semi-planing regime 
(Osumi and Kihara, 1988). 

It is definitely very difficult to clearly identify the Froude number 
that marks the transition from non-planing to planing mode. However, 
the most reasonable evidence which confirms that the vessel is operating 
in a planing regime is that a vessel’s weight is mostly supported by 
hydrodynamic lift (Lewandowski, 2004). Perhaps this suggests that 
accurately estimating the onset of planing motions is more of a quali-
tative challenge than a quantitative one. Nevertheless, in the sustention 
triangle, planing hulls are positioned in way of the corner where hy-
drodynamic forces support the vessel weight, see Fig. 2a. 

2.1. Transverse topologies 

A planing craft transverse section may include hard or smooth 
chines, or a rounded bilge (see Fig. 2b). A hard-chine section mostly 
resembles a V-shaped body and can be either a deep- or a shallow-V 
section. A deep-V section has a noticeable deadrise angle, which can 
be greater than 20◦. A shallow V-section has a very low deadrise angle. It 
should be noted that the wall of a hard-chine section can have flat, 
convex, or concave forms. The pressure distribution over a shallow V- 
section is greater than a deep-V section. Interestingly, sections of a 
planing hull can also have two chines, termed as double-chine topology. 
The inverted-V hull specification (e.g. “Sea Seld” design) known also as 
negative deadrise angle hull has also been used. Interestingly, inverted- 
V hull forms may have larger lift over drag ratios as compared to deep-V 
hulls (Clement and Tate, 1959). However, they may be exposed to large 
accelerations when operating in rough waters (Meyer et al., 1957). 
Spray rails on the port and starboard sides may benefit an AMV by 
producing an extra lift force and by decreasing spraying. Whereas spray 
rails are believed to improve calm water performance and maneuvering 
performance (Muhammad et al., 2008), at lower speeds larger resistance 
forces may occur (Lasktos et al., 2022). In recent years, there have been 
attempts to design a better concept for minimizing spray resistance (Olin 
et al., 2017). This has led to the introduction of spray deflectors, which 
are non-transverse strips designed to align topologically parallel with 
the stagnation line of a planing hull (Molchanov, 2019; Castaldi et al., 
2021). These spray deflectors look similar to swept-backward steps, 
which will be introduced in sub-section 2.3. 

2.2. Monohull designs 

Hard chine prismatically shaped section monohulls are the most 
typical type of planing hull designed and used. The topology of such hull 
forms is rather simple (see Fig. 2c). Examples are given by Wagner and 
Andersen (2003). The most famous prismatic planing hull was devel-
oped by Fridsma (1969, 1971), who carried out a wide range of calm and 
rough water tests with focus on hydrodynamic performance. 

A flat surface planing hull (also known as zero deadrise angle hull) 
gives the best lift over drag ratio. On the other hand, a deadrise surface 
may lead to improved performance in waves and is labeled as a sea- 
kindly performer by Doctors (2021). If a deadrise surface planing hull 
has a constant deadrise angle along her entire length, it is called mon-
ohedral. Other specifications are known as non-monohedral or warped 
planing hulls (Bertorello and Olivieri, 2007; Begovic and Bertorello, 
2012). The deadrise angle for the former is low in the rear part of the 
body and larger toward the bow end where slamming loads can be 
excessive. 

Traditionally the keel of planing hull may curve up in way of hull 
extremes. Theoretically, curving of the fore part (25%–40%) of the keel 
encourages leads to curved up bow shapes. Fridsma (1971) reported that 
there is not much difference between the rough water performance of 
planing craft with conventional shape versus a smoothly curved up hull. 
Another bow type widely used is known as the wave-piercer (deep-V 

shaped slender hull form) and the axe bow (vertical stem specification). 
Notably, the bottom of an axe bow planing hull is curved up by 
approximately 25% of the length of the vessel. Axe and wave piercing 
bows may highly decrease wave-induced heave/pitch motions and ac-
celerations of hard-chine planing hulls (Keuning and Gelling, 2007). In 
those cases that the rear part of the keel is curved (see boats operating in 
the pre-planing mode). A convex form keel near the stern of the vessel 
may lead to pressure suction (Savitsky, 2003). 

2.3. Stepped - hull configurations 

The bottom of a planing hull can have step(s) (or notches) that lead 
air ventilation across the hull. The concept dates to the 1910s, as evi-
denced by patents from that era (Lattore, 1997). This was succeeded by 
the development of drag reduction techniques for planing hulls through 
air injection, leading to the evolution of an air cavity layer. Some ex-
amples of the early single-stepped boats are “Estelle I″ and “Estelle II”, and 
an example of a multi-stepped boat is “Maple Leaf IV”. 

Hydromechanics are based on the notion that the water flow leaving 
a step reaches the body located behind it, and this may lead to the 
emergence of large pressures. Steps can either have a transverse shape 
(or also called straight shape), or a V shape. A V-shaped step pointing 
backward (forward-swept) is called a pointed aft step or forward swept 
step. The opposite, a V-shaped step pointing backwards is called a 
pointed front step, or backward-swept step, or re-entrant step (Brown, 
1966). A re-entrant step design, when aligned parallel to the stagnation 
line of the body located forward (Clement and Koelbel, 1991), may 
decrease the wetted area aft and hence enhance vessel performance. In 
such cases, good dynamics are driven by preventing the spray formed on 
the forward part of the hull (Clement, 1964). Single-stepped planing 
boats with deep steps located in the middle of the hull bottom are re-
ported to suffer from unstable motions when traveling at high speeds 
(Akers, 2004; Clement, 2006). It has been reported that if the height and 
longitudinal position of a forward-swept step are not well selected, they 
may not cause ventilation. Instead, they may function as a reverse spray 
deflector (Niazmand Bilandi, 2023a). It should be noted that, as 
explained in subsection 2.1, spray deflectors exhibit a topological 
resemblance to V-shaped steps (Molchanov et al., 2019). 

One, two or three steps can be used in mono- and multi-hull designs, 
see Fig. 2d (e.g., planing trimarans as reported by Ma et al., 2013). Each 
hull of a catamaran may have symmetric, semi-symmetric or asymmetric 
sections (Fig. 2e). Sections can have round bilge, hard-chine, and 
soft-chine forms. Asymmetric sections with hard-chine forms are 
commonly used when the aim is to design a vessel that reaches her 
planing speed. They have hard chines and hence the water flow can 
cause significant lift forces. An asymmetric hull with hard-chine is also 
known as single deadrise angle catamaran. These vessels may have one 
or two steps on their bottom surface (Morabito, 2011). During the 
development of catamaran series with hard-chine sections, Müller- Graf 
(1989) observed that a symmetric hull would have smaller resistance up 
to a longitudinal Froude Number of 1.4, as compared to monohulls and 
semi-symmetric hulls. In recent years, symmetric deep-V catamarans 
that may perform up to longitudinal Froude Number of ≈ 0.8 (i.e., they 
do not perform in the planing regime) have presented by Mantouvalos 
et al. (2008). 

Round bilge catamarans are commonly used for fast water trans-
portation. The interaction between the demi hulls of such vessels may 
create a deep trough on the water surface near the aft section and hence 
the bow may be pushed up (Zaghi et al., 2020). Although such vessels 
may not operate adequately in the planing regime, they can perform 
well in way of full- and semi-displacement modes. A well-known cata-
maran hull with symmetric round bilge demi-hulls is the Delft 372. 
Despite not exhibiting planing behavior, this vessel can exceed 
displacement speed, reaching a longitudinal Froude Number of 0.8 
(Broglia et al., 2014). Her hydrodynamic performance has been studied 
by several researchers and is renowned as one of the most famous fast 
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Fig. 2. (a) sustention triangle, (b) common sections of a mono-hull, (c) types of the bow section of a planing hull, (d) stepped hulls, (e) symmetric, semi-symmetric 
and asymmetric catamarans, and (f) planing trimaran. 
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catamaran hulls. Hysucats or Hydrofoil supported catamarans (Gir-
aldo-Pérez et al., 2022) have been observed to effectively reduce the 
resistance force and trim angle of the vessel (Najafi et al., 2018). The 
same technology can be implemented in monohulls (Suzuki et al., 2004; 
Brizzolara et al., 2016). 

The body form of a planing trimaran is different compared to con-
ventional trimarans. The main body is attached to two demi hulls 
through a bridge, and the transverse section has an M shape (Zou et al., 
2021). The interesting point about this specific type of hull design is that 
the air flow has seen to lead to an extra lift force which may help the 
vessel to perform better (Ding and Jiang, 2021). Planing trimarans can 
incorporate steps on their hull bottoms, which can enhance their per-
formance in calm water conditions. Furthermore, the addition of 
air-intakes to the bottom surface can result in resistance reduction (Du 
et al., 2019). A sketch of the transverse section of a trimaran-like planing 
hull is shown in Fig. 2f. Hydroplanes (see Englar et al., 1955; Matveev, 
2012) contain a deck that is attached to two side sponsons. In the rear 
part of the hull, these sponsons are absent. The weight force of the hull is 
supported by the hydrodynamic force acting on the front part of the hull. 
The recorded highest speed in the water is achieved by a hydroplane 
called Spirit of Australia (KenWarby, 2009). 

2.4. Hull series 

Standardized planing craft hull series have been developed since late 
1940s in research centers. Each of the series is identified by different 
geometrical indicators (beam, length, length over beam ratio, deadrise 
angles at transom and mid-section if the hull is a hard-chine one, etc). 
Calm and rough water performance of these series are usually reported. 

The oldest hull series, namely Series 50 were engineered to exhibit 
semi-planing/motions. They have concaved bottom (the so-called 
transverse section) and a warped form. This collection of hulls was 
designed to operate within the semi-planing regime and cannot reach a 

fully planing mode. The single-stepped planing hulls were introduced by 
Rodstrom and Edstrand (1953), but demonstrated unstable motions at 
high speeds (Clement, 2006). Series 62 was introduced in 1960s. This 
series has a hard-chine form and can reach planing speeds (Clement and 
and Blount, 1963). The deadrise angles amidships and in way of the 
transom of these hulls are respectively 13 and 12.5◦. The Dutch Series 62 
were introduced later on by Keuning and Gerritsma (1982) and is a 
variant of these hulls with a deadrise angle of 25◦ at transom. Other 
planing hull forms were developed in 1960s and 1970s are listed in 
Table 1. It is of note that the Fridsma’s planing hull series has prismatic 
hull form and are mostly studied in academia. It should be noted that 
some of the information listed in Table 1, was presented in Almeter 
(1993) and is just tabulated by the authors of the present paper. Table 2 
outlines principal characteristics of the so-called Series 62 (Clement and 
and Blount, 1963) and Dutch Series 62 (Keuning and Gerritsma, 1982), 
serving as an ideal illustrative examples of how typical planing hulls 
series can be displayed. 

Other distinguished hard-chine catamaran series termed VSM (Ver-
band für Schiffbau und Meerestechnik e.V.) hard chine catamaran hull 
series 89 were developed in the Berlin Model Basin in late 1980s 
(Muller-Graf, 1999). They can reach up to longitudinal Froude Number 
of 1.4 and are symmetric. Naval architecture characteristic of these hulls 
is the results of rigorous model tests in calm waters and rough water 
performance of a monohull, and three different catamarans with 
semi-symmetric, symmetric and asymmetric sections (Muller-Graf, 
1999). The NSS (Naples Systematic Series) planing hulls and VMV 
stepped hull planing hulls series are two of the recent planing hull series, 
which are both designed in Naples Federico II University (De Luca and 
Pensa, 2017; Vitiello et al., 2022). The former has a warped planing hull 
shape, and the other has one and double-stepped designs. 

Whilst many of studies have been undertaken since the 1940s to 
develop hull series, providing datasets for both calm water and rough 
water sufficient for the design of high-speed craft, parallel efforts have 

Table 1 
Some of planing hull series. The information of this table was mostly presented in Almeter (1993).  

Type Characteristics Planing regime Deadrise angle (in Degrees) Reference 

Series 50 High warp, High beam taper, Concave Semi-planing 0.55–2 at transom section and 
5.2–20 at midship section 

Davidsen and Saurez 
(1948) 

Swedish single- 
stepped hulls 

Deep-V planing surfaces with steps Planing 7.5 at transom and 10 at the 
step location 

Rodstrom et al. (1953) 

Series 62 Narrow transom stern, exponentially blunt 
body, maximum chine beam ahead of 
amidships 

Planing 12.5 Clement and Blount 
(1963) 

Series 63 Round bottom boats Semi-planing NA Beys (1963) 
NPL round-bilge 

series 
Round bottom boats Semi-planing NA Marwood and Balley 

(1969) 
Series 65B Deep-V concept hull, no aft beam taper Semi-planing 16 - 22–30 at transom section 

and 21-29-35 at midship 
section 

Holling and Hubble 
(1974) 

Naval Academy 
Series 

Round and hard-chine hulls Semi-planing NA Compton (1986) 

Fridsma Hard-chine, prismatic Planing 10 - 20–30 Degrees Fridsma (1969) 
Dutch Series 62 Hard-chine Planing 25 Degrees Keuning and and 

Gerritsma (1982) 
BK series Concave hull shape Semi planing but early planing speeds at 

volumetric Froude Number 4.5 also tested 
12-25 at midship section Yegorov et al. (1978) and  

Bun’kov (1969) 
MBK series Concave hull shape Semi planing but early planing speeds at 

volumetric Froude Number of 4.5 also 
tested 

7-18 at midship section Yegorov et al. (1978) and  
Bun’kov (1974) 

VWS catamaran 
89 

Symmetric, hard-chine, warped Planing 6 at transom section and 27–38 
at midship section 

Muller-Graf (1999) 

Double chine 
NTUA Series 

Double chine Planing 10 at transom and 22.5 at 
midship section 

Grigoropoulos and 
Loukakis (1999) 

USCG Series Hard-chine Planing 16.61 and 20 Kowalyshyn and Metcalf 
(2006) 

NSS Hard-chine, warped hull Planing 13.2 at transom and 22.5 at 
midship section 

De Luca and Pensa (2017) 

VMV series Hard-chine, 1 and/or 2 steps Planing 23 at transom and 31◦ at 
midship section 

Vitiello et al. (2022)  
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also been made to improve the understanding of how dynamic motions 
of planing hulls and their performance in calm waters can be improved 
through hull redesign or the addition of devices/appendages. Such 
studies may be conducted using experimental, mathematical, and nu-
merical approaches. They explore the effects of various fundamental 
design aspects (such as deadrise angle, length-to-beam ratio, step 
configuration for stepped hulls, etc.), as well as different energy-saving 
and control devices, on the calm water performance, resistance, and 
maneuverability of different hull types. For instance, some studies 
demonstrate how optimal step configurations can enhance performance 
in both smooth and rough waters (Niazmand Bilandi et al., 2023b; Avci 
and Barlas, 2023), while others illustrate how appropriate variations in 
deadrise along the hull can mitigate motions in waves and reduce 
slamming loads (Bonci and de Jong, 2023). Some investigations look 
into how bow shape can influence motion, particularly vertical accel-
erations (Keuning and Gelling, 2007), or how well-designed ener-
gy-saving devices can enhance calm water performance (Jangam, 2022; 
Sahin et al., 2022). Additionally, some studies address how other ap-
pendages such as skeg can enhance the maneuverability of a high-speed 
boat (Yasukawa et al., 2006). 

Since geometries of planing surfaces are simpler as compared to 
those of other types of ships, it is easier to establish codes that auto-
matically provide the 3D hulls. These codes have been developed since 
the early 2000s (see Table 3 and Khan et al., 2017). Recently, new codes 
that can automatically generate trimaran planing hulls have been 
introduced by Ghassabzadeh and Ghassemi (2012). There are automatic 

generation codes for the stepped planing hulls or catamarans and this is 
an area where emerging knowledge from computer science can be 
employed (see Section 10.1.2). 

3. Experimental research 

Experimental research is divided into three clusters namely (a) calm- 
water performance, (b) seakeeping, (c) maneuvering. Fundamental to 
those is sound understanding of fluid mechanics and physics of planing 
motion (e.g., lift force variations, water spray generation, wake-driven 
waves, etc.). This has been done through testing hulls planing on the 
water, which are fixed in heave and pitch directions. The early funda-
mental studies are performed in 1930s. A report by Sottorf (1932) 
demonstrates the variation of resistance with speed. This research has 
been followed by researchers over the next five decades. For example, 
Smiley (1950), and Kapryan and Boyd (1955) presented results on the 
variation of bottom pressure distributions of sea planes and planing craft 
respectively. Korvin-Kroukovsky et al. (1948a, 1948b, 1949a) looked 
into the variation of wakes. Studies looking into the variation of hy-
drodynamic resistance in way of the bow and pitching moments acting 
on single-stepped sea planes are given by Sottorf (1937) and Benen 
(1967). Recently, results on the variation of lift forces are reported by 
Doctors (2021), see Table 4. 

Table 2 
Principal characteristics of Series 62 (Clement and Blount, 1963) and the Dutch version (Keuning and and Gerritsma, 1982). Bmax, BT , B and AP respectively refer to 
maximum breadth, breadth at transom, average breadth across the hull and projected planing bottom area.  

Model L(m) Bmax(m) AP(m2) LP/B Bmax/B BT/Bmax β (◦) Series Reference 

4665 1.192 0.596 0.6010 2.36 1.18 0.80 12.5 Series 62 Clement and Blount (1963) 
4666 1.825 0.596 0.9026 3.69 1.21 0.71 12.5 Series 62 Clement and Blount (1963) 
4667–1 2.438 0.596 1.1892 5.00 1.22 0.64 12.5 Series 62 Clement and Blount (1963) 
4668 2.438 0.443 0.8843 6.72 1.22 0.64 12.5 Series 62 Clement and Blount (1963) 
4669 2.438 0.348 0.6948 8.56 1.22 0.64 12.5 Series 62 Clement and Blount (1963) 
186 1 0.5 0.4296 2.37 1.16 0.8 25 Dutch Series 62 Keuning and and Gerritsma (1982) 
187 1.25 0.408 0.4277 3.65 1.19 0.71 25 Dutch Series 62 Keuning and and Gerritsma (1982) 
188 1.5 0.367 0.4500 5 1.22 0.64 25 Dutch Series 62 Keuning and and Gerritsma (1982) 
189 1.5 0.273 0.3347 6.72 1.22 0.64 25 Dutch Series 62 Keuning and and Gerritsma (1982) 
190 1.5 0.214 0.2628 8.56 1.22 0.642 25 Dutch Series 62 Keuning and and Gerritsma (1982)  

Table 3 
Different methods developed for parametric generation of semi-planing and 
planing hulls (This table is originally presented in Khan et al. (2017)).  

Hull type Calkins 
et al. 
(2001) 

Perez 
et al. 
(2008) 

Mancuso 
et al. 
(2006) 

Perez 
Arbiras 
et al. 
(2001) 

Khan 
et al. 
(2017) 

Flat bottom ✓    ✓ 
Double chine 

(deep vee) 
✓ ✓   ✓ 

Single chine 
(shallow 
vee) 

✓ ✓   ✓ 

Single chine 
(deep vee) 

✓ ✓   ✓ 

Single chine 
(shallow 
vee)  

✓ ✓ ✓ ✓ 

Semi- 
displacment 
hull  

✓ ✓ ✓ ✓ 

Rounded   ✓ ✓ ✓ 
Arched/ 

Sailing   
✓ ✓ ✓ 

Arch bottom   ✓ ✓ ✓  

Table 4 
Experiments highlighting the variation of hydrodynamics of planing surfaces 
(This table is originally presented in Doctors, 2021).  

Reference β α FrB 

Shoemaker (1934) 0, 10, 20, 30 2 to 12 1.65 to 7.33 
Korvin-Kroukovsky et al. (1948a) 10 4 to 12 3.02 to 5.47 
Korvin-Kroukovsky et al. 

(1948b) 
20 4 to 12 3.02 to 5.48 

Korvin-Kroukovsky et al. (1949a) 30 4 to 12 3.02 to 5.47 
Korvin-Kroukovsky et al. 

(1949b) 
10, 20, 30 4 to 12 2.99 to 6.83 

Weinstein and Kapryan (1953) 0 2 to 30 4.15 to 25.50 
Chambliss and Boyd (1953) 20, 40 2 to 30 3.05 to 25.99 
Springston and Sayre (1955) 50 4 to 30 3.72 to 19.86 
Pope (1958) 70 9 to 30 9.40 to 17.64 
Savitsky and Neidinger (1954) 0, 10, 20, 30 2 to 15 0.61 to 4.00 
Brown (1971) 10 2 to 10 0.67 to 7.35 
Reyling (1976) 10, 20 2 to 8 1.00 to 5.01 
Sottorf (1932) 0 1.2 to 11.3 2.33 to 5.54 
Sottorf (1934) 0, 10, 15, 24, 40 2.6 to 10.1 3.50 to 3.50 
Perring and Johnston (1935) 0, 10, 15, 24, 40 2.6 to 10.1 3.50 to 3.50 
Sambraus (1938) 0 2.3 to 19.9 3.50 to 13.19 
Savitsky (1951) 20 6 to 12 2.46 to 6.83 
Kapryan and Boyd (1955) 0, 20, 40 4 to 30 6.83 to 15.28 
Christopher (1956) 0 3.9 to 19.4 9.47 to 9.87 
Shuford (1957) 0, 20, 40 8 to 34 9.07 to 18.65 
Shuford (1958) 0, 20, 40 8 to 34 9.07 to 18.65 
Brown and Van Dyck (1964) 20 3 to 12 6.00 to 6.00 
Brown and Klosinski (1980) 20 1.2 to 15.9 2.67 to 5.41  
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3.1. Cluster 1 - calm water performance tests 

In this cluster the focus is mostly on measuring the hydrodynamic 
performance of a planing hulls moving forward at a constant speed in 
calm waters (see Table 5). Model tests have been carried out in towing 
tanks. Usually, the vessel is allowed to be free in the vertical direction. 
However, motions are restricted in sway, yaw, and roll, see Fig. 3. Re-
sults display craft resistance, projected wet area, etc. In 1936, Nordstrom 
conducted towing tank tests to measure the resistance and trim angle for 
as many as 29 different high-speed vessels with novel hull forms. The 
tests transpired in 1930s and they were carried out up to volumetric 
Froude Number of 2.0, but an English translated version of the research 
was published in 1951 (Nordstrom, 1951). Another classic study is 
carried out by Davidson and Suarez (1949) who tested the hydrody-
namic performance of hull-series 50 (Morabito, 2013 reanalyzed per-
formance of this hull series). Similar recent experimental studies focused 
on stepped planing hulls and air cavity planing hulls (Cucinotta et al., 
2017). Research on uncertainties associated with towing tests is pre-
sented by Nikolov and Judge (2017). Here, it should be noted that a very 
important scholarly study, based on experimental dataset of Series 62 
and Gawn-Burrill series propeller, is performed by Hadler and Hubble 
(1971) who systematically evaluated the self-propulsion of Series 62 by 
considering different self-propulsion factors and different propeller di-
ameters and propeller positions and configurations (-single, -twin and 
-quadruple screw). This study is an illustrative example of how the 
calm-water resistance dataset can be paired with propeller performance 
dataset to evaluate the self-propulsion ride of a planing craft. 

The studies presented in Table 5 mainly focus on reporting resis-
tance, trim angle, and CG-rise of a planing hull. However, some calm 
water studies have been conducted to evaluate the dynamic instability of 
planing hulls. These studies have mostly investigated non-oscillatory 

and oscillatory dynamic instabilities, with the former being more 
likely to occur at lower Froude Numbers and the latter being more likely 
to occur as speed increases. These instabilities are well-defined in Cohen 
and Blount (1986). 

Most of important studies addressing instabilities have reported 
oscillatory dynamic instability in the vertical direction, termed 
porpoising. A vessel free in heave and pitch directions is towed in the 
tank, and its vertical motion is tracked to see whether it reaches a stable 
condition or not. Early experimental tests were conducted by Sottorf 
(1949). Other studies were conducted by Parkinson and Olson (1943), 
Benson (1942), and Davidson and Locke (1943). These experiments 
addressed porpoising of seaplanes (flying boats) or amphibian vessels. 
The most important study, however, was done by Day and Haag (1952a, 
b). They conducted systematic studies on different prismatic planing 
hulls to find porpoising limits for different hull forms. Inspired by the 
work of Day and Haag (1952a,b), Celano (1998) performed similar tests, 
but the planing models were five times larger than those tested by Day 
and Haag (1952a,b) and had larger deadrise angles. The more recent 
work was carried out by Zan et al. (2023), who studied porpoising of 
trimaran planing hulls. Another group of experimental studies high-
lighting porpoising is performed through forced motion. The vessel is 
forced to have oscillating heave and pitch motions, and then hydrody-
namic coefficients in the vertical plane are measured, which can be used 
to calculate the limit of porpoising instability. The work of Ikeda and 
Katayama (2000) is one of the best examples of such studies. 

The other set of experiments covering the instability of planing hulls 
focused on bow-diving instability (a non-oscillatory type) assessed 
through speeding test. A notable example of such tests can be found in 
the work of Katayama et al. (2003). In this study, a boat free in heave 
and pitch directions was accelerated in a tank, and the occurrence of 
bow diving was detected by monitoring the time history of pitch motion. 
It was observed that a heavier boat may experience this instability. 
Additionally, Blount and Codega (1992) discussed how the trim versus 
Froude number curve recorded during calm water tests can be used to 
analyze the stability of the boat. They presented their discussion using 
data corresponding to the trim versus Froude number of series 62 (The 
Dutch version, deadrise angle of 25◦) and a planing vessel tested in real 
seas. They stated that a planing craft with a zero or negative slope of the 
trim angle versus longitudinal Froude Number curve over 1 < Frl < 2 
(i.e., the early planing regime) is more likely to exhibit unstable 
behavior. From a physical standpoint, this may lead to a negative 
pitching moment that pushes the bow of the vessel down. 

Another group of experiments were conducted to assess the trans-
verse dynamic stability of planing hulls. Such experiments can be used 
for checking whether a planing hull shows non-zero heel (non-oscilla-
tory type) or chine-walking (oscillatory type) instabilities. In most cases, 
static or dynamic inclining tests were performed. Milward et al. (1979) 
and Wakeling et al. (1984) conducted one of the most important sets of 
inclining tests for a round-bottom high-speed boat. The primary obser-
vation was that the boat might lose its transverse stability under an in-
crease in speed, and an unstable condition typically arises when pressure 
in the rear part of the vessel drops. Marwood and Baily (1968) con-
ducted inclining tests for some rounded bottom hulls of NPL series and 
reported the limiting value of the metacentric height as a function of 
beam to draft ratio for different speeds. In the 1990s, Werenskiold 
(1993) conducted a static inclining test on a round bilge hull under 
various conditions by placing a weight off the center plane. The increase 
in speed was observed to result in a larger heel angle, and the emergence 
of hydrodynamic lift and hydrodynamic pressure caused by the pro-
peller were hypothesized to be two of the main reasons for the reduction 
in restoring moment. 

One set of interesting experimental studies is led by Brown and 
Klosinski (1994a, b) in 1990s, who conducted yawed and heeled tests to 
study directional stability of planing hulls. These tests are explained in 
more details in sub-section 3.3. Brown and Klosinski (1994a,b) 
measured the forces and moments acting on the vessel. Using the data 

Table 5 
Most important calm water tests conducted since late 1940s.  

Reference Tested vessel(s)/type of vessel 

Davidson and Suzrez (1949) Series 50 
Nordstrom (1951) Various high-speed boats 
Stout (1950) High-Speed water-based aircraft (seaplane) with 

single step 
Rodstrom et al. (1953) Swedish single stepped-planing hull series 
Beys (1963) Series 63 
Clement and Blount (1963) Series 62 
Fridsma (1969) Fridsma series (prismatic planing hulls) 
Holling and Hubble (1974) Series 65A and 65B 
Baily (1976) NPL hulls (Round bilge vessel) 
Keuning and Gerritsma (1983) Dutch Series 62 
Lahtihuarju et al. (1991) Planing hulls tests in VTT, Finland 
Keuning et al. (1993) Hard-chine planing hull with deadrise angle of 30 

Deg. 
Klosinski and Brown (1993a) USCG national designs of 110 ft and 120 ft WPB 

hulls 
Grigoropoulos and Loukakis 

(1999) 
Double Chine NTUA series 

Muller-Graf (1999) VWS fast hard-chine catamaran series ’89 
Metcalf et al. (2005) US Coast Guard boats 
Taunton et al. (2010) Stepless, one-stepped and double-stepped planing 

hulls 
Keuning et al. (2011) Three designs of SAR boats 
Begovic and Bertorello (2012) Warped planing hulls 
Morabito (2013a) Series 50 
Lee et al. (2014) Double-stepped hull planing hulls 
Kim et al. (2013) Deep-V type, planing hulls of University of Seoul 

Series 
Ma et al. (2013) Trimaran planing hull 
Seo et al. (2016) Wave-piercing planing hulls 
Cucinotta et al. (2017) Air Cavity planing hulls 
De Luca and Pensa (2017) NSS Series 
Molchanov et al. (2019) A hard-chine hull equipped with spray rails, or 

spray deflector 
Najafi et al. (2020) Single-stepped version of Fridsma’s series 
Vitiello et al. (2022) VMV Stepped Series  
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from the heeled cases, they calculated the restoring coefficient for three 
different hard-chine planing hulls with deadrise angles of 10, 20, and 
30◦ (Brown and Klosinski, 1995a,b). The roll restoring coefficient was 
observed to decrease with an increase in speed for cases with trim angles 
of 0 and 3◦. However, for a trim angle of 6◦, the roll restoring coefficient 
was found to increase with speed. Another remarkable point is the effect 
of deadrise angle on the roll restoring coefficient. In a zero-trim angle 
condition, a planing hull with a deadrise angle of 10◦ was seen to have a 
larger restoring coefficient, but at a trim angle of six degrees, the hull 
with a deadrise angle of 20◦ was found to have a larger restoring coef-
ficient. And, completely different compared to what was observed at a 
zero-trim angle condition, the hull with a deadrise angle of 10◦ was 
observed to have a lower restoring coefficient than the other two hulls. 

A different experimental test was carried out by Katayama and Ikdea 
(1996). They performed free-to-roll and fully captive tests on hard-chine 
planing hulls to identify the main reason for instability. Throughout the 
inclining tests, they reported that an increase in speed could be a sig-
nificant factor contributing to instability (i.e, increase in speed may 
cause a zero value of GZ versus heel angle curve at non-zero heel angles). 
Their results revealed that an increase in trim angle may potentially 
prevent transverse instability (see Fig. 8 in their paper). This observation 
matches with trends of restoring coefficient plots corresponding to 
different trim angles presented in Brown and Klosinski (1995a, b). A 
decade on, Katayama et al. (2007) reported results of another set of 
free-to-roll experiments on two planing hulls. They discussed that a 
narrow water surface area is likely to cause an unstable ride. Ranzen-
bach and Bowles (2010) also conducted inclining tests on three different 
hull shapes to evaluate transverse dynamic stability of some planing 
designs. The hulls were initially set at a heel angle of 5◦ and then towed 
forward. If the vessel heeled toward a larger angle, it was identified as an 
unstable boat. The most recent tests that may have application in 
assessing dynamic stability of planing hulls were conducted by Judge in 
a series of experiments (Judge, 2013; Judge and Judge, 2013), in which 
forced roll motions and inclining tests were replicated. 

Overall, discussion presented in Blount and Codega (1992) can be a 
highly practical guide for assessing the dynamic instability of planing 
hulls operating in calm water conditions. They documented various 
hydrodynamic features of vessels showing unstable behavior and dis-
cussed ways in which a boat can be stabilized: (I) modifying an existing 
design (e.g., using control devices) or (II) establishing a new boat design. 

3.2. Cluster 2 - rough water tests 

Rough water performance tests can be run in wave tanks or an actual 
field. In laboratory conditions, the planing boat is towed in a tank and is 

exposed to water waves mechanically generated by a wave-maker 
(Fig. 4). As compared to calm-water conditions, less effort has been 
put into this cluster. This is because there have been open questions of 
relevance to the calm water planing problem. Full-scale tests are 
somehow more limited and mostly document the vertical acceleration of 
planing vessels performing in actual seas. 

A summary of some of the most important tank tests highlighting 
wave-induced motions of planing hulls is presented in Table 6. The most 
famous systematic rough water model tests have been carried out by 
Fridsma (1969, 1971) over a wide range of beam Froude numbers and 
different wave steepness values. Fridsma’s experiments were run in 
regular (Fridsma, 1969) and irregular wave (Fridsma, 1971) conditions. 
It was shown that a prismatic hull may show nonlinear motions in her 
planing mode, while a resonance zone was observed to be shifted to-
wards longer waves as a function of speed increase. Speed may signifi-
cantly increase heave and pitch motions in the resonance zone, while 
heave and pitch motions are insensitive to speed over low range waves. 
On the other hand, vertical acceleration is highly sensitive to speed. In 
irregular wave tests, it was observed that the average value of a boat’s 
vertical motion may decrease with an increase in speed. However, the 
average value of 1/10 highest crests of vertical motions was seen to 
increase under an increase in the speed. This signifies that with the in-
crease of the speed the vessel mostly responds to long waves. Fridsma 
(1971) reported that the bow shape of the vessel may not significantly 
affect the vertical motion of the planing boat as discussed in Section 2. 
This was observed in his random wave tests by comparing the motion 
data of his own developed models against those of a prismatic hull. The 
axe and wave piercing bow types, however, can significantly decrease 
vertical motions of a planing hull as it is also confirmed by Keuning and 
Gelling (2007). Another set of important experimental tests were con-
ducted by Klosinski and Brown (1993a, 1993b). They measured vertical 
motions of two different USCG national designs, namely 110 ft and 120 
ft WPB hulls, in regular and random wave conditions. They documented 
1/3-highest and the 1/10-highest peaks and troughs of heave and pitch 
movements along with vertical accelerations recorded in random wave 
tests, and presented acceleration, heave, and pitch variance spectral 
density data. 

Muller-Graf et al. (2002) reported that during the design of the VWS 
catamaran series, they have observed that a semi-symmetrical hard--
chine catamaran would be exposed to lower vertical accelerations as 
compared to a symmetric catamaran. Also, they reported that the 
asymmetric catamaran would experience the lowest speed reduction 
when riding in the waves, as compared to the other catamarans. How-
ever, these results are limited to low planing speeds. Taunton et al. 
(2011), demonstrate key results on vertical motions of stepped and 

Fig. 3. A general schematic of calm-water tests carried out in towing tanks and basin.  
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stepless planing hulls advancing in irregular waves. These results reveal 
that mean and RMS of heave maxima of a double-stepped are smaller 
than those of non-stepped and stepless concepts at highest speed. In 

addition, RMS of heave minima of double-stepped model were seen to be 
lower than those of two other hulls at the highest speed. Further, the 
mean and RMS of pitch maxima of the single-stepped concept were 
observed to be lower than those of the others at the highest speed, while 
those of the stepless hull were larger than those of the double-stepped 
hull. Yet, the vertical acceleration of a double-stepped boat has been 
seen to be lower than those of stepless boats and a double-stepped boat 
at the highest tested speed (crest factor and RMS of vertical acceleration 
were reported). Taunton et al. (2011) did not perform any regular wave 
tests. So, it is still very unclear how a single-step or a double-step design 
can affect the motions in regular waves. 

Some experimental studies have contributed insights into the influ-
ence of energy-saving devices, specifically interceptors, on the motions 
of planing hulls. A noteworthy series of experiments was conducted by 
De Luca et al. (2014), who measured the vertical motions of a warped 
planing hull fitted with both conventional and unconventional in-
terceptors (double interceptors, as will be also introduced in sub-section 
8.5.3). Results indicated that motions were relatively insensitive to these 
devices at high frequencies; however, over the resonance zone, in-
terceptors were observed to increase heave and pitch motions. 
Throughout testing a planing vessel equipped with a controllable 
interceptor in regular and random waves, Park et al. (2019) studied the 
effects of controllable interceptor on dynamic motions of a planing 
model. Their tests revealed that, under active control, an interceptor can 
reduce the heave and pitch response of a planing hull by 33% and 41%, 
respectively, when riding in regular waves over the resonance zone. In 
the case of random wave conditions, the active control of the device was 
found to decrease pitch motion RMS (root mean squared) by 31% and 
heave by 12%. 

One of the most important field tests was conducted by Morch and 
Hermundstad (2005) who measured acceleration and pressure acting on 
the panels of a deep-V planing boat named “Nidelv 610” riding at a beam 
Froude Number of ≈ 3.3. The cumulative probability curves of pressure 
and vertical accelerations derived, were shown to be in line with those of 
Weibull probability distribution function (PDF). Similar studies were 
also done by Blount and Schleicher (2006). In addition, throughout 
measuring the acceleration of planing boats and re-analysing the videos 
of the motions taken during tests, Blount and Funkhouser (2009) 
demonstrated that an air borne ride (fly-over) is more likely to happen at 
volumetric Froude Numbers exceeding 4 and wave slopes is greater than 
0.06. While this observation is very important, it has been mostly 
ignored by researchers. Judge and van Derwerken (2019) undertook 
full-scale and model-scale physical experiments to measure vertical ac-
celeration of a planing craft, and discussed how the results of these two 
sets of experiments can match. A recent full-scale measurement was 
conducted by Pigazzini et al. (2020, 2022). They recorded the trim angle 
and torque of a planing yacht boat in head sea and following sea con-
ditions and presented spectral density and RAO plots for torque. Addi-
tionally, Pigazzini et al. (2022) observed good agreement between the 
trim angle of a self-propelled scaled planing model (tank test) and those 

Fig. 4. A general schematic of rough water tests carried out in towing tanks and basins.  

Table 6 
Most important wave-induced motion tests conducted since late 1960s.  

Reference Tested vessel(s)/type of vessel Wave type 

Fridsma (1969) Fridsma series (prismatic 
planing hulls) 

Regular wave 

Fridsma (1971) Fridsma series (prismatic 
planing hulls) 

Random waves 

Brown and Klosinski 
(1980) 

Hard-chine planing hulls Random waves 

Zarnick and Turner 
(1981) 

Fridsma series (prismatic 
planing hulls) with L/B = 7 and 
9 

Random waves 

Lahtihuarju et al. 
(1991) 

VTT series Regular wave 

Klosinski and Brown 
(1993a, b) 

USCG national designs of 110 ft 
and 120 ft WPB hulls 

Regular wave and 
random waves 

Soletic (2010) US Coast Guard boats Random waves 
Grigoropoulos et al. 

(2010) 
Double Chine NTUA series Regular waves 

Taunton et al. (2011) University of Southampton 
Series 

Random waves 

Keuning et al. (2011) Three designs of SAR boats for 
Royal Netherlands Sea Rescue 
Institution (KNRM) 

Random waves (head 
waves, following 
waves and quartering 
Waves) 

Kim et al. (2013a) Deep-V type planing hulls of 
University of Seoul 

Regular waves 

Grigoropoulos et al. 
(2014) 

Double Chine NTUA series Random waves 

De Luca and Pensa 
(2014) 

Model C0202/1 (a warped 
planing model) w/o and w/ 
(conventional and 
unconventional) interceptors 

Regular waves 

Begovic et al. (2014) Monohedral and warped 
planing hulls 

Regular waves 

Ma et al. (2015) Trimaran planing hull Regular waves 
Begovic et al. (2016) Monohedral and warped 

planing hull 
Random waves 

Seo et al. (2016) Wave-piercing Series Regular waves 
De Luca and Pensa 

(2019) 
NSS Series Random waves 

Park et al. (2019) A planing model equipped with 
interceptor w/o and w/active 
control 

Regular waves and 
Random waves 

Molchanov et al. 
(2019) 

A hard-chine hull equipped 
with spray rails, or spray 
deflector 

Random waves 

Begovic et al. (2020) A monohedral planing model Regular waves 
Pigazzini et al. (2021) NSS Series Regular waves 
Judge et al. (2020b),  

Diez et al. (2022)  
Lee et al. (2024) 

GPPH model Regular and Random 
waves  
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of full-scale sea trials. 
There are many open questions related to the dynamics of planing 

hulls in waves which can be answered through systematic experimental 
tests. The first question is mostly related to the effects of different hull 
forms. Research on the influence of steps on wave-induced motions of a 
planing hull are limited, while systematic studies on the planing motions 
of catamarans and trimarans is absent. Researchers undertaking irreg-
ular wave tests have generally presented the average values of motions, 
or 1/3 and 1/10 of highest heave and pitch motions (see Table 7.3 of 
Klosinski and Brown, 1993a, as an example), and more recently strains 
(e.g., Lee et al., 2024). However, these motions along the vertical ac-
celeration can be non-Gaussian. This implies the need for more in-depth 
statistical analyses of heave and pitch responses. It is of note that van 
Derwerken and Judge (2017) discuss the challenges in statistical anal-
ysis of vertical acceleration of planing hulls. 

3.3. Cluster 3 - maneuvering and planar motion tests 

A series of laboratory/field tests were performed to (a) study 
maneuvering motions of a planing surface, (b) measure hydrodynamic 
coefficients, (c) motions. Some of the studies in this cluster present 
maneuvering forces when planing vessels are towed obliquely (drift 
tests), or under dynamic planar conditions (forced yaw, combined 
forced yaw/sway, rotating arm), see Fig. 5. These tests can be done for 
the case free to rise and trim (free in two degrees of freedom), or for a 
case fixed in vertical directions. The initial experimental work in this 
field was carried out by Smiley (1952). Smiley (1952) measured the 
forces and moments acting on a seaplane with a deadrise angle of 22.5◦

while landing on the water in a yawed condition. Although the study 

was not specifically developed for maneuvering purposes, it provided an 
early understanding of how a yawed condition can affect the forces and 
moments acting on a hard chine surface. Savitsky et al. (1958) con-
ducted tests involving heeled and yawed conditions for both a deadrise 
and a flat planing surface. They reported the measured forces and mo-
ments acting on the vessel, along with the corresponding wet lengths. 
Later, Henry (1975) carried out similar tests on three different prismatic 
planing hulls with deadrise angles of 10, 15, and 20◦. In Henry’s work, 
regression equations for all six forces/moments acting on a planing hull 
were built; these can be found in Appendix C of Henry (1976). 

One of the most important sets of experimental tests was carried out 
by Brown and Klosinski (1994a, b) who tested three different hard-chine 
planing hulls with deadrise angles of 10, 20 and 30◦. Throughout this 
work oblique towing tests along with rotating arm tests were performed 
and the effects of a twin rudder on hydrodynamic forces were also 
studied. The vessel was set free to rise. However, it was fixed at different 
trim angles, ranging from 0◦ (−2◦ for oblique tests) to 6◦. The tests 
covered yaw angles ranging from 0◦ to 15◦, roll angles (heel angle) 
ranging from 10◦ – 20◦, and dimensionless turn radii of 0.117 and 0.234. 
Similar oblique tests have also been conducted by Toxopeus et al. (1997) 
and Morabito (2015). 

Some of the oblique tests performed in Katayama lab were carried 
out by setting heave and pitch to be free (Kimoto et al., 2004; Katayama 
et al., 2005, 2006). In some other tests, the vessel was additionally set to 
be free in roll. Three different planing hulls with deadrise angles 12 
(model TB30), 18 (model TB45) and 24 (model TB60) with three 
different L/B ratios of 3 (model TB30), 4.45 (model TB45) and 6.06 
(model TB60) are presented in Kimoto et al. (2004), Katayama et al. 
(2005, 2006). Results from this set of studies can be summarized as 

Fig. 5. General schematics of yawed and PMM tests in tanks.  
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follows:  

I) Trim angle versus Froude Number curves may peak at a lower 
Froude Number when the yaw angle is 20◦ or more. This means 
that a yawed condition may result in emergence of planing mo-
tions at a lower Froude Number.  

II) Trim angle of a yawed planing hull may be lower at large Froude 
numbers. This signifies that the hydrodynamic lift force of a 
yawed hull would be larger than that of a non-yawed one.  

III) When the planing vessel is free to roll and advances in a planing 
mode, it may heel at an angle in between 10 and 20◦. This means 
that an oblique motion may result in significantly larger rolling 
moments.  

IV) The planing hull with large slenderness ratio (L/ B = 6.06) 
obliquely moving forward may reach a negative heel angle at low 
planing speeds. 

The main conclusion of above observations is that maneuvering 
motions of a planing surface have to be simulated while considering 
heave, pitch and roll. This is because they are very sensitive to oblique 
flows (see Ikeda et al., 1998, 2000). In another set of experiments in 
Katayama’s lab, planar motion tests forced to have sway and yaw mo-
tions were done, results of which are presented and discussed in Tajima 
et al. (1999), Ikeda et al. (2000), Katayama et al. (2000a,b), Katyama 
et al. (2005). These publications demonstrate that heave, pitch and roll 
motions may depend on the frequency and large motions may be 
observed if the period of forced motions is close to the natural frequency 
of roll (Ikeda et al., 2000; Katayama et al., 2000a,b). Otherwise heave 
and pitch motions may be negligible (Katyama et al., 2005). Interest-
ingly, the time average value of heave and pitch motions may be 
different as compared to the trim angle and rise of a boat performing 
straight forward tests (Ikeda et al., 2000; Katayama et al., 2000; 
Katyama et al., 2005). This suggests that a nonlinear mechanism, 
emerging due to forced yaw/sway motions may contribute to a lift force, 
leading to different values of trim and rise. The trim angle and center of 
gravity rise of a vessel were seen to significantly affect the damping 
coefficients in sway and yaw directions (Tajima et al., 1999). Dynamic 
planar motion tests under the same conditions are also presented in 
Plante et al. (1998). Some steady drift and pure sway and yaw test data 
of a rescue design boat (labeled as Concept 2) of Royal Netherlands Sea 
Rescue Institution (KNRM) are also presented in de Jong et al. (2013). 

Zigzag trajectories (Martelli et al., 2016), accelerations (Katyama 
and Ikeda, 1998, 1999; Katayama et al., 2022) or circle turning motions 
(Katayama et al., 2009) are physically modelled in open seas (field) or 
tanks. Some key findings are presented in Kim and Kim (2017). The 
circle turning motions of a hard chine planing hull equipped with a 
waterjet propulsion system was modelled for different nozzle angles. It 
was found that, during a starboard turn, the vessel may roll, reaching a 
peak value, which may in turn decrease until the vessel repositions 
herself at a steady heel angle. The maximum roll angle was seen to 
highly increase under the increase of the speed of the vessel, though the 
steady heel angle was seen to be negative when the nozzle angle was 
inclined at an angle of 30◦. That is, while the boat experiences a star-
board turn, it eventually heels towards the port side when the thrust 
angle increases. Later, oblique towing tank tests of these boats were 
carried out by Park et al. (2021). Two laboratory-based studies have 
covered behavior of high-speed vessel with horizontal motions in waves 
(i.e., maneuvering aspects in waves), which are carried out by Bonci 
et al. (2019, 2020). Bonci et al. (2019) tested a hard-chine boat exposed 
to following sea in three different conditions covering ride in waves with 
sway velocity and encounter angle of 25 Degrees, pure sway motion in 
following waves and effects waterjets steering angles in following sea. In 
the other set of experiments, Bonci et al. (2020) towed a heeled boat 
advancing in following sea and measured heel-induced sway and yaw 
moments which can be used in assessing the dynamic stability of a boat 
maneuvering in waves. Some of the tests of Bonci et al. (2019, 2020) 

were performed at longitudinal Froude Numbers greater than 0.5 (i.e., 
beyond displacement regime). 

In summary, physical modelling looking into maneuvering of 
planing hulls provided an early knowledge of the problem. To date 
research is limited to hard-chine planing hulls and model testing con-
ditions (e.g., calm and deep waters). Limited data on the measurement 
of maneuvering forces of round bilge hulls and one-stepped hulls can be 
respectively found in Baba et al. (1982) and Morabito et al. (2014). It is 
not well understood what type of dynamic response a planing hull may 
demonstrate at high speed, or at different slenderness ratios. The latter 
was demonstrated as important by Katayama, where negative heel angle 
was seen to emerge when a yawed planing vessel was free to roll 
(Katayama et al., 2005, 2006). 

4. Two-dimensional planing craft hydrodynamics 

The 2D planing surface problem is the simplest and most common 
study case. A mass of water is assumed to flow towards a surface gliding 
on the water surface. The inclination angle of the plate is usually 
assumed to be very small, and the speed of the fluid flow is presumed to 
be very high. Research focus is on the solution of jet flow problems, as 
well as series expansion, integral and viscous methods. Research in this 
area, while very interesting, requires thorough understanding of fluid 
dynamics. 

4.1. Analytical jet flow models 

The prediction of the lift force of a 2D surface planing on a stream 
flow assumes potential flow assumptions under zero gravity. These 
models assume that the jet flow forms on the wet wall of the plate and is 
the main contributor to the lift force. The formed jet flow can be ide-
alised according to Wagner (1932) water entry model. Accordingly, the 
lift force (L ) of the plate is defined as 

L

ρwV2c
= πα, (4.1)  

where α is the angle of attack, and c is the wet length of plate, that can 
be linked to spray thickness (κ) as 

κ = 0.5 πcα2. (4.2) 

As the jet flow approaches the trailing edge of the plate, it may get 
thicker and rotate (Fig. 6). This means that Equation (4.1) is no longer 
valid. The lift force and pressure distribution may be a function of spray 
thickness and rotation angle, found by solving the equations describing 
fluid flow. A common approach to solve the fluid dynamic problem is to 
use conformal mapping. Assuming that a plate has a finite length and 
there is no shallow water effect, Green (1936a) derived the lift force 
equation coefficient as, 

L

ρwV2κ
=

1 + cos(α + γ)

sin α . (4.3)  

Here, γ is the spray rotation angle. 
The background to the detailed formulation for the calculation of the 

spray root angle and thickness are presented in Green (1936a). Green 
also solved the problem for shallow waters by considering two different 
scenarios namely (a) finite length plate, and (b) semi-infinite length 
plate (Green, 1935, 1936b). However, as gravity is neglected, this model 
does not account for wave generation in the lee of the plate. Other jet 
flow models use the matched asymptotic expansion method, through 
which the fluid domains are divided into inner and outer flow partitions. 
The inner flow addresses the nonlinear fluid motion near the planing 
plate, and the outer flow solution addresses the fluid flow far from the 
plate, where the gravity effects are important (e.g., Shen and Ogilvie, 
1972; Ting and Keller, 1974, 1976; Fridman, 1998). 
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4.2. Asymptotic expansion methods 

A series expansion is another approach that can be employed to solve 
the 2D planing problem. The method is basically developed on the basis 
of classic linearized idea flow assumption assuming gravity effects. This 
allows for the approximation of waves generated in the lee of an object 
(Srettensky, 1933). The pressure acting on the planing surface is 
approximated using a series expansion, and then the free surface 
elevation behind the plate is found. The method may lead to singular-
ities near the leading edge of the plate, where the spray root is posi-
tioned. Similarly, the lift force acting on the planing surface can be 
approximated by using an asymptotic approach. The problem has been 
theoretically addressed and validated as explained in Maruo (1956, 
1959). The lift force of a flat plate can be approximated as 

L

ρwV2cH
= πα

(

1 −
gcH

V2

(

π +
4
π

) )

. (4.4) 

The above equation is documented in Sedov (1936). Technical in-
formation and integrals used for solving the related fluid dynamic 
problem can be found in Wehausen and Laitone (1960) and are not 
presented here (the planing surface is assumed to be longitudinally 
stretched over -cH and cH). Cumberbatch (1958) idealised the problem 
for very high Froude Numbers defined the lift coefficient as 

L

ρV2c
= πα

(

1 − 4.41 Frl
−2 + Frl

−4 log
1
2
Frl

−2 + 19.9 Frl
−4

)

. (4.5) 

Another asymptotic model is developed by Chung and Chun (2008). 
The potential flow, angle of attack and vertical displacement of the 
planing plate are introduced as unknowns, and the solution is presumed 
to be dependent on Frl

−1. In their approach the weight force (W) was 
assumed as an input and the lift force of the 2D planing plate is defined 
as 

L

W
≈ 1 −

2
π [1 − ln(2 sin α) ]α. (4.6) 

The angle of attack (equilibrium trim angle) is defined as 

α ≈

̅̅̅̅̅̅̅̅̅̅̅̅
W

ρwLW

√
1
V

. (4.7)  

4.3. Numerical methods 

4.3.1. Integral equations 
Integral methods account for surface tension and may be used to 

solve the linearized incompressible fluid dynamic motions around a 2D 

planing plate. To do so, an integral equation that idealises the free 
surface and pressure is introduced and different types of water detach-
ment at the trailing edge of the plate associated with smooth and 
discontinuous slopes are considered. The general idea is that the free 
surface elevation along a plate (η(x)) is substituted by a mathematical 
equation giving the geometry of the topology. Then, by assuming that 
the origin of the coordinate system is positioned at the center of the plate 
and the planing surface covers − l < x < l, the integral equation be-
comes 

η(x) = plK’(x + l) + ptK’(x − l) +

∫−l

−l

dξp(ξ)K’(x − ξ), (4.8)  

where K’ and η are respectively the kernel function and free surface 
deformation due to planing motion. pl and pt express the pressure at 
leading and trailing edge of the 2D plate. 

The above signifies that the pressure over the planing surface is 

p(x) = pl δ(x + l) + pt δ(x − l) + p(x), (4.9)  

where δ is the Delta Dirac function. 
Technical information about the models, the kernel function, and the 

numerical methods that are used to solve the problem for different 
planing surfaces are presented in Tuck (1982a, 1982b) who developed a 
model that captures the effects of surface tension and immersion depth 
of a planing plate on waves generated in front of a plate gliding on the 
water surface (see Fig. 7 and Tuck, 1990). The extension of the Integral 
equations of Tuck (1982a, 1982b, 1990) for the improved idealization of 
the 3D planing problem could remain future research exercise. 

4.3.2. The finite pressure element method 
The finite pressure element method was introduced by Doctors 

(1974). It assumes that a finite number of triangle pressure elements 
may be distributed on the surface of a planing surface. Then, the line-
arized potential flow problem for a deep-water flow can be solved. The 
method gives the free surface elevation and the pressure distribution 
along the planing plate (Fig. 8). To solve the problem a convergence 
study is required. This eventually helps select the proper number of 
pressure elements that must be taken under consideration. The method 
gives singularities at the leading edge of the plate, although it satisfies 
the Kutta boundary condition governing the other edge of the plate (i.e., 
zero pressure at the trailing edge of the plate). The pressure distribution 
plots of different planing surfaces as well as flat, parabolic and cubic 
plates are found in Doctors (1974). It is shown that the pressure in the 
rear part of the parabolic and cubic planing plates may get negative. 

Fig. 6. A planing plate exposed to steady flow. In (a) the jet flow is formed but is not rotating. In (b) spray is rotating, while it is thicker than the spray formed in (a).  
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Recently, Doctors (2023) extended the model and developed the solu-
tion for the planing plates free-to-rise and free-to-rise-plus-trim 
scenarios. 

4.3.3. The boundary element method (BEM) 
The implementation of BEM for use in 2D planing craft dynamics has 

been seen in the work of Matveev et al. (2009). In this methodology the 
linearized potential flow problem is solved and point sources having 
strength (Q) are positioned on the upper boundary of a fluid domain. 
Each point source is positioned at the center of each fluid element. 
Matveev (2012) prescribed an undistributed water surface elevation for 
the upstream domain. The profile of the water rise-up in the front 
boundary of the plate needed to be initially prescribed and then would 
be found via iterations. The lift coefficients predicted using the point 
source approach were observed to agree with those of the pressure series 
expansion and found to be proportional to α as Frl→∞. Results agree 
with lift force equations formulated using power series (see Section 4.2). 

4.4. Viscous fluid dynamics 

The viscous fluid assumptions may lead to more accurate simulations 
of the fluid flow around a planing body. This is because of the non-
linearities associated with fluid motion and the breaking of water spray 
formed on the plate or waves generated astern (Kramer et al., 2013). The 
viscous fluid motions around a plate are generally governed by 
Navier–Stokes and continuity equations. As explained in Pena and 
Huang (2021), turbulence can be modelled on the basis of (a) 
Reynolds-Averaged Navier Stokes (RANS) equations, (b) Large Eddy 
Simulations (LES) which filters the small-scale eddies out or (c) De-
tached Eddy Simulation (DES). The Finite Volume Method (FVM) is 
mostly used to decompose the partial differential equations into 
simplified algebraic expressions (Anderson, 1995). The fluid can be 
assumed to be single- or two-phase (air-water mixture). For the latter, a 
volume of fluid (VOF) model should also be implemented. The problem 
may also be solved using particle methods (Gingold and Monaghan, 
1977), the application of which in marine hydrodynamics has been 
highly accelerated over the last decade (Tavakoli et al., 2023a). 

An early study is presented by Pemberton et al. (2001) who used 
single and two-phase flow models to solve the problem. In this work the 
lift force found by the single-phase flow was found to be more accurate. 
Kramer et al. (2013) solved the planing motions of a plate at different 
Froude Numbers, and compared his results against the potential flow 
model of Doctors (1974) (see Section 4.3.2). The authors observed that a 
number of nonlinear phenomena may emerge when viscous effects are 
considered (e.g., non-breaking waves in way of the lee of the plate). 
Ghadimi et al. (2013) introduced a Smooth Particle Hydrodynamics 
(SPH) solution by using the viscous CFD code FLOW3D. Different jet 
flow patterns were observed and the main differences appeared at 
greater Froude numbers and angles of attack. The jet flow found using 
the SPH code was seen to collapse earlier than CFD. Recently CFD codes 
have been used to model fluid flows around stepped planing plates 
(Garland and Maki, 2012; Dashtimanesh et al., 2020a), or plates sub-
jected to air cushion effects (Durante et al., 2014). The fundamental 
engineering studies in this field may be considered mature and research 
progress can be achieved only through understanding the dynamics of 
hull geometries at high-speed and hydroelasticity. 

5. Three-dimensional planing hull hydrodynamics 

The 3D planing hull hydrodynamics problem has broader range of 

Fig. 7. Demonstration of Tuck model (Tuck, 1982b) - (a) surface tension may lead to the generation of waves in front of the planing plate; (b) the decrease of 
immersion depth in way of the leading edge of the planing plate may decrease the generated waves. 

Fig. 8. A general overview of the finite pressure element method of Doc-
tors (2015). 
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applications with direct application to hull performance, controllability 
and seakeeping. This section reviews the methods used for modelling the 
fluid motions and forces acting on a planing boat (three-dimensional 
planing surface). 

5.1. Potential fluid flow models 

The first group of models introduced in this section are the ones that 
are based on potential flow assumptions, i.e. the fluid is assumed to be 
ideal, and mostly a linearized kinematic boundary condition is set for 
the free surface. Such methods may be more classical and may be 
considered as the generalized version of 2D planing models introduced 
in Section 4. 

5.1.1. Low-aspect-ratio flat-ship theory 
The low-aspect ratio flat ship theory may be one of the first methods 

developed to solve the 3D planing motions. The main hypothesis of the 
model is that the beam and draft over length ratios in way of the planing 
surface are very low. The method assumes a linearized boundary con-
dition on the free surface, Maruo (1967). To solve the problem, integral 
equations need to be solved and through those the pressures acting on a 
flat planing surface are obtained. Tuck (1975) presented a numerical 
approach to solve the same problem and Cole (1988) suggested 
simplification via asymptotic expansions. Cole’s method demonstrated 
that the hydrodynamic (L HD) and hydrostatic lift (B ) forces acting on 
flat planing surface are expressed as 

L
HD

= ρwV2L2
wϵϱ

(

ϱ
π
2

Fr2
l −

4
15

)

, (5.1)  

B = ρwV2L2
wϵϱ

8
15

. (5.2)  

In the above equations, Lw is the wetted length and ϵ along ϱ respectively 
express the draught (d) over length and the half-beam over length ratios, 
and are given by, 

ϵ =
d
L

, (5.3)  

ϱ =
B
2L

. (5.4)  

5.1.2. The asymptotic expansion method 
Chung and Chun (2007) used an asymptotic approach to idealise the 

potential flow filed, angle of attack and rise of a 3D flat planing plate 
with weight W. The solution presented in this research article is similar 
to the 2D idealization by Chun (2008). The lift force acting on the 
planing plate is approximated as, 

The angle of attack (equilibrium trim angle) is 

α ≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
W

ρwLW B

√
1
V

. (5.6)  

In the above expression, W is the weight force of the 3D planing surface 
and q is a parameter representing the evaluation of the longitudinal 
dimensions presented in Chung and Chun (2008). 

5.1.3. Finite pressure elements 
In this method finite elements are placed on the planing surface 

assuming linearized boundary conditions This results in the evaluation 
of hydrodynamic pressures and appropriate idealization of the free 
surface elevation. The very first research addressing 3D planing surfaces 
makes use of the finite pressure element introduced by Doctors (1975). 
However, the lift force was observed to be under predicted at high 
Froude Numbers (e.g., Fn = 2.0). Some other studies were carried out in 
the next decades (Tong, 1989, Xie et al., 2005). 

5.1.4. Panel methods 
Point sources, doublets or vortices are spatially distributed on the 

boundaries of the fluid domain. This enables us to compute the pressure 
distribution over the surface of the boat, and to predict the water surface 
elevation around the hull. The main challenge in this field is to either 
consider a linearized problem, or to set nonlinear boundary conditions 
for the water surface. 

Lai and Troesch (1996) explained that linearized boundary condi-
tions may limit the nonlinear solution to the problem (see Lai and 
Troesch, 1995). The main contribution of the nonlinearity is in the jet 
flow region, where large pressures are also expected to emerge. The 
phenomenon has also been identified in research with focus on 2D 
planing problems using jet flow methods (see Section 4.1). Another 
example is given by Brizzolara and Vernengo (2016). 

Other methods simplify the boundary conditions and neglect 
nonlinear terms with the aim to predict the lift force of the 3D planing 
surfaces accurately (Bari and Matveev, 2017). In such cases the pressure 
distribution and the water surface elevation behind the vessel may not 
be perfectly idealised. An example of a linearized model can be found in 
the work of Kohansal and Ghassemi, 2010. 

5.2. Empirical models 

The empirical models developed since 1930s are based on experi-
mental data collected over decades of tests, mostly carried out in Stevens 
Institute of Technology (Savitsky, 1964). Results describe the planing 
motion of hulls following towing tank tests with fixed heave and pitch, 
where forces acting on the planing vessels, along with wet area, center of 
pressure, and pressure distribution are measured. The methods fall into 
three categories namely (i) equations for the prediction of lift forces, (ii) 
application of the swept wing theory for the prediction of pressure and 
(iii) resistance force estimation models. 

5.2.1. Empirical equations for the prediction of lift forces 
A summary of some of the empirical equations giving the hydrody-

namic lift are presented in Table 7. The very first equation was formu-
lated by Perring and Johnston (1935) as follows, 

LHD

0.5ρwV2S
≈ 0.9 A

0.42 α, (5.7)  

where (LHD) is the hydrodynamic lift force, A is the aspect ratio of the 
planing surface and S is the wet area. 

The set of equations presented by Savitsky (1964) are most well 
accepted. The general assumption of these equations is that the lift force 
coefficient of a 3D flat plate can be determined using the angle of attack 

L

W
≈ 1 −

2
π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
W

ρwgL2
W B

√

[1 + |ln(2 sin α)| ]Fr−1
l −

LW Frl

πB

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρwgL2
W B

W

√
∫0.5b

−0.5b

∫1

0

ln

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 2q cos 2 α + q2 + (0.5b + z)
2

√

+ 0.5b + z
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 − q)
2

+ (0.5b + z)
2

√

+ 0.5b + z
dq dz (5.5)   
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and the mean wetted length. Stavisky hypothesized that the hydrody-
namic lift force of a 3D flat planing surface is proportional to α1.1 and 
(LM

B
)0.5, and formulated the hydrodynamic lift force coefficients as, 

LHD

0.5ρwV2B2

⃒
⃒
⃒
⃒

β=0
≈ C

(
LM

B

)0.5

α1.1 (5.8)  

where C is a constant that is found using curve fitting and LM is the 
average wetted length of the surface. The equation is different as 
compared to those formulated using potential flow assumptions. This is 
because the lift forces of potential flow models were shown to be pro-
portional to α. Stavitsky presumed that the transverse flow towards the 
edge of the plate may cause this difference. By setting tan α ≈ α1.1 , 
Stavitsky formulated the buoyancy force acting on 3D planing surface as 

B

0.5ρwV2B2

⃒
⃒
⃒
⃒

β=0
≈ D

(
LM

B

)2.5

Fr−2
B α1.1, (5.9)  

where D is a constant that is approximated through curve fitting (Sta-
vitsky, 1964). 

The total normal force, L = L
HD

+ B , acting on a 3D flat planing 
surface (β = 0) is, 

CL 0 =
L

0.5ρwV2B2

⃒
⃒
⃒
⃒

β=0
=

L
HD

+ B

0.5ρwV2B2

⃒
⃒
⃒
⃒

β=0

≈ α1.1
(

0.0120
(

LM

B

)0.5

+ 0.0055
(

LM

B

)2.5

Fr−2
B

)

. (5.10) 

The lift force acting on a deadrise surface is 

CL β =
L

0.5ρwV2B2

⃒
⃒
⃒
⃒

β∕=0
≈ CL 0 − 0.0065 β CL 0

0.6 (5.11) 

The curves showing the lift force of flat planing surfaces and deadrise 
surfaces are shown in Fig. 9. To find the lift force acting on a planing 
boat, the mean wetted length (LM) should be evaluated and equals to LW 

for a flat 3D surface. For a deadrise surface encompassing the keel 
wetted length and the chine wetted length, LM is defined as 

LM = 0.5LK + 0.5LC, (5.12)  

where 

LK =
d

sin α , (5.13)  

and 

Table 7 
Empirical equations of dynamic lift force (LHD), as presented in Payne (1995).  

Reference Equation for L HD  

Perring and Johnston 
(1935) 

LHD

0.5ρwV2S
≈ 0.9 A 0.42 α  

Sottorv (1937) LHD

0.5ρwV2S
≈ 0.845A 0.5 α  

Korvin- Kroukovsky 
et al. (1949) 

LHD

0.5ρwV2S
≈ 0.012A 0.5 α1.1 α (Degrees) 

Locke (1949) LHD

0.5ρwV2S
≈

k

2
αn 

k and n are two constants that are presented in the reference 

Farshing (1955) g3 + [(2.293 − 1.571A )α − 2.379 − A ]g2 + [2A + 4 + (6.283A −

4.584)α]g − 6.283A α = 0 
g is found and then using the value of ϖ, lift coefficient is found. α in the equation 
used for calculation of g is in radians, but it is Degrees in the equation used for 
calculation of ϖ LHD

0.5ρwV2S
= ϖg 

where ϖ = 1.359 − tanh
(

1 + A

8A

)

2◦ ≤ α ≤ 18◦

ϖ = 1.359 − tanh
(

1 + A

8A

)

+

(
α − 18
90.53

)

tanh
1

A 2  

18 ◦ ≤ α ≤ 30◦

Fig. 9. Lift force variation according to Savitsky (1964).  
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LC = LK −
B
π

tan β
tan αS

. (5.14)  

In the above expression αS is the stagnation angle and is found by 

αS = tan−1π
2

tan α
tan β

. (5.15) 

Equation (5.14) is based on the water rise-up assumption founded in 
Wagner water entry theory (Wagner, 1932). Some other empirical 
equations that give the total lift force of a zero deadrise angle planing 
surface are outlined in Table 8. Lift curves constructed using Savitsky’s 
equations are presented in Fig. 9. 

5.2.2. Swept wing theory for the hydrodynamic pressure estimation 
Another important set of empirical equations for the prediction of 

pressure distributions on the bottom of a planing hull are established by 
Morabito (2014). Such equations may be used for the evaluation of lift 
forces over the wetted surface. The approach assumes that the maximum 
pressure (pMax) occurs at the intersection of the keel and the water. At 
any longitudinal strip, the maximum pressure emerges at a point located 
on the stagnation line. To satisfy the Kutta conditions the maximum 
pressure at each longitudinal strip of a 3D planing surface is approxi-
mated as 

pMax (ŷ)

0.5ρwV2 =

(
[
1.02 − 0.25ŷ1.4] 0.5 − ŷ

0.51 − ŷ

)

sin2αS, (5.16)  

where αS is the stagnation line angle (Equation (5.15)). Here, x and y, 
each with a hat symbol (∧), denote normalized longitudinal and trans-
verse distances from the stagnation line and centerline, respectively. 

The pressure at any point in between transom and stagnation line is 

pHD (x̂, ŷ)

0.5ρwV2 =

(
[
1.02 − 0.05(β

+ 5) ŷ1.4 ] 0.5 − ŷ
0.51 − ŷ

) ( (
L̂y − x̂

)1.4

(
L̂y − x̂

)1,4
+ 0.05

)
0.006 α1.3 x̂1/3

x̂ + Γ̂(ŷ)
.

(5.17)  

where Γ̂(ŷ) is found using 

Γ̂(ŷ) =

(

[1.02 − 0.05(β + 5) ŷ1.4 ] 0.5− ŷ
0.51− ŷ

0.006 α1.3
)1.5

2.588
(

pMax (̂y)

0.5ρwV2

)1.5 . (5.18)  

Here 

L̂y =
LM

B
−

(ŷ − 0.25)

tan αS
. (5.19) 

All equations presented in this sub-section are formulated by 

(Morabito, 2014). An example of pressure distribution given by Morbito 
model (Morabito, 2014) is shown in Fig. 10. 

5.2.3. Empirical equations for the estimation of resistance force 
The resistance forces of a planing surface can be formulated as 

R = R V + L sin α + R S, (5.20)  

where R V refers to frictional resistance force caused by the viscous fluid 
flow motion. The second term indicated the hydrodynamic induced 
resistance force, and R S is the spray resistance. The frictional resistance 
force is suggested to be found using viscous drag force, which is calcu-
lated as 

D v =
C FρwV 2LMB

2 cos β
, (5.21)  

where C F is Shoeneherr turbulent coefficient and V is the average 
bottom velocity. D v is the drag force due to frictional stresses. C F is 
frictional drag coefficient calculated by solving the expression 

0.242
̅̅̅̅̅̅̅̅
C F

√ = log10(Re C F). (5.22) 

The average bottom velocity of a flat planing surface can be 
approximated by 

V = V

(

1 −
0.0120 α1.1

̅̅̅̅̅̅̅̅̅̅̅̅
LM/B

√
cos α

)

. (5.23) 

The spray resistance is defined as 

R S = 0.5 ρwV2 l⊕ B2C
•

F . (5.24)  

Here, l⊕ is the dimensionless additional wetted length due to spray 
formation and C •

F is the drag coefficient of the spray. l⊕ is calculated as 
per 

l⊕ =
cos Θ

4 sin 2αS cos β
. (5.25)  

where Θ is 

Θ =
2αS

cos β
. (5.26) 

The spray frictional drag coefficient is found using 

C
•

F =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.328
̅̅̅̅̅̅̅̅
Re•

√ Re• < 1.5 × 106

0.074
̅̅̅̅̅̅̅̅
Re•5

√ −
4800
Re• Re• ≥ 1.5 × 106,

(5.27)  

where Re• is the Reynolds number of spray flow. Interestingly, the spray 

Table 8 
Empirical equations for the total lift force (L = LHD + B ) of a zero deadrise planing surface (Payne, 1995).  

Reference Equation for LHD  

Sedov (1939) 
L

0.5ρwV2B2 = α
[ 0.7 π

(
LM

B

)

1 + 1.4
(

LM

B

) +

(
LM

B

)

Fr−2
B

(

0.92
(

LM

B

)

− 0.38
)]

Korvin-Kroukovsky et al. (1949b) L

0.5ρwV2B2 = α1.1
(

0.0120
(

LM

B

)0.5
+ 0.0095

(
LM

B

)2
Fr−2

B

) α is in Degrees. 

Savitsky (1964) L

0.5ρwV2B2 = α1.1
(

0.0120
(

LM

B

)0.5

+ 0.0055
(

LM

B

)2.5

Fr−2
B

) α is in Degrees. 

Ergorov et al. (1978) 
L

0.5ρwV2B2 = α
[ 0.7 π

(
LM

B

)

1 + 1.4
(LM

B

) +

(
LM

B

)2

Fr−2
B

(
(

LM

B

)

− 0.4
(

LM

B

)

+ 0.4

)]
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drag may be nil in case additional length caused by spray formation is 
zero when cos Θ = 0. Above equations are developed by Savitsky (1964) 
and Savitsky et al. (2007). Fig. 11 shows frictional drag coeffeicient as a 
function of Reynolds Number. 

5.3. The 2D + t model 

The very early ideas of the 2D + t method dates to 1940s and early 
1950s. Researchers were mostly aiming to further extend von Karman’s 
water entry model (von Kármán, 1929) for 3D impact of seaplans or 
prismatic planing hulls (Mayo, 1945; Milwitzky, 1948; Schnitzer, 1953). 
For example, Schnitzer (1953) developed a theoretical model that used 
momentum variation to calculate the 3D impact forces acting on a 
prismatic planing hull. His results were shown to be in good agreement 
with experiments of Smiley (1950), and the method was later further 
developed for studying different hydrodynamic problems arising in 
planing motions, which shall be introduced in Sections 6, 7 and 8. In 
general, it is assumed that a planing vessel passes through a 2D plane, 
and solution of a 2D water entry problem over time can be used for 
calculation of the 3D forces (Fig. 12). 

Following the research done in 1940s–1960s, Martin (1978) intro-
duced a momentum variation theory for calculation of the sectional 
force acting on a hard-chine section. The method inspired many other 
researchers to develop mathematical models for the prediction of 
nonlinear motions of planing boats in waves or to study the purposing 
instability of vessels (e.g. Zarnick, 1978). Other significant work in this 
field was presented by Zhao et al. (1997) who instead of using the mo-
mentum variation, solved the potential flow fields while accounting for 
the flow separation from the chines and integrated the pressure acting 
on the wall of a section (Zhao and Faltinsen, 1993). The lift coefficient 
force found by Zhao et al. (1997) was observed to be greater than the 
one of Savitsky (1964). The key strength of 2D + t method is that it may 
apply to both symmetric and asymmetric motions provided that oblique 
(e.g., Judge et al., 2004) and rotational speeds for the wedge entering 
water are accounted for. The method has also seen to be used in 

Fig. 10. Morabito (2014) pressure contour distribution (a) on the bottom of a planing hull and (b) pressure distribution along the center line of a planing boat 
(deadrise angle = 10◦, trim angle = 3◦ and normalized mean wetted length = 4.0). 

Fig. 11. Frictional drag coefficient versus Reynolds number.  
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modelling spray pattern around a planing hull (Kihara, 2006) and wave 
breaking and wave pattern around moving bodies (Andrillon and Ales-
sandrini, 2004; Marrone et al., 2011; Landrini et al., 2012; Zheng et al., 
2019; Zhang et al., 2023). 

The water entry problem can be solved using the linearized potential 
flow theories or nonlinear ones, or it can be based on viscous fluid flow 
assumptions. Given a planing craft moving forward with a constant 
speed of V, a section enters the water with a speed of 

v = V tan α. (5.28) 

For a non-steady motion, speed at every section of the hull would be 
different. The solution of the water entry problem leads to the estimation 
of 2D forces acting on each section. The integration of these forces gives 
the total force acting on the body. Two coordinate systems known as 
body - attached one, and earth fixed are considered throughout this 
process. The normal force is defined as 

N =

(∫

LW

Ψ(ξ)f 2D
z (ξ)dξ

)

. (5.29)  

In the above Equation Ψ(ξ) represents a function that is used to imple-
ment transom effects. This function gives zero at ξ = ξtr, and approaches 
1 as ξ →∞. The pitching moment acting on the boat is 

M =

∫

LW

Ψ(ξ)ξf 2D
z (ξ)dξ. (5.30) 

The vertical forces in the 2D plane can be evaluated by using the 
principle of momentum variation (von Karman water entry model, von 
Kármán, 1929) developed for incompressible linearized fluid motions 
without gravity effects. Accordingly, the vertical force becomes 

f 2D
z (ξ) =

D
Dt

(
m2D

33 v
)

= m2D
33 v̇ + ṁ2D

33 v − U
∂
∂x

(
m2D

33 v
)
, (5.31)  

where m2D
33 is the sectional heave added mass of the section due to the 

heave motion at infinite-frequency, i.e., →∞. Readers intrested in 
technical information about above equation are referred to Zarnick 
(1978) and Faltinsen (2006). Here, U is the longitudinal velocity at each 
section of the vessel, given by 

U = V cos α . (5.32) 

Note that above speed is valid for a steady planing motion. A cross 
drag flow term may also be added to above equation, and equation is re- 
written as 

f 2D
z (ξ) = m2D

33 v̇ + ṁ2D
33 v − U

∂
∂x

(
m2D

33 v
)

+ C DCρwbW v2 (5.33)  

where bw is the half-wetted beam of the section. Equations that can be 
used for calculation of the sectional added mass and cross drag flow. 
Using the added mass theory, Payne (1988) has presented the equation 
for the normal force acting on a vessel moving forward at a constant 
speed as 

N = 0.5 ρw V2B2
(

π
4

f (A )Cmα +
Lc

B
C DCα2 +

LM

B
ΨBα
Frl

2 −
LM

B
Ψsα
Frl

2

)

, (5.34)  

where Cm is the 2D added mass coefficient, f(A ) is the aspect ratio effects,

ΨB and Ψs are respectively buoyancy reduction and transom suction lift. 
Added mass coefficient is formulated as 

Cm =
m2D

33

0.5π ρw bw
2 . (5.35)  

Payne (1988) presented following equations 

Cm =

(

1 −
β
π

)

, (5.36)  

and 

Cm =

(

1 −
β
π

)(

1 +
4
3

α LC

B

)

, (5.37)  

for dry chine prismatic and wetted chine prismatic wedges, respectively. 
For a zero deadrise angle vessel, Payne (1988) formulated following 
equation 

Cm =

(

1 +
4
3

α LK

B

)

. (5.38) 

More technical information about added mass coefficients along with 
ΨB and Ψs can be found in Payne (1988, 1992, 1994, 1995). In addition, 
formulations for calculation of buoyancy force are presented in Flair-
lie-clarke and Tveitnes (2008). Finally note that, if the water entry 
problem is solved using a theoretical or BEM approach, the force acting 
on a section can be found by integration of the hydrodynamic pressures. 

Most of the early water entry models idealise fluid motions at the 
early stage of the water entry and hence do not account for water de-
tachments that may be more evident in hard-chine sections. If a poten-
tial based flow model is used, the model should account for water 
separation (e.g., Tassin et al., 2014). Some important equations that can 
be used for the calculation of the sectional force during water entry are 
introduced by Korobkin (2004), see Table 9. Whereas these equations 
can only be used before the chine wetting condition, they have never 
been used for modelling planing hulls. 

Fig. 12. A general overview of 2D + t theory. Two different stages of the water entry process, before and after chine wetting, are shown on the right side.  
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5.4. 3D viscous fluid models 

Viscous models may be used to solve the fluid flow around 3D 
planing surfaces. Such models can idealise phenomena emerging near 
wall boundaries (e.g., turbulence development) and air-water interfaces 
(splash, wave breaking, etc.). 

To reconstruct the straightforward motion of the boat, a vertical 
symmetry plane is usually idealised and the problem is solved for half of 
the domain. The planing boat is assumed to be fixed, and an air-water 
stream is prescribed to flow towards the boat. The wall with slip, sym-
metry or inlet boundary conditions can be set on the side patches of the 
domains. The former resembles the walls of towing tank, though the two 
others may resemble open sea conditions. Laminar flow assumptions 
may for sure lead to under prediction of the drag forces. Hence turbu-
lence models (k − ϵ, k − ω SST, LES and DES) are utilized according to 
the FVM. RANS models may help in reconstructing the shear stresses 
emerging near the wall of the hull. LES may enable the capture of larger 
Eddies surrounding the vessel (e.g., in way of the lee of the vessel). The 
DES model can capture the shear stresses emerging near the walls and 
also large eddies formed in the vicinity of the lee of the hull. 

In literature, CFD simulations are presented for vessels fixed in heave 
and pitch. A list of most important studies following this aim is presented 
in Table 10. The aim of these studies has been to evaluate the capability 
of CFD models to predict the lift and drag forces. For example, Capon-
netto (2000) introduced a k − ϵ model to solve the fluid motions around 
flat and deadrise hull bottoms. The lift force coefficient of the flat bottom 
vessel obtained by CFD simulations was found to be nearly equal to 
those of Savitsky’s equations (Savitsky, 1964). However, those found for 
deadrise surface was seen to be slightly greater than Savitsky’s equations 
(Savitsky, 1964) give. Brizzolara and Serra (2007) performed a similar 
study and used the same turbulence model. Their comparisons against 
experiments showed that for most cases, the CFD model predicts the lift 
force of a deadrise surface more accurately. This is not surprising as 
Savitsky (1964) empirical equations do not consider all physical di-
mensions of the problem. 

Early studies looking into hydrodynamic of stepped planing hulls 
have also be done through fixed heave and pitch motion assumption. It is 
assumed that the trim and CG rise up the vessel to be equal to what was 

found in physical towing tank tests. Drag forces are then compared 
against those predicted by CFD models and the resistance forces 
measured in experiments. Fluid forces in vertical direction found from 
CFD are compared against the weight forces of the vessel. For example, 
Lotfi et al. (2015) observed that CFD may predict lower vertical forces 
while the center of pressures found in CFD simulations can be positioned 
forward to the center of pressure identified during experiments. Veisi 
et al. (2015) observed that a CFD model may under-predict resistance 
forces at larger Froude numbers. Ghadimi et al. (2019a) observed that 
the errors of CFD models in the prediction of the lift and resistance forces 
may reach up to 20% at larger speeds. This shows that, as compared to a 
stepless boat, the CFD model may have a higher level of uncertainties 
mostly because of water re-attachment effects (i.e., the water leaving the 
step re-attaches the hull in the lee of the step) may not be well captured. 
The overall result is that resistance and lift forces may be under-
predicted. Matveev and Morabito (2020) studied the hydrodynamics of 
negative deadrise surfaces fixed in heave and pitch. Both RANS k − ϵ and 
RANS k − ω models that were used to idealise the turbulent flow field 
around the hull, were seen to give similar results. However, the lift and 
drag forces of k − ϵ model were found to be closer to experimental values 
at trim angle of 4◦, while those of k − ω SST were observed to be more 
accurate at trim angle of 6◦. A conclusion drawn directly from these 
results is that for a hull with a larger trim angle, the free surface 
deformation may be more significant, and thus the turbulent flow 
development in the free surface may be stronger, hence, the k − ω SST 
may be more accurate. 

In addition to CFD-based methods employing meshed-based ap-
proaches to model fluid flow around planing vessels, particle methods 
have also been utilized. However, their application in modelling planing 
hulls fixed in heave and pitch directions is very limited. A pioneering 
study was conducted by Akimoto et al. (2003). The original paper is in 
Japanese, with an extended English version published in 2013 (Aki-
moto, 2013). Akimoto (2003) numerically modelled water surface 
elevation around a planing vessel fixed in heave and pitch directions 
using a moving particle method and compared the wake flow behind the 
vessel with the experimental measurements of Savitsky (1988). After-
ward, Tafuni et al. (2016) employed a similar approach to simulate 
divergent and traverse waves generated by a planing vessel fixed in 

Table 9 

Display of water entry models of relevance to the 2D vertical force acting on a wedge entering water with a constant speed (f2D
z = ρw v2 bw

[ π2

2 tan β
− K(β)

]
; Korobkin 

2004).  

Water entry model K(β) Ξ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − X2

√
, for X as defined below 

Original Logvinovich Model (OLM) 
K(β) =

π
tan β

(π
2

− arcsin Ξ
)

+ 0.5 ln
[
1 + Ξ
1 − Ξ

]

X =
2 tan β

π 
Modified Logvinovich Model (MLM) 

K(β) =
π

tan β

(π
2

− arcsin Ξ
)

+ 0.5 cos2 β ln
[
1 + Ξ
1 − Ξ

]

+ Ξ sin2 β X =
sin (2β)

π[1 +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − 4π−2 sin4 β

√
]

Generalized Wagner Model (GWM) 
K(β) =

π
tan β

(π
2

− arcsin Ξ
)

+ 0.5 cos2 β ln
[
1 + Ξ
1 − Ξ

]

+ Ξ(sin2 β + π − 2) X =
sin (2β)

π[1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 4π−2 sin2 β(sin2β + π − 2)

√

]

Table 10 
Summary of CFD studies (with exclusion of SPH-based ones) idealising the fluid flow around a planing surface fixed in heave and pitch directions.  

Reference Hull Turbulence 
model 

Comparison against empirical 
equations? 

Comparison against 
experiments? 

Reference of 
experiments 

k −

ϵ 
k − ω 
SST 

Caponnetto (2000) Prismatic planing hull ✓  Yes. No. NA 
Brizzolara and Serra 

(2007) 
Planing wedge ✓  Yes. Yes Chambliss and Boyd 

(1953) 
Lotfi et al. (2015) One-stepped planing hull ✓  No. Yes Taunton et al. (2010) 
Veisi et al. (2015) One-stepped planing hull ✓  No. Yes Taunton et al. (2010) 
Ghadimi et al. (2019a) Double-stepped planing hull ✓  No. Yes Taunton et al. (2010) 
Matveev and Morabito 

(2020) 
Negative deadrise angle 
planing hull 

✓ ✓ Yes. Yes Kimon et al. (1957)  
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heave and pitch directions, and also plotted the bottom pressure of the 
vessel. 

6. Calm water performance 

The hydrodynamic models used to calculate the performance of 
planing surfaces in calm water conditions assume straight forward 
course with constant speed. Hydrodynamic resistance, dynamic trim 
angle and CG rise-up versus speed as well as wet surface curves are 
usually presented in research studies. Generally, the trim angle, CG rise- 
up and resistance forces are idealised along the equilibrium of a vessel in 
the vertical plane, i.e., by solving the seakeeping problem. Key methods 
of assessment are summarized in the following sections. 

6.1. Empirical methods 

The most well-known model used for performance prediction of 
planing hulls is the one by Savitsky (1964). The model is based on 
empirical idealization of the hydrodynamic forces acting on a vessel and 
her center of hydrodynamic pressure. The equilibrium equations are 
defined as, 

W = N cos α + T sin (α + αT ) − D V sin α, (6.1)  

T cos (α + αT ) = N sin α + R v, (6.2)  

N (LCP − LCG) + D V (VCR − VCG) − T (VCT − VCG) = 0. (6.3)  

where N is the normal pressure force acting on the vessel, T is the trust 
force, αT is the inclination angle of thrust force, VCR is the vertical center 
of viscous drag,VCT is the vertical position of the thrust force. For a 
simplified case, the thrust force is assumed to be parallel to keel line and 
pass through the center of gravity and also it is assumed that (VCR −

VCG) ≈ 0. This results in the a simplified version of the equilibrium 
conditions. Usually, an iterative method may be used to identify the trim 
angle, the wetted length of the vessel, and the resistance force. To 
achieve this, the set of equations (6.1) - (6.3) or a simplified version of it 
are solved. The trim angle and wetted lengths are initialized and then 
the ones that satisfy the equilibrium equations are found by an iterative 
approach. The wetted length can be used to find the draft in way of the 
transom and the CG rise-up. Other resistance components, such as spray 
or air resistance can also be considered (see Fig. 13). 

Ghadimi et al. (2015) used the empirical equations of pressure to find 
the equilibrium conditions (swept wing theory). The main limiter of 
these empirical models is their boundary of applications. 

Over the last few decades, a sound research objective has been to 
further develop Savitsky (1964) models for the prediction of the per-
formance of warped planing hull series. Examples are given by Bertor-
ello and Olivievro (2008), and Schachter et al. (2016). In the former, a 

planing hull is discretised into a finite number of sections, each of which 
is treated as an independent planing surface. Then, the Stavisky (1964) 
equations and the Pierson and Lashnover (1948) model, are employed 
on each section. This model outperforms the original Savitsky (1964) 
model with diverse inputs for deadrise angle (e.g., deadrise angle of 
transom, center of gravity, etc.). More recently, Schachter et al. (2016) 
introduced another model that decomposes the planing surface into 
finite transverse sections. Their approach demonstrated a good level of 
accuracy in predicting resistance and trim angle for both Series 62 and 
warped planing hulls introduced by Begovic and Bertorello (2012). 
Benchmarks of empirical models and further application of empirical 
equations used for pressure distributions in the design of warped planing 
hulls may push forward the boundaries of the subject. The application 
and possibly further development of the lift force by Payne (1994) for 
performance prediction of planing hulls presents an additional oppor-
tunity for research. 

6.2. 2D + T model 

2D + t models can be used to identify the equilibrium conditions of 
planing hulls. This can be achieved by idealising seakeeping in the time 
domain and hence establishing two initial values for dynamic trim angle 
and CG rise-up to achieve heave and pitch converge (e.g. van Deyzen, 
2008). In those cases that the motions do not converge this method may 
be used for the prediction of the purposing instability. Alternatively, 
Equations (6.1)-(6.3) may be solved through an iteration approach and 
the forces acting on the hull are found using 2D + t method. Some 
studies have been done through this approach (Kim et al., 2013b; 
Ghadimi et al., 2017; Kahramanoğlu et al., 2021). Some studies used the 
method to evaluate stability of the vessel in calm water (e.g. Sun and 
Faltinsen, 2011b; Algarin and Tascon, 2014). 

6.3. Viscous models 

As explained in section 5.4, viscous-based models have attracted the 
attention of researchers dealing with planing hulls since the 2000s. Early 
studies were limited to fixed heave and pitch motions, in which it was 
shown that CFD-based models predict the lift force and drag force of 
deadrise surfaces with a higher level of accuracy as compared to Savit-
sky’s model (Table 10). However, in order to identify the equilibrium 
condition of a planing hull, it is necessary to couple fluid motions and 
turbulence effects with rigid body dynamics. CFD based codes that have 
been gradually equipped with dynamic mesh motion techniques could 
perhaps offer a suitable alternative. An example is the interFOAM solver 
of openFOAM that has been equipped with overset mesh motions since 
2017 (Huang et al., 2022b). 

Recently, the implementation of dynamic meshing in CFD codes 
sparked a new generation of CFD studies aimed at predicting the per-

Fig. 13. Dynamic equilibrium of a planing hull, conceptualized by Savitsky (1964) (a) not all forces pass through center of gravity, and (b) all forces pass through 
center of gravity. 
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formance of planing hulls riding in calm water conditions (Fig. 14). A 
suitable example is given by Caponnetto et al. (2004) who conducted 
one of the first CFD-based studies for performance prediction of a 
planing hull advancing in calm water conditions. The authors employed 
a k − ϵ model to capture turbulence. Trim and CG-rise up versus speed 
curves were plotted but were not compared against experimental data. 
Fu et al. (2012) and Oshea et al. (2014) utilized the CFD code NFA 

(Numerical Flow Analysis) to reconstruct the steady performance of a 
Fridsma planing hull free in heave and pitch directions (Fridsma, 1969). 
Their work compares CFD data against experiments and the Savitsky 
(1964) method. It is shown that the trim angles found at large Froude 
numbers can be under-predicted by CFD. In fact, the trim angle pre-
dicted using Savitsky (1964) method can be more accurate, see Fig. 14. 
Mousavirad (2015) used the CFDShip-Iowa V 4.5 code (single-phase 

Fig. 14. General overview of a 3D CFD tank used for solving the fluid motion around a planing hull advancing in calm water condition. LU and LD are respectively 
upstream and downstream lengths and WD is the width of domain. The air-water interface is captured via a VoF (two-phase) model. 

Fig. 15. An example of CFD mesh around a planing hull free in heave and pitch directions, Hosseini et al. (2021).  
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level-set solver) to study the steady performance of a planing hull. The 
code was equipped with a blended k − ϵ/k − ω model, and an overset 
technique was used to solve the dynamic motions of the Fridsma hull 
(Fridsma, 1969). Similar to the observations of Fu et al. (2014), it was 
found that the trim angle was under-predicted at the highest speeds. A 
benchmark on the capability of different CFD models/codes is presented 
by De Luca et al. (2016). In this work dynamic motions were solved 
using moving and overset mesh techniques. The trim angle and frictional 
resistance force coefficients for the largest beam Froude number were 
more accurate as compared to those predicted by the overset grid. In a 
seminal study Hossein et al. (2021), used two different mesh motion 
techniques and turbulence models (k − ω SST and DES), see Fig. 15. The 
accuracy of the CFD model at higher Froude Numbers was shown to be 
higher when a morphing mesh technique is used. The drag force may be 
more accurate when a DES model is employed. This could possibly be 
attributed to the fact that a DES model can capture the larger eddies 
generated behind the transom, and hence resistance forces. 

It is notable that a computational study based on SPH was conducted 
by Tagliafierro et al. (2021) to numerically reproduce straight forward 
ride of a planing hull in calm water conditions. Tagliafierro et al. (2021) 
simulated model C1 from the NSS series (De Luca and Pensa, 2017). The 
most suitable SPH setup was observed to slightly under-predict the 
resistance, with the SPH model exhibiting an error of nearly 3% at the 
highest tested Froude Number. Further, the accuracy of the model in 
predicting the dynamic trim angle was noted to improve with increasing 
speed. These findings have illuminated a new pathway in the numerical 
modelling of planing hulls, as prior SPH-based studies were primarily 
focused on planing hulls fixed in heave and pitch directions (e.g., Tafuni 
et al., 2016). A list of most important CFD-based studies reconstructed 

straight course motion of planing hulls is presented in Table 11. 

7. Seakeeping 

Seakeeping predictions in waves is challenging because of the in-
fluence of highly nonlinear effects (Troesch, 1992; Troesch and Hicks, 
1994). An example is the fly over motion effects explained by Blount and 
Funkhouser (2009). In unified seakeeping models the two coordinate 
systems displayed in Fig. 16 are considered. The body is attached to the 

Table 11 
Summary of key CFD studies (with exclusion of SPH-based studies) on calm water performance of planing hulls.   

Mesh techniques Turbulence models CFD codes The reference for 
the experimental 
data  Overset Morphing/ 

Intergated 
k − ω 
SST 

k −

ω 
k −

ε 
Realizable 
k − ε 

DES Blended k −

ω/k − ε 
Spalart–Allmaras 

Caponnetto et al. 
(2004)  

✓   ✓     Comet NA 

O’Shea et al. (2012) 
and Fu et al. 
(2014)  

✓        Euler code 
NFA 

Fridsma (1969) 

Mousaviraad et al. 
(2015) 

✓       ✓  CFDShip- 
Iowa V4.5 

Fridsma (1969) 

Sukas et al. (2017) ✓ ✓   ✓     Star-CCM+ Fridsma (1969) and 
Bal et al. (2014) 

De Luca et al. (2016) ✓ ✓   ✓     Star-CCM+ De Luca and Pensa 
(2017) 

Mancini et al. (2017) ✓ ✓ ✓  ✓     FINE™/ 
Marine 
Star-CCM+

De Luca and Pensa 
(2017) 

Broglia and Durante 
(2018) 

✓        ✓ CNR-INSEAN Provided by the 
company 

Avci and Barlas 
(2018) 

✓    ✓     Star-CCM+ Avci and Barlas 
(2018) 

Li et al. (2019)  ✓   ✓     OpenFOAM Weil et al. (Not 
published) 

Wei et al. (2019) ✓       ✓  Star-CCM+ Taunton et al. 
(2010) 

Judge et al. (2020) ✓       ✓  CFDShip- 
Iowa V 4.5 
Star-CCM+

Judge et al. (2020) 

Behara et al. (2020) ✓         REX Behara et al. (2020) 
Nimmagdda et al. 

(2020) 
✓ ✓   ✓     Star-CCM+ Nimmagdda et al. 

(2020) 
Lee et al. (2021a) ✓       ✓  CFDShip- 

Iowa V 4.5 
Star-CCM+

Lee et al. (2021) 

Hosseini et al. (2021) ✓ ✓   ✓  ✓   Star-CCM+ De Luca and Pensa 
(2017) 

Gray-Stephens et al. 
(2021) 

✓    ✓     Star-CCM+ Taunton et al. 
(2010) 

Jin et al. (2023) ✓  ✓ ✓ ✓ ✓    StarCCM+ Fridsma (1969)  

Fig. 16. A schematic of a planing hull advancing in progressive water waves.  
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coordinate system denoted as Gξχζ, and the hydrodynamic system is 
defined by the equilibrium axis Oxyz. The former is attached to the body 
and is positioned at the center of gravity that is placed on the water 
surface under CG. The rigid body motions of vessel are denoted as ς=[ς1 
ς2 ς3 ς4 ς5 ς6]. The first three terms of the vector are the transitional 
motions of the vessel (surge, sway and heave). The latter three terms 
represent the rotational motions (roll, pitch and yaw). 

If waves are assumed linear and monochromatic, they may be 
formulated as 

η(x, t) =
H
2

cos (kx − ωt + θw), (7.1)  

where H, k, ω and θw are respectively wave height, wavenumber, wave 
frequency, and phase. Wavenumber and wave frequency are linked 
through the dispersion equation as per 

ω2 = gk tanh kh. (7.2)  

Here, h is the water depth. The encounter frequency is given by 

ωe = ω − kV cos Φ, (7.3)  

where Φ is the encounter angle. Φ = π represents a head sea condition. 
In the next sub-section, the models developed for simulation of the wave 
induced motions of planing hulls are introduced. These models are based 
on potential flow, simplifications of empirical equations, 2D + t model, 
or are built within viscous-based computational codes. 

7.1. Panel models 

The use of linear 3D potential-based model codes for predicting the 
motion of planing hulls has not been widespread, though there have 
been some attempts to utilize existing ones. This is due to limitations in 
linear 3D panel models, which may not effectively address the dynamic 
motion of planing hulls at high speeds. These models overlook transom 
flow effects and weakly non-linear effects associated with Froude-Krylov 
force and hydrodynamic coefficients. An example of the use of a 3D 
linear panel code in modelling dynamic motions of a hard-chine hull can 
be found in Lin and Lin (2019). They investigated the dynamic motions 
of a vessel in the semi-planing regime. Additionally, there have been 
efforts to employ weakly nonlinear models in solving the dynamic mo-
tion of vessels in semi-planing mode by Grigoropoulos et al. (2011) 
(Vada and Nakos, 1993; Kring et al., 1995), to predict the dynamic re-
sponses of the parent hull of the NTUA double-chine hull series. The 
accuracy level of the model was reported to be acceptable. 

In the 2000s, a time-domain panel code known as PNASHIP was 
developed at Delft TU to solve dynamic motions of high-speed ships in 
waves for Froude numbers ranging between 0.5 and 1.0. Fundamentals 
of this code can be found in de Jong (2011). The code utilizes a 3D 
transient Green function and a linearized free surface boundary condi-
tion. It calculates Froude-Krylov forces by numerically measuring the 
instantaneous submerged volume of the vessel, making it a weakly 
non-linear model. PNASHIP includes a wake model capable of resolving 
transom flow, an important consideration in modelling fluid flow 
around planing vessels. Additionally, viscosity effects are activated 
through a cross-drag flow equation within the code. PNASHIP is 
employed for predicting the calm water performance of two high-speed 
boats: the Enlarged Ship Concept and the Axe Bow Concept. Its outputs 
are validated by comparison against experimentally measured values of 
heave, pitch, and accelerations in both regular and irregular following 
waves at relatively high speeds (de Jong and van Walree, 2008; de Jong, 
2011). De Jong (2011) discussed that the linear assumption for the free 
surface boundary condition may contribute to errors in prediction of 
vertical acceleration. The code can model 6DOF and dynamic responses 
of various hull forms. For example, it has been used to solve 6DOF dy-
namic motions of a conventional trimaran hull (not a planing trimaran 
M-shaped hull) at very high speeds (van Walree and de Jong, 2008). In 

general, the key strengths of the code lie in its ability to consider 
transom flow and weakly non-linear aspects, solve problems in 6DOF, 
and handle different hull forms. However, the model is not built for 
Froude Numbers greater than 1.0, which limits its boundary of appli-
cation. Future opportunities lie in extending its applications to higher 
speeds. 

7.2. Simplified method 

The simplified frequency domain model of Faltinsen (2006) can be 
used to calculate the RAO (Response Amplitude Operators) of a planing 
boat advancing in waves. The model assumes that the boat is free to 
heave and pitch (i.e., ς1 = ς2 = ς4 = ς6 = 0) in head waves. However 
computationally economic the model does not account for the non-
linearities that may be increasingly evident at high speeds. In addition, it 
can only be used for deadrise surfaces and flat planing hulls. The line-
arized system of equations is expressed as 

(m + a33)ς̈3 + a35ς̈5 + b 33ς̇3 + b 35ς̇5 + c 33ς3 + c 35ς5 = c 33
H
2

sin ωet

+ c 35
H
2

k sin ωet (7.4)  

a53ς̈3 +
(
Iyy + a55

)
ς̈5 + b53ς̇3 + b 55ς̇5 + c 53ς3 + c 55ς5

= c 53
H
2

sin ωet + c 55
H
2

k sin ωet (7.5)  

where a ij, b ij and c ij are respectively added mass, damping and restoring 
coefficients. Also, m is mass of the boat. 

The hydrodynamic coefficients are mostly found using the equations 
of Savitsky (1964), which were presented in Section 5. The restoring 
coefficients are defined as, 

c 33 = −
∂Z

∂ς3

⃒
⃒
⃒
⃒

0
, (7.6)  

c 35 = −
∂Z

∂ς5

⃒
⃒
⃒
⃒

0
, (7.7)  

c 53 = −
∂M

∂ς3

⃒
⃒
⃒
⃒

0
, (7.8)  

c 55 = −
∂M

∂ς5

⃒
⃒
⃒
⃒

0
, (7.9)  

where Z and M are the vertical force and pitching moment that can be 
found using Savitsky’s equations. The |0 term refers to partial derivation 
corresponding to the calm water condition (i.e.,ς3 = 0 and ς5 = 0). Note 
that, M is found using 

M

0.5 ρwV2B3 =
(
LCp

/
B − LCG

/
B

)
CLβ. (7.10) 

Partial derivatives are given in Faltinsen (2006). 
The damping coefficients are formulated as, 

b 33 =

(

ρwB3
̅̅̅
g
B

√ )

0.5FrB
∂CLβ

∂α , (7.11)  

b 35 = −Va33 − VxT m2D
33 (xT ), (7.12)  

b 53 = b 33B(0.75LM/B − LCG/B), (7.13)  

b 55 = Vx2
T m2D

33 (xT ). (7.14) 

Note that, m2D
33 is the sectional vertical added mass. The added mass 

coefficients of a planing vessel are computed based on the 2D added 
masses and the topology of the submerged volume. For the sake of 
brevity, the added mass equations are not presented here, and readers 
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are referred to Faltinsen (2006). The exciting force and moment shown 
on the right hand sides of Eqn 7.4 and 7.5 are generalized Froude-Krylov 
heave force and pitch moment and are formulated based on a 
long-wavelength approximation. In addition, wave diffraction terms can 
be added to exciting force and moment. For more information, check 
Faltinsen (2006). 

To date, no attempt has been made to further develop this method in 
a higher number of degrees of freedom. Savitsky (1964) modelling is 
accurate enough to be used for a heeled planing hull (Judge, 2014). 
Thus, the above equations can be further developed to account for the 
asymmetric planing motions and roll moments. Roll damping forces can 
be formulated based on lift forces (Ikeda and Katyama, 2000a). The 
method is linear which can be identified as a limitation. Yet, it can be 
extended to a weakly nonlinear one through accounting for non-
linearities associated to temporal draft, pitch angles and wetted surface 
patterns. This has been done by Faltinsen (2006). The main key strength 
of the simplified method is that it is very quick and it considers hydro-
dynamic lift. Furthermore, there is the possibility of extending this 
method to compute dynamic motions of stepped hulls and catamarans 
exposed to waves by considering the wake behind the transom or 
interference effects, which shall be stated in sub-section 9.1. Neverthe-
less, it is important to note that this method is only applicable to the 
motion prediction of a hard-chine section, with its boundary of appli-
cations confined to that of Savitsky’s models. It is important to highlight 
that the model is constrained to 2DOF, and for broader applications 
involving more degrees of freedom, consideration of other empirical 
equations is necessary. 

7.3. The 2D + t approach 

If a planing boat is subject to surge, heave and pitch motions the 
vertical relative speed at each section of the body is defined as 

v(x, t) = (V + ς̇1)sin ς5 − ς̇5ξ + (ς̇3 − WO) cos ς5. (7.15)  

where WO is the vertical orbital velocity of the wave (Zarnick, 1978). 
The 3D temporal force normal to the bottom surface is found as 

N =

∫

l

(

m2D
33 v̇ + ṁ2D

33 v − U
∂
∂ξ

(
m2D

33 v
)

+ C DCρwbwv2
)

dξ. (7.16)  

and the moment acting on the vessel is formulated as per 

M =

∫

l

ξ
(

m2D
33 v̇ + ṁ2D

33 v − U
∂
∂ξ

(
m2D

33 v
)

+ C DCρwbwv2
)

dξ. (7.17) 

Hence the surge, heave and pitch forces become, 

X = − a11 ς̈1 − a13 ς̈3 − a15 ς̈5 + X
⋆, (7.18)  

Z = − a31 ς̈1 − a33 ς̈3 − a35 ς̈5 + Z
⋆ + B , (7.19)  

M = − a51 ς̈1 − a53 ς̈3 − a55 ς̈5 + M
⋆

+ B
•, (7.20)  

where X ⋆, Z ⋆and M
⋆ are forces or moment with exclusion of a ij. 

Added mass coefficients are formulated as 

a11 = M• sin2ς5, (7.21)  

a13 = M• sin ς5 cos ς5, (7.22)  

a15 = −M•• sin ς5, (7.23)  

a31 = M• cos ς5 sin ς5, (7.24)  

a33 = M• cos2ς5, (7.25)  

a35 = −M•• cos ς5, (7.26)  

a51 = −M•• sin ς5, (7.27)  

a53 = −M•• cos ς5, (7.28)  

a55 = M•••, (7.29)  

where 

M• =

∫

l
m2D

33 dξ, (7.30)  

M•• =

∫

l
ξm2D

33 dξ, (7.31)  

M••• =

∫

l
ξ2m

2D
33 dξ. (7.32) 

The final motion equations are established as 

(m + a11)ς̈1 + a13ς̈3 + a15ς̈5 = X
⋆

+ D V1 + T 1 , (7.33)  

a31ς̈1 + (m + a33)ς̈3 + a35ς̈5 = Z
⋆ + D V3 + T 3 + W, (7.34)  

a51ς̈1 + a53ς̈3 +
(
a55 + Iyy

)
ς̈5 = M

⋆
+ D V 5 + T 5. (7.35)  

In the above equations introduced by Zarnick (1978, 1979), both regular 
and random waves are considered. D Vi and T i represent the force-
s/moments attributed to viscous drag and thrust forces in the direction 
of i. Above equations can be solved in the time domain. The largest er-
rors appear in way of the resonance zone. The model, as explained 
before, can also be used for finding trim and CG-rise up a planing vessel 
riding in calm water. To this end, Equations (7.33)–(7.35) should be 
solved in the time domain while the wave slope is set to be zero (Van 
Deyzen, 2008). In the original study of Zarnick (1978), the sectional 
added mass was assumed to be independent of the deadrise angle. Akers 
(1999) compared model predictions against the experimental data of 
Fridsma (1969) and the vertical acceleration was seen to be 
over-predicted. Akers (1999) introduced a buoyancy coefficient (0.5) to 
reduce the buoyancy force and match the calm water predictions with 
experiments. This work used the deadrise dependent 2D added mass 
coefficient (m2D

33 ) of Keuning (1994). 
Garme (2005) introduced a transom reduction function that mini-

mizes the sectional forces in way of the transom to improve the accuracy 
of the Zarnick (1978) method. The transom reduction function was 
derived by fitting the calm water predictions of the model against those 
measured by Fridsma (1969). As a result, the accuracy level of the model 
in the prediction of heave and pitch responses in the resonance zone, 
along with prediction of the vertical acceleration was improved. Hos-
seinzadeh et al. (2019) improved the accuracy of model by using the 
experimentally measured values of added mass coefficients. Later, 
Ciampolini et al. (2022a) modified the original Zarnick (1978) model by 
incorporating diffraction forces (calculated using the asymptotic model 
of Faltinsen et al., 1980) and applying a buoyancy reduction factor of 
0.42. They used Garme’s transom effect equation to reduce sectional 
hydrodynamic forces in the aft part of the vessel (Garme, 2005). The 
study also took into account the effects of wind speed on resistance 
through CFD simulations during run wind tests. Their model was seen to 
be more accurate than that of Akers (1999). This model was later used 
for smart weather routing (Ciampolini et al., 2022b). Recently, favor-
able results have been also reported by Garme (2023) who reproduced 
well the heave and pitch motions of warped planing hulls. 

The 2D + t models referenced above idealise well the momentum 
variation and use it for the prediction of sectional forces. When BEM is 
used, one of the main difficulties is to calculate 2D forces at the sections 
with a very low immersion depth. To overcome this, a momentum 
variation method may be applied to those sections having low immer-
sion depth. For example, the 2D + t-based models developed by Sun and 
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Faltinsen (2011a) and Haase et al. (2015) are built using this approach 
and are shown to be capable of modelling nonlinear motions in the 
resonance zone with relatively high accuracy. 

The 2D + t model developed by Garme (2005) has been further 
extended for modelling flexible planing motion in waves by Rosén et al. 
(2020). Rigid body responses were simulated using momentum varia-
tion theory, and then the slamming pressure loads at each time step were 
calculated. Following this, a Finite Element Analysis (FEA) approach 
was applied to simulate the flexible planing motion in irregular waves, 
with the slamming loads serving as inputs. This Fluid-Structure Inter-
action (FSI) approach, used for modelling flexible motions, can be 
classified as a one-way coupling method, yet suggests the possibility of 
further extension into a two-way coupling method in the coming years. 

The studies reviewed are limited to head waves and following seas. 
Beam and oblique sea conditions require to allow for sectional side 
forces and rolling moments in the mode. This needs consideration of 
asymmetric planing motion. An example of a hybrid 2D + t/BEM model 
that could be used to solve the asymmetric planing problem is given by 
Xu et al. (1998). The vessel was constraint in all degrees of freedom and 
nonlinear fluid motions were idealised around 2D sections using BEM. 

Sebastiani et al. (2008) undertook the first steps to reconstruct the 
motion of a planing hull free heave, pitch, and roll. They developed a 2D 
+ t model that accounts for roll motions of a planing hull. Their method 
is fundamentally similar to that of Zarcnik (1978), i.e., sectional forces 
were found using momentum variation. However, the sectional roll 
moment is evaluated by an asymmetric approach. Ghadimi et al. (2013) 
extended the latter to six degrees of freedom. However, their method 
does not consider the 2D added mass forces in all directions i.e., all 
forces and moments are based on heave and pitch motions in waves. This 
is while for a high-speed boat free in all six degrees of freedom, forces 
and moments are expected to be caused by all motions (e.g. sway, roll 
and yaw motions which were missing in formations of Ghadimi et al. 
(2013) and Sebastiani et al. (2008)). To do so, the formulation for the 2D 
forces acting on the 2D section can be revisited. To consider all six 
motions, the 2D forces/moment acting on the 2D section entering water 
with three degrees of freedom are needed to be considered, which be 
formulated as per 

f 2D
y (x) =

D
Dt

(
m2D

22 u + m2D
23 v + m2D

24 p
)
, (7.36)  

f 2D
z (x) =

D
Dt

(
m2D

32 u + m2D
33 v + m2D

34 p
)
, (7.37)  

m2D
x (x) =

D
Dt

(
m2D

42 u + m2D
43 v + m2D

44 p
)
. (7.38) 

Here, u and p respectively represent the horizontal velocity and 
rotational speed of the fluid around the section. Integration of above 
equations over the entire length of the vessel gives three dimensional 
forces in a body attached frame, and then forces in the hydrodynamic 
frame should be found. This would finally lead to a 6DOF model. In 
Ghadimi et al. (2013) and Sebastiani et al. (2008) all terms expect m2D

33 
were overlooked. In contrast to these studies, Tavakoli et al. (2017) 
formulated a planing dynamic model in 4DOF by considering m2D

33 , m2D
34 ,

m2D
43 and m2D

44 . In a recent study, Bonci and de Jong (2023) developed a 
6DOF 2D + t model by considering three sectional added mass terms. 

To face a real condition and solve the unsteady planing motion 
problem in 6DOF, all nine 2D added mass terms along with effects of the 
horizontal orbital velocity, UO should also be considered. Undoubtedly, 
an exciting possibility for future studies lies in the development of a 
6DOF model capable of accurately replicating the motions of a planing 
vessel in waves and to explore to what degree each sectional added mass 
term is important to be considered. 

Unfortunately, due to the lack of experimental data, evaluating the 
accuracy of such a 6DOF model becomes quite challenging. The main 
difficulty stems from the absence of any available systematic tank test 

study presenting 6DOF motions of planing hulls operating in oblique 
waves or beam seas. In general, the main strength of the 2D + t model 
lies in its flexibility in terms of degrees of freedom and various 2D sec-
tions it can model, as former provides the opportunity to solve dynamic 
motions in a more realistic condition (a 6DOF ride in waves), and the 
latter would let us solve motions of other types of planing hulls (such as 
catamarans, see sub-section 9.1), and the main limiter associated with 
the model is mostly related to the fact that it cannot consider a fully non- 
linear problem, and can be identified as weakly non-linear model. 

7.4. Viscous models 

In Caponnetto et al. (2003) two different RANS models were used for 
solving motions of a vessel advancing in waves. The motions of the boat 
were also replicated by using a 2D + t momentum variation model. 
Heave and pitch RAOs were compared against experiments. It was 
observed that, in the resonance zone, RANS models are more accurate as 
compared to the results of the 2D + t model. This is not surprising, as the 
2D + t model may not consider all nonlinear forces as compared to a 
viscous model. Wang et al. (2012) used the CFD code, StarCCM+ and an 
integral dynamic mesh technique to simulate the dynamic response of a 
planing boat advancing in head, oblique and beam waves. The k − ω SST 
turbulence model was used to treat turbulent fluid motion around the 
vessel. The most interesting observation relates to the response of the 
vessel in beam seas. It was also found that the pitch motion of the vessel 
at longitudinal Froude Number of 1 is mostly negative. 

Mousaviraad et al. (2015) used the IOWAship V 4.5 CFD code (a 
single-phase level set mode) and a blended k − ϵ/k − ω turbulence 
model. Heave and pitch RAOs were compared against experimental data 
of Fridsma (1969). The CFD model was shown to have a very high level 
of accuracy (errors were mostly lower than 5%). However accelerations 
were not compared against experiments. Bi et al. (2020) used a k − ω 
SST turbulence model and an overset technique to treat mesh motion. 
CFD and experimental values of RAO along with vertical accelerations 
recorded at the bow and CG have been compared. Heave and pitch RAOs 
of CFD and experiments match with each other. The vertical accelera-
tions predicted by CFD were seen to be very accurate over long waves. 
However, the vertical acceleration at the bow of the vessel was 
under-predicted. Kahramanoğlu et al. (2020) replicated heave and pitch 
motions of a monohedral planing hull and a warped planing hull. They 
favored k-ϵ over other available turbulence models and used an overset 
mesh motion technique. Throughout comparing the CFD data against 
experimental data, the heave responses from their moment were slightly 
over-predicted while pitch motions were mostly seen to be slightly 
under-predicted. Tavakoli et al. (2020) used a k − ω turbulence model 
and overset mesh technique. Heave and pitch versus wavelength curves 
constructed using CFD simulations were observed to follow experi-
mental data, though curves plotted using 2D + t model were seen to be 
less acurrate. The accuracy of the CFD model in prediction of the vertical 
acceleration recorded at CG was found to be favorable. They showed 
that the 2D + t models can give very large negative sectional forces, 
which is not captured by the CFD model. 

One of the first attempts to replicate vertical motions of a planing 
hull exposed to random waves using CFD models can be attributed to the 
work of Judge et al. (2020b). CFDShip-Iowa V 4.5 was employed to solve 
regular and irregular wave tests for a prismatic planing hull. A very 
interesting point was mentioned in the conclusion section of the paper, 
where the authors stated that, the actual time history of an irregular 
wave should be set as the input of the CFD setup rather than the spec-
trum. Later, Jin et al. (2023) used an overset mesh and k − ϵ model to 
solve the dynamic motions of two prismatic hulls namely Fridsma hull 
(Fridsma, 1969) – in regular waves and LRI-II - in irregular seaway. The 
authors modelled the motions of the Fridsma model in different scales 
and observed that the model scale and the full-scale runs would match 
with experimental data much better as compared to what was found 
through runs in other scales. In irregular waves the vertical accelerations 
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derived from CFD simulations were highly under-predicted (relative 
error aprox. 40%), but for an irregular wave test this error is satisfactory. 

A new set of recent CFD-based studies have been developed to solve 
fluid-solid interaction for a planing hull advancing in regular and 
irregular waves. These studies are presented in Diez et al. (2022) and Lee 
et al. (2024). The first study focuses on regular wave tests and the latter 
covers the irregular wave simulations. One-way and two-way coupling 
approaches were developed. The fluid-solid coupling was performed 
using different codes CFDShip-Iowa V4.5/ANSYS, 
STAR-CCM+/STAR-CCM+, and STAR-CCM+/Nastran. The 
CFDShip-Iowa V4.5/ANSYS coupling had already been used by Volpi 
et al. (2017). A summary of the most important CFD studies performed 
for reprocuring wave-induced motions of planing hulls is outlined in 
Table 12. 

The only study based on SPH simulations was done by Capasso et al. 
(2023). They compared their SPH simulations against CFD and experi-
mental data presented in Tavakoli et al. (2020). The SPH model was seen 
to have a very good accuracy in way of short and long waves. However, 
agreement was a lot less favorable in way of the resonance region. 

Some points should be mentioned here. First, the CFD models have 
never been built using DES turbulence model and did not compare the 
capability of different CFD models in replicating dynamic responses of 
planing hulls in waves. Moreover, 6DOF simulations of unsteady planing 
in oblique waves can be run using CFD method, which is missing at the 
present time. Aside from this, CFD studies have not been used for solving 
dynamic motions of a planing hull advancing in random waves very 
frequently. . One possible future study is to build CFD models to repli-
cate motions of planing hulls and random waves and then analyze the 
motion of the vessel in detail. 

From a general perspective, the main advantage of CFD-based 

models relates to their higher-level accuracy as they can consider a 
fully nonlinear problem and monitor all physical phenomena that 
neither of 2D + t simplified model, or any potential flow-based model 
can capture. The application of CFD models is not limited to any specific 
hull type and setups can changed to consider any hullform. They can 
also be used to solve other degrees of freedom as discussed above. The 
main difficulty of these models is that computationally, they can be very 
expensive. Thus, they may not be the first option when a design team has 
not completed the early stage of design. 

8. Maneuvering 

During maneuvering of a planing hull the trim angle and CG rise-up 
of the vessel may vary. Accordingly, hydrodynamic coefficients and the 
wetted hull surface may be subject to instant variations. To model the 
maneuvering problem three different coordinate systems are consid-
ered. The first one is known as the body attached coordinate system. The 
second one is a hydrodynamic frame, which has longitudinal and 
transverse motions (which were previously shown in Fig. 16). The last 
one is an earth fixed frame, which is shown with ExE yEzE (Figure 17).

The rate of movement of the body is denoted with [u v w p q r], see 
Fig. 17. 

Motions in six degrees of freedom using classical ship theory can be 
written as, 

Mu̇ + M(qw − vr) = X + T x, (8.1)  

Mv̇ + M(ur − pw) = Y + T y, (8.2)  

Mẇ + M(pv − qu) = Z + T z + W, (8.3)  

Table 12 
A summary of the most important CFD studies (with exclusion of SPH) replicating motions of planing hull in wave.   

Mesh techniques  Turbulence models CFD codes The reference for 
the experimental 
data 

Comparison 
against 2D + t 
model?  Overset Integrated/ 

morphing 
k −

ω 
k −

ε 
Realizable 
k − ε 

DES Blended 
k − ω/k −

ε 

Spalart–Allmaras 

Caponnetto et al. 
(2004)  

✓  ✓     Comet Katayama et al. 
(2000) 

Yes 

Wang et al. (2012)  ✓ ✓      StarCCM+ Katayama et al. 
(2000) 

No 

Mousaviraad et al. 
(2015) 

✓      ✓  CFDShip- 
Iowa V 4.5 

Fridsma (1969) No 

Bi et al. (2019) ✓  ✓      StarCCM+ Experiments of 
Shen et al., which 
is not published 

No 

Bi et al. (2020) ✓  ✓      StarCCM+ Experiments of 
Shen et al., which 
is not published 

No 

Kahramanoğlu 
et al. (2020) 

✓   ✓     StarCCM+ Begovic et al. 
(2014) 

No 

Tavakoli et al. 
(2020) 

✓   ✓     StarCCM+ Tavakoli et al. 
(2020) 

Yes 

Judge et al. 
(2020b) 

✓ ✓     ✓  CFDShip- 
Iowa V 4.5 

Judge et al. 
(2020b) 

No 

Lee et al. (2021b) ✓  ✓    ✓  CFDShip- 
Iowa V4.5 
StarCCM+

No 

Diez et al. (2022) 
and Lee et al. 
(2024) 

✓  ✓   ✓   CFDShip- 
Iowa V4.5/ 
ANSYS 
STAR- 
CCM+/ 
STAR- 
CCM+

STAR- 
CCM+/ 
Nastran 

Diez et al. (2022) 
and Lee et al. 
(2024) 

No 

Jin et al. (2023) ✓    ✓    StarCCM+ Fridsma (1969) 
and sea trials 

No  
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Ixxṗ −
(
Iyy − Izz

)
qr = K + T φ, (8.4)  

Iyyq̇ − (Izz − Ixx)pr = M + T θ, (8.5)  

Izzṙ −
(
Ixx − Iyy

)
pq = N + T ψ , (8.6)  

where X , Y along with Z are external forces (excluding thurst force 
effects and weight force) in longitudinal, transverse and vertical di-
rections, and K , M , N are moments (excluding thrust force effects). The 
components T x, T y, T z, T φ, T θ, T ψ express thrust forces in different 
directions. Here, M is mass of the planing surfaae. For simplicity, we 
assume there is no rudder, and steering is achieved solely by inclining 
the thrust force in the horizontal plane. 

8.1. Model tests-based approach 

An approach using data from model tests was developed in Kataya-
ma’s lab (Katayama et al., 2006). The general hypothesis is that the 
nonlinear terms are nearly nil, and they can be neglected. The motions 
are then solved in three degrees of freedom. The running attitudes of the 
vessel along with hydrodynamic coefficients are found using the model 
test data measured in oblique wave tank tests or PMM tests. The equa-
tions of motion are solved as follows, 

(M − X u̇)u̇ − Mvr = X u(ψD)u + T x, (8.7)  

(M − Y v̇)v̇ − Y ṙ ṙ + Mur = Y vv + Y rr + T y, (8.8)  

−N v̇ v̇ + (Izz − N ṙ)ṙ = N vv + N rr + T ψ . (8.9) 

Here ψD is the drift angle. Note that in the original work of Katayama 
et al. (2006), there is a positive sign associated with the added mass 
coefficients but here a negative sign is used. To solve the problem, the 
instant values of CG-rise up, trim angles and roll are found based on 
performance data or oblique tests in which heave, pitch and roll were 
free (i.t. it is assumed that roll angle is a function of drift angle), and then 
an interpolation is performed to estimate the hydrodynamic coefficients. 
Ircani et al. (2016) further expanded Katayama’s model to a 4DOF one. 
Instead of assuming roll as a function of drift angle, they used the roll 
motion equation directly. In doing so, Ircani et al. (2016) utilized one of 
the regression equations proposed by Henry (1976) to estimate the 
moment in the roll direction. The primary limitation of Katayama’s 
model includes its reliance on tank data, which may not be available for 
every vessel, particularly during the early stages of design. 

8.2. Lewandowski’s approach 

Lewandowski (1994) developed a mathematical model for maneu-
vering motions of planing hulls (a detailed explanation of the model can 
be found in Lewandowski, 2004). Given that steering is influenced by 
the thrust force, the equations of motion in 6DOF based on Lew-
andowski’s model can be expressed as follows 

Mu̇ = X + T x, (8.10)  

Mv̇ + Mur = Y + T y, (8.11) 

Fig. 17. A planing hull maneuvering and the Earth fixed coordinate systems. Three different snapshots of the vessel’s positions are shown. The speed components 
[u v w p q r] are marked with red color. 
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Mẇ = Z + W + T z, (8.12)  

Ixxṗ − Ixzṙ = K + T φ, (8.13)  

Iyyq̇ = M + T θ, (8.14)  

Izzṙ − Ixzṗ = N + T ψ . (8.15) 

Lewandowski (1994) did not solve the problem in 6 DOF and 
simplified the problem to lower degrees of freedom. Lewandowski 
formulated forces acting on the vessel in sway, roll and yaw directions as 

Y = Y v̇ v̇ + Y vv + Y ṗṗ + Y pp + Y φφ + Y ṙ ṙ + Y rr, (8.16)  

K = K v̇ v̇ + K vv + K ṗ ṗ + K pp + K φφ + K ṙ ṙ + K rr, (8.17)  

N = N v̇ v̇ + N vv + N ṗ ṗ + N pp + N φφ + N ṙ ṙ + N rr. (8.18) 

All hydrodynamic coefficients in the above equation are calculated 
using the empirical equations formulated by Lewandowski and can also 
be found in textbook of Lewadowski (2004). These equations were 
mostly built based on the data collected by Brown and Klosinski (1994a, 
b). For example, the equation used for the estimation of Y v is 

Y v = − 0.5 ρwVB2
(

0.6494β0.6
(

LK tan α
B

)2)

. (8.19) 

Despite the fact the Lewandowski’s final equations (Lewandowski, 
1994) are not developed for 6DOF, it has the potential to be extended to 
a 6DOF one. Assuming linearity, forces and moments can be re-written 
as 

Y = Y v̇ v̇ + Y vv + Y ẇẇ + Y ww + Y ṗ ṗ + Y pp + Y φφ + Y q̇q̇ + Y qq

+ Y ṙ ṙ + Y rr,

(8.20)  

Z = Z v̇ v̇ + Z vv + Z ẇẇ + Z ww + Z zz + Z ṗ ṗ + Z pp + Z φφ + Z q̇ q̇

+ Z qq + Z θθ + Z ṙ ṙ + Z rr,

(8.21)  

K = K v̇ v̇ + K vv + K ẇẇ + K ww + K zz + K ṗṗ + K pp + K φφ + K q̇ q̇

+ K qq + K θθ + K ṙ ṙ + K rr,

(8.22)  

M = M v̇ v̇ + M vv + M ẇẇ + M ww + M zz + M ṗ ṗ + M pp + M φφ + M q̇q̇

+ M qq + M θθ + M ṙ ṙ + M rr,

(8.23)  

N = N v̇ v̇ + N vv + N ẇẇ + N ww + N ṗ ṗ + N pp + N φφ + N q̇ q̇ + N qq

+ N ṙ ṙ + N rr.

(8.24) 

In the above equations surge effects are not included. Lewandoski 
has only formulated the hydrodynamic forces/moments in the sway, 
yaw, and roll directions, which can be used for path prediction and 
transverse dynamic stability analysis (e.g. Lewandowski, 1994; Lew-
andowski, 1997). Thus, the challenge lies in formulating simple equa-
tions for the calculation of hydrodynamic coefficients in heave and pitch 
directions, representing a future research opportunity. The most suitable 
option for formulating these hydrodynamic coefficients is to employ the 
simplified seakeeping model (section 6.1) in which heave and pitch 
hydrodynamic coefficients are formulated. It is worth noting that Yoon 
and Kang (2016) attempted to expand Lewandoski’s model to include 
6DOF by employing Savitsky’s equation. But not all coupled terms were 
taken into account in their study. 

8.3. The application of 2D + t theory 

As explained earlier, the 2D + t method has the capability to model 
planing motion in 6DOF, which can subsequently be employed for the 
development of a maneuvering model, necessitating the use of an obli-
que water entry model. Early conceptualizations of this approach were 
introduced by Xu et al. (1998) and Judge et al. (2004), who developed 
water entry models for asymmetric and oblique water entry problems 
with an aim to calculate maneuvering forces of planing hulls, though 
they never developed any model for maneuvering. 

Taking inspiration from Xu et al. (1998) and Judge et al. (2004), a 
2D + t model for solving maneuvering of planing hulls in 6DOF has been 
introduced by Tavakoli and Dashtimanesh (2018, 2019). They intro-
duced the following sectional forces 

f 2D
y (x) =

D
Dt

(
m2D

22 u + m2D
23 v + m2D

24 p
)
, (8.25)  

f 2D
z (x) =

D
Dt

(
m2D

32 u + m2D
33 v + m2D

34 p
)
, (8.26)  

m2D
x (x) =

D
Dt

(
m2D

42 u + m2D
43 v + m2D

44 p
)
. (8.27) 

In the above Equations m2D
ij represent the sectional added masses 

while u, v and p horizontal, vertical velocity and angular speed of the 
wedge section entering water. Algarin and Bula (2021a) used similar 
assumptions and developed a 6DOF maneuvering model, but they 
formulated the two-dimensional forces using hull pressure (see Algarin 
and Bula, 2020). Such an approach could allow for accurate modelling 
of the influence of vertical and lateral velocity of the fluid actions at 
every point on a ship like section, which is overlooked in momentum 
variation theory. This model was used for calculation of hydrodynamic 
coefficients in forced motions, and results were compared against those 
of CFD (Algarin and Bula, 2021b). Using the 2D + t theory, the dynamics 
of the planing craft in 6 – DOF are expressed as 

( − X u̇ + M)u̇ − X v̇ v̇ − X ẇẇ − X ṗ ṗ − X q̇ q̇ − X ṙ ṙ + M(qw − vr)

= X
⋆

+ T x,

(8.28)  

−Y u̇ u̇ + ( − Y v̇ + M)v̇ − Y ẇẇ − Y ṗ ṗ − Y q̇q̇ − Y ṙ ṙ + M(ur − pw)

= Y
⋆ + T y,

(8.29)  

−Z u̇u̇ − Z v̇ v̇ + ( − Z ẇ + M)ẇ − Z ṗ ṗ − Z q̇ q̇ − Z ṙ ṙ + M(pv − qu)

= Z
⋆ + T z + W,

(8.30)  

−K u̇u̇ − K v̇ v̇ − K ẇẇ + ( − K ṗ + Ixx)ṗ − K q̇q̇ − K ṙ ṙ −
(
Iyy − Izz

)
qr

= K
⋆

+ T φ,

(8.31)  

−M u̇u̇ − M v̇ v̇ − M ẇẇ − M ṗṗ +
(

− M q̇ + Iyy
)
q̇ − M ṙ ṙ − (Izz − Ixx)pr

= M
⋆

+ T θ,

(8.32)  

−N u̇u̇ − N v̇ v̇ − N ẇẇ − N ṗṗ − N q̇ q̇ + ( − N ṙ + Izz)ṙ −
(
Ixx − Iyy

)
pq

= N
⋆ + T ψ .

(8.33) 

In the above equations, X ⋆, Y ⋆, Z
⋆, K

⋆, M
⋆ and N ⋆ are forces/ 

moments with exclusion of added mass forces. The 2D + t model may 
not be accurate when the yaw angle increases (Dashtimanesh et al., 
2019). That may be due to the simplified water entry model used by 
Dashtimanesh et al. (2019). Thus, it would be very interesting to explore 
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whether various other theoretical or numerical water entry models 
introduced by Korobkin and Malenica (2005), Semenov and Iafrati 
(2006), Semenov and Yoon (2009), and Russo et al. (2018) could be 
utilized to evaluate the maneuvering forces of a planing craft with a 
better level of accuracy or not. This represents a potential avenue for 
future research. A good example in this realm is the work of Tascon et al. 
(2009). Employing a CFD-based water entry model, they computed 
maneuvering forces and the wetted area pattern of a heeled-yawed 
vessel. Their results were in good agreement with experimental data 
of Brown and Klosinski (1994a, b). 

8.4. Viscous models 

Because of high computational cost and the lack of experimental 
data, CFD simulations idealising the maneuvering of planing hulls are 
somehow limited. Bushan et al., (2009) simulated the zigzag maneu-
vering motions of the semi-planing craft RV Athena by an overset grid 
method and IOWAship CFD code. In this study the forward speed was 
constraint to longitudinal Froude Number 0.43. Although the simula-
tions did not idealise semi- or fully-planing craft dynamics, the boat was 
seen to undergo small heave and pitch motions. Behara et al. (2020) 
solved the fluid flow around an amphibious craft undergoing zig-zag 
maneuvers at low speed. Such vessels have shallow V-sections and can 
perform in semi-planing and planing regimes. The authors compared 
CFD results against those of physical tests and observed fair agreement 
between CFD simulations and physical data. The vessel was seen to 
experience roll and pitch motions with amplitudes of 2 Degrees. Algarin 
and Bula (2021a) replicated the circle turning maneuvering dynamics of 
a hard chine planing hull using StarCCM+. Like Bushan et al. (2009) and 
Behara et al. (2020), they used an overset technique to incorporate rigid 
body motions. The tests were performed at a planing speed, and the 
results were observed to be in line with those found using a 2D + t 
model. 

In recent years, CFD methods have also been used to reproduce 
maneuvering drift tests, or pure sway or yaw PMM tests of planing hulls. 
For example, Kahramanoğlu (2021) used a CFD model to replicate the 
drift test of a planing hull, and Kahramanoğlu (2023a,b) simulated PMM 
tests of a planing hull with and without an interceptor by fixing heave 
and pitch motions. Another interesting recent CFD-based scholarly work 
highlighting maneuvering of planing boats was carried out by Park et al. 
(2021). They numerically simulated the drift test under oblique towing 
conditions and the turning motion of the vessel using the SNUFOAM 
code, which is based on OpenFOAM. The turning motion was replicated 
by placing the vessel in a rectangular prism domain, and Dirichlet 
boundary conditions corresponding to the velocity field around a boat 
turning in calm water condition were prescribed for surfaces of the 
domain, i.e., no dynamic motion was employed. To address fluid mo-
tions, Coriolis forces and centrifugal forces were embedded within the 
momentum equations. 

In general, a CFD-based model is a reliable hydrodynamic tool 
capable of solving the maneuvering motions of various vessel types by 

accounting for all degrees of freedom. It can capture all subtle non-linear 
fluid dynamic phenomena occurring near a planing boat maneuvering- 
such as water separation from the keel when heel and yaw angles are 
large. Nonetheless, challenges related to computational time and the 
necessity to design a large computational domain for solving maneu-
vering motions are the main limitations. These factors often make CFD- 
based models less favorable in the early-stage of design process. 

8.5. Considering additional factors in maneuverings models 

The maneuvering models presented in this section except the CFD- 
based ones are developed under ideal conditions, wherein different 
effective additional factors, such as shallow water condition and envi-
ronmental forces are not taken into account. This sub-section introduces 
opportunities for incorporating these factors into simple maneuvering 
models that can help us model a more realistic condition. 

8.5.1. Shallow water effects 
Consideration of shallow water effects in a maneuvering model be-

comes essential when a planing hull operates in finite-depth conditions 
(see Fig. 18a). These conditions impact the lift force, hydrodynamic 
coefficients, and the waves generated by the planing hull (Morabito, 
2013b). Consequently, any comprehensive maneuvering model for 
planing must be developed in a manner that takes these shallow water 
effects into account. But it is missing in the literature. 

In the event that a 2D + t method is employed for the development of 
a maneuvering model in a finite depth condition, using a shallow water 
entry model becomes necessary. Surprisingly, no researchers have un-
dertaken this interesting research despite the introduction of shallow 
water entry models to date (e.g., Korobkin, 1999; Jalalisendi et al., 
2017). 

Alternatively, if a simple mathematical model based on empirical 
equations is used to simulate vessel maneuvering (such as 

Fig. 18. Shallow water condition and ice layer effect on water flow around the 2D section of a deep V planing hull.  

Fig. 19. Energy saving devices installed on the stern of a high-speed planing 
surface: (a) a controllable trim tab, and (b) interceptor. 
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Lewnadowski’s model), incorporating shallow water effects can be 
achieved through relevant empirical equations applied in ship maneu-
vering (see Taimuri et al., 2020). This approach facilitates the calcula-
tion of hydrodynamic coefficients for the motion of a planing hull 
navigating in a shallow water environment. 

8.5.2. Ice effects 
When a planing hull operates in polar sea conditions, it becomes 

important to account for ice effects in its maneuvering simulations. An 
ice layer covering the sea can influence the free surface pattern and 
forces acting on the planing vessel (see Fig. 18b), including those arising 
during maneuvering. 

Incorporating the effects of ice on the performance of a planing hull 
remains challenging, primarily due to the diverse types and sizes of ice 
and the various modelling options available. Researchers have not 
deeply looked into this issue, given the complexity arising from the 
variability of ice characteristics. Some recent advancements have 
focused on the effects of an ice layer on the fluid motions near a wedge 
section entering water (Chen et al., 2019; Marleaux et al., 2022). 
Consequently, these studies could potentially be integrated into 2D +
t-based maneuvering models, should any such models be developed 
based on this approach. This highlights future potential research. 

8.5.3. Controllable energy saving devices 
Planing hulls may be equipped with various energy saving devices 

designed to provide additional lift force (see Fig. 19). These devices not 
only contribute to maintaining vessel stability but can also be employed 
to reduce resistance force. These devices may be fixed and controllable, 
the aim of using the latter is to provide a better maneuvering or sea-
keeping performance. Notable examples are bottom wedges (Millward 
et al., 1976; Ghadimi et al., 2019b; Buča et al., 2023), trim tabs (Xi and 
Sun, 2005), interceptors (Rijkens et al., 2011), combination of trim tab 
and interceptors (Mansoori and Fernandes, 2017; Suneela et al., 2021), 
split interceptors (SI, De Luca et al., 2012a), and double interceptors 
(DIS, De Luca et al., 2012a, 2012b, 2014). The two latter are known as 
unconventional interceptors. It is worth noting that the performance of 
double interceptors has recently been enhanced through a combination 
with air cavity solutions (De Luca et al., 2022, 2023). Another factor that 
can enhance a maneuvering model is the consideration of the effects of 
these devices, especially the ones that are controllable. They may affect 
the hydrodynamic coefficients of the vessel, and in addition, they can 
cause forces/moments in different directions. Apart from that, they are 
observed to affect the hydrodynamic coefficients of a planing vessel 
(Kahramanoğlu, 2023b). 

Typically, simple equations can be used to calculate the lift force, 
pitching, and rolling moments induced by these devices. While this 
seems feasible, existing maneuvering models presently do not incorpo-
rate the effects of these devices. Addressing this gap is another future 
opportunity, which may help us reach a more comprehensive maneu-
vering model. 

8.5.4. Water waves 
In a real-world marine environment, similar to a displacement hull, a 

planing hull maneuvers in the presence of water waves, from swells to 
wind-generated waves, which may induce large vertical motions, as 
explained before. The introduced mathematical models for maneuvering 
of planing hulls, particularly the 2D + t variant, are not developed to 
capture such motions (they do not incorporate effects of waves), but 
they may be potentially extended to solve this problem. Meanwhile, 
there has been an increase in the development of mathematical/ 
computational models to simulate the maneuvering motion of 
displacement hulls in waves (e.g. Taimuri et al., 2020). 

To address this gap, consideration must be given to water waves and 
their impact on the wet surface of the vessel maneuvering in such an 
environment. Additionally, if the 2D + t approach is used, the effects of 
the vertical and horizontal orbital velocity of the wave on horizontal and 

vertical velocity at each section need to be taken into account. Taking all 
these factors into account would enable the maneuvering simulation of 
the vessel operating in waves in 6DOF. This would provide the wave- 
induced drift of the vessel during a circle turn. Nevertheless, such a 
study is absent from the existing literature, and conducting it would 
benefit the naval architect community. 

9. Hydrodynamic modelling of other hullforms 

This section reviews the advancements and extension of the hydro-
dynamic models introduced in sections 6, 7, and 8 for modelling of calm 
water performance, seakeeping and maneuvering of hull forms other 
than stepless monohulls, such as catamarans and stepped hulls. The first 
sub-section focuses on the application of empirical and 2D + t models 
toward this objective, followed by a second sub-section reviewing the 
utilization of viscous models for the same purpose. 

9.1. Empirical and 2D + t models 

9.1.1. Stepped planing hulls 
The general hypothesis to model stepped planing surfaces using 

mathematical/empirical approaches is to divide the entire surface into 
n + 1 surfaces, where n refers to number of steps. The first surface is the 
part of the hull located forward of the front step (i.e. first step), and the 
last surface is the one located behind the rear step. Each step is identified 
with the longitudinal position of step, shown with Lⓘ

s , and its heighthⓘ
s . 

Each surface has a length of Lⓘ . Here, note that enclosed numbers 
indicate the association of parameter to the i th surface. The total keel 
wetted length of the vessel is the summation of the wetted length of each 
surface: 

LK =
∑n+1

i=1
Lⓘ

K . (9.1) 

The keel wetted length of all surfaces except the first one is found 
using the ventilation length (Lⓘ

V ) behind each step as 

Lⓘ
K = Lⓘ − Lⓘ

V . (9.2) 

The ventilation length is approximated through finding the point at 
which the wake left behind the step (ηⓘ

s (xⓘ
s )) meets the hull surface 

Fig. 20. Water surface profile behind a step and the local coordinate system 
used to find the ventilation length. The concept of local trim angle is also 
illustrated in a zoomed-up view. 
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located behind the step (Fig. 20). To do so, a local frame, denoted with 
xⓘ

s zⓘ
s , is defined. This can be mathematically written as 

fhull
ⓘ(

xⓘ
s

)
= ηⓘ

s

(
xⓘ

s

)
. (9.3) 

Note that the left-hand side of the above equation is the hull function 
behind the step. Here, the main challenge is to formulate ηⓘ

s (xⓘ
s ). Three 

different equations for the wake behind the transom have been formu-
lated so far. The oldest one is presented by Stavisky (1988), given by 

ηⓘ
s

(
xⓘ

s

)

B
= W1

(xⓘ
s

B

)2
− W2

(xⓘ
s

B

)2.44
+ W3

(xⓘ
s

B

)
. (9.4) 

The second equation is an empirical one, derived by Savitsky and 
Morabito (2010), given by 

ηⓘ
s

(
xⓘ

s

)

B
= W4 sin

(

W5

(xⓘ
s

3B

)1.5
)

. (9.5) 

The third equation is found using theoretical solutions and is 
formulated by Faltinsen (2006), given by 

ηⓘ
s

(
xⓘ

s

)

B
= W6

(xⓘ
s

B

)3/2

. (9.6)  

In all above equations, Wi parameters are constants and are found using 
regression approaches or theoretical estimations. Apart from the above 
equations, there is another simplified assumption, which presumes the 
wake behind the step is parallel to horizon, i.e., 

ηⓘ
s

(
xⓘ

s

)

B
= 0. (9.7) 

Using the trim angle, the keel wetted length and the deadrise angle of 
the surface, the lift force and pitching moment of each surface can be 
found using empirical equations presented in section 5 or the 2D + t 
model. The total lift and total pitching moment are found as 

L =
∑n+1

i=1
L

ⓘ
, (9.8)  

M =
∑n+1

i=1
M

ⓘ
. (9.9) 

Similarly, the resistance force and forces in other directions are 
found, and then the summations of the them are calculated. 

One of the difficulties lies in calculation of total resistance. The 
challenge here is to consider the Reynolds number for each planing 
surface. There are two different options. The first one is to calculate 
separate Reynolds number for each surface using the keel wetted length 
of that surface, and the other is to use one global Reynolds number, 
which is calculated using the total keel wetted length. The former as-
sumes that the wake behind the step does not exhibit any turbulent 
behavior before it reaches the surface. But the other assumes that tur-
bulent fluid motion has already been developed. 

Here it should be noted that two local parameters are also defined for 
each surface. The first one is the local trim angle and the second one is 
the local deadrise angle. The reason for considering the local trim angle 
is that the wake may reach the surface at a non-zero slope, leading to an 
angle of attack larger that the trim angle of the vessel (Fig. 20). The 
reason for considering the local deadrise angle is that wake at every 
longitudinal strip (buttock) would be different from that of the center 
line. The local trim angle can be found using local derivation of the 
wake. The local deadrise angle can be approximated using the wake at 
different strips. 

The very first hydrodynamic model for performance prediction of 
single-stepped planing hulls was developed by Svahn (2009). The 
equations governing the calm water condition were solved using an 
iteration approach, and the wake shape formulated by Savitsky and 
Morabito (2010) was used to find the ventilation length and the local 

values of trim angle and deadrise angle. Lift force of each surface was 
found using Savitsky (1964) model. The model was shown to have a 
great level of accuracy. Later, Danielsson and Strømquist (2012) 
developed a model for performance prediction of double-stepped 
planing hulls. The wake was assumed to be parallel to horizon, and 
the local values of trim angle and deadrise angle were implemented 
based on experience. Similar to the model formulated by Svahn (2009), 
lift force was approximated using Savitsky (1964) model. Niazmand 
Bilandi et al. (2019) developed a 2D + t model for performance pre-
diction pf double-stepped planing hulls and used the linear wake 
assumption. The sectional forces were found using the Wagner model, 
and a simplified approach was used for calculation of the forces after 
water detachment from chines. 

The only mathematical model that is developed for reconstruction of 
the motions of double-stepped planing hulls in waves is developed by 
Niazmand Bilandi et al. (2021a,b). The linear wake assumption was used 
for calculation of the wake, and the momentum variation was employed 
for calculation of sectional forces. No model for maneuvering motions of 
stepped planing hulls has been developed yet, which remains as a future 
research opportunity. Table 13 presents a general review of the different 
hydrodynamic models developed for stepped planing hulls. 

9.1.2. Catamaran planing hulls 
Two different approaches may be used for hydrodynamic modelling 

of catamaran planing hulls. The first approach is to model the hydro-
dynamic forces and moments acting on each body, and then to imple-
ment an interference effects factor. Such an interference effects factor 
can be found using experimental data. Interface factors for planing 
catamarans with half-V shaped sections and flat bottoms have been 
studied and formulated (Savitsky and Dignee, 1954; Wang et al., 1975; 
Liu and Wang, 1978; Lee, 1982). The interference effect factor can be 
implemented into Savitsky (1964) equation or any other empirical one. 
The interesting point is that the interface factor can only be applied to 
half-V shaped planing catamaran (Asymmetric demihulls, see section 2). 
This may leave us with an option to also apply this factor to 2D + t model 
and evaluate whether this parameter can properly work when applied to 
this method or not. Yet, such an effort has not been made and can be 
viewed as an opportunity for future studies. 

The other approach that can be used for hydrodynamic modelling of 
catamaran planing hulls is to use the 2D + t model and solve the fluid 
motion around the catamaran section. This can be achieved through 
using analytical or semi-analytical methods (e.g. in Khabakhpasheva 
et al., 2012) that can be embarked for solving the fluid flow around twin 
wedge sections. The method, unfortunately, has not been used for per-
formance prediction of planing hulls or simulation of their motions in 
waves. It may also be further developed for maneuvering. 

9.2. Viscous models 

CFD models have been used to simulate calm, rough water and 
maneuvering performance of planing surfaces other than the stepless 
monohulls. These studies have been accelerated since later 2010s as the 
CFD codes reached a high level of popularity. Table 14 presents a 
summary of these studies. Studies are clustered in three groups based on 
the vessel type. The first group of studies are the ones that design CFD 
models the performance of catamarans. The ones that have also solved 
the fluid flow around Delft 372 catamaran at longitudinal Froude 
Numbers grater 0.45 are also presented in this Table. Studies looking 
into planing catamarans is less limited as the ones highlighting stepped 
planing hulls or planing trimarans. This might be due to the fact that the 
number of available experimental studies presenting performance of 
planing catamarans in calm or rough water conditions is less limited. 

As briefly explained in sub-section 6.3, the first generation of CFD- 
based studies for various types of stepless planing boats was sparked 
up by simulating viscous water flow around a planing surface fixed in 
heave and pitch directions. A similar chronological evolution is evident 
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in the development of CFD-based models focusing on the performance of 
stepped planing hulls. Studies conducted by Lotfi et al. (2015) and Veisi 
et al. (2015), as outlined in Table 10, employed a setup with a vessel 
fixed in heave and pitch directions. One of the pioneering studies that 
advanced the state-of-the-art by simulating calm-water performance of a 
planing hull free in heave and pitch directions, was conducted by De 
Marco et al. (2017). They simulated the fluid dynamic problem using 
overset and morphing techniques and employed k-ω SST and Large Eddy 
Simulation (LES) turbulence models. The overset method was found to 
be more reliable. An interesting observation from this research was 
about the choice of the turbulence model. The authors discussed that a 
RANS k − ω SST model is a better option when resistance, trim angle, 
and CG rise-up are of interest, while an LES model would be more 
suitable if the simulation aims to monitor flow patterns and related 
physics. This study can be considered a milestone in CFD modelling of 
stepped planing monohulls. Next generation of studies included Dash-
timanesh et al. (2018), who replicated straightforward tests of a 
double-stepped planing hull using morphing techniques and a k-ϵ model, 
and Niazmand Bilandi et al. (2020), who simulated a similar problem 
using an overset method. Another noteworthy work by Fang et al. 
(2023) involved simulating the calm water performance of an air cavity 
planing hull, which was performed using an overset technique and a k −

ω SST turbulence model. 
The only CFD scholarly studies simulating the dynamic motion of 

stepped planing hulls were carried out by Esfandirari et al. (2020) and 
Niazmand Bilandi et al. (2021a,b). They respectively simulated the dy-
namic motions of single-stepped and double-stepped planing hulls in 
monochromatic waves. However, due to a lack of experimental data, 
they were unable to compare their CFD results against experimental 
data. 

The early studies on CFD simulations regarding the performance of 
trimaran planing hulls can be traced back to the work of Yu-min et al. 
(2014). They simulated this problem using starCCM + code without 
employing any mesh deforming technique. Instead, the computational 
domain was set to move. A k − ω SST turbulence model was applied. 
This study can be considered a milestone in the realm of CFD modelling 
for trimaran planing hulls. Following this, Jiang et al. (2016) conducted 
another important study, utilizing a dynamic moving mesh and the SST 
turbulence model. Although there have been studies following those 
conducted by Jiang et al. (2016), they all focused on simulating 
calm-water performance. A notable exception is the set of CFD carried 
out by Roshan et al. (2022), which goes beyond calm-water performance 
and covers dynamic motions of planing trimarans in regular waves. In 
this study, the authors compared some of their CFD data with the 
experimental data of Ma et al. (2015). 

In general, attention is not paid much to dynamic motions of stepped 

hulls and trimarans and in waves, and no maneuvering CFD model for 
stepped and trimaran planing hulls has been developed. A future 
research opportunity is to develop high-fidelity CFD setups for maneu-
vering models for either of these hull types, that can potentially replicate 
different maneuvering motions in both smooth and rough water condi-
tions. Last but not least, SPH method has not been used for simulating 
the fluid flow around catamarans, stepped planing hulls, and planing 
trimarans. Yet, they have been used for simulating the performance of 
monohulls, as discussed earlier. 

10. Emerging methods 

10.1. The potential of artificial intelligence (AI) 

The advent of AI marks a new era of innovation and efficiency, 
particularly in the realms of ship design (i.e., hydrodynamic and intel-
ligent hull design) as well as ship operations (i.e., fuel consumption and 
motion predictions along with autonomous navigation, Huang et al., 
2022a; Zhang et al., 2024). In hydrodynamic modelling, the ability of AI 
to solve complex multi-physics problems can potentially revolutionize 
how planing hulls are designed using regression and deep learning 
methods. 

AI can be potentially used to solve different hydrodynamic problems 
and may aid us in dealing with different engineering aspects arising in 
design. For example, the use of generative AI in hull generation suggests 
a significant leap towards intelligent hull optimization via rapid proto-
typing. The method could assist with the evaluation of a great number of 
hull forms, thus expediting, and refining the design process. 

Deep learning methods account for vast datasets, and therefore 
provide us with new intelligent tools for seakeeping predictions. The 
accurate prediction of hydrodynamics coefficients, motions and extreme 
sea loads using such methods if validated properly could supersede 
available mathematical and CFD models (see Sections 7 and 8). 

Finally, the application of deep reinforcement learning methods in 
ship control and path tracking is gradually paving the way toward 
advanced autonomous navigation, where marine vehicles can indepen-
dently make optimal route decisions in concurrent or extreme envi-
ronmental conditions. These algorithms can also be used for designing 
intelligent-based ride systems for planing hulls which may face many 
difficulties (e.g. unstable motions, large sea loads) during the 
operations. 

Collectively, the above mentioned AI-driven advancements are not 
just enhancing existing methodologies but are also open new research 
and engineering pathways steering the industry towards a future marked 
by greater safety, efficiency, and sustainability. Possible applications of 
AI in the hydrodynamic modelling and design of planing hulls follows. 

Table 13 
The mathematical models developed for hydrodynamic modelling of stepped planing hulls.   

Problem Hull type Step type Wake model Hydrodynamic force calculation Comparison against 
experiments? 

Svahn (2009) Calm water performance Single- 
stepped 

Transverse Equation  
(9.5) 

Savitsky (1964) Delta 29 SW 
Delta 34 SW 
Delta 40 WA, provided by 
company 

Danielsson and Strømquist 
(2012) 

Calm water performance Double- 
stepped 

Transverse Equation  
(9.7) 

Savitsky (1964) Hydrolift C-31, provided by 
company 

Dashtimanesh et al. (2017) Calm water performance Double- 
stepped 

Transverse Equation  
(9.7) 

Savitsky (1964) Taunton et al. (2010), 
Lee et al. (2010) 

Niazmand Bilandi et al. 
(2018) 

Calm water performance Single- 
stepped 

Transverse Equation  
(9.7) 

2D + t model, Wagner water 
entry model 

De Marco et al. (2017) 

Niazmand Bilandi et al. 
(2020a) 

Calm water performance in 
heeled condition 

Double- 
stepped 

Transverse Equation  
(9.7) 

2D + t model, Wagner water 
entry model 

No 

Niazmand Bilandi et al. 
(2020b) 

Calm water performance Double- 
stepped 

V-shaped Equation  
(9.7) 

2D + t model, Wagner water 
entry model 

Taunton et al. (2010) 

Niazmand Bilandi et al. 
(2021) 

Rough water performance Double- 
stepped 

Transverse Equation  
(9.7) 

2D + t model, Momentum 
variation 

No  
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Table 14 
A list of CFD studies aimed at modelling of calm or rough water performance of planing hulls other than stepless monohulls, including catamarans, stepped monohulls and trimarans.  

Reference Problem Vessel Mesh techniques Turbulence models CFD codes The reference for the 
experimental data 

Calm 
water 

Rough 
water 

Maneuvering  Overset Integrated/dynamic 
mesh/morphing 

k − ω 
SST 

k −

ε 
Approximation Blended k −

ω/k − ε 
LES 

Catamarans 
Jahanbakhsh et al. 

(2009) 
✓  ✓ Single deadrise 

catamaran  
✓   ✓   Bulit-in Not specified 

Kandasamy et a. 
(2011) 

✓   semi-planing 
catamaran 

✓     ✓  CFDShip-Iowa Osborne (2007) 

Castiglione et al. 
(2011) 

✓ ✓  Delft 372 ✓     ✓  CFDShip-Iowa Van’t Veer (1998a, 
1998b) 

He et al. (2014) ✓   Delft 372 (CNR- 
INSEAN 2554) 

✓     ✓  CFDShip-Iowa Broglia et al. (2014) 

Doğrul et al. (2021) ✓ ✓  Delft 372 ✓   ✓    StarCCM+ Van’t Veer (1998a, 
1998b) 

Wang et al. (2022) ✓   Single deadrise 
catamaran 

✓  ✓ ✓    StarCCM+ Wang et al. (2022) and  
Fridsma et al. (1969) 

Ebrahimi et al. 
(2022) 

✓   Single deadrise double 
stepped catamaran 

✓  ✓     StarCCM+ Ebrahimi et al. (2022) 

Stepped planing surfaces 
De Marco et al. 

(2017) 
✓   Single-stepped hull ✓ ✓ ✓    ✓ StarCCM+ De Marco et al. (2017) 

Cucinotta et al. 
(2018) 

✓   Air Cavity stepped 
hulls 

✓  ✓     StarCCM+ Cucinotta et al. (2017) 

Dashtimanesh et al. 
(2018) 

✓   Double-stepped hull  ✓  ✓    StarCCM+ Taunton et al. (2010) 

Esfandiari et al. 
(2020)  

✓  Double-stepped hull  ✓  ✓    StarCCM+ NA 

Park et al. (2022) ✓   single-stepped hulls 
(NSWC15E) 

✓   ✓  ✓  StarCCM+ and 
CFDShip-Iowa 

Park et al. (2022) 

Niazmand Bilandi 
et al. (2020a) 

✓   Double-stepped hull  ✓  ✓    StarCCM+ Taunton et al. (2010) 

Dashtimanesh et al. 
(2020b) 

✓   single-stepped hull  ✓  ✓    StarCCM+ Taunton et al. (2010) 

Niazmand Bilandi 
et al. (2021)  

✓  Double-stepped hull ✓   ✓    StarCCM+ NA 

Niazmand Bilandi 
et al. (2023a) 

✓   Double-stepped hull ✓  ✓     StarCCM+ Vitiello et al. (2022) 

Fang et al. (2023) ✓   One-stepped Air 
cavity hull 

✓  ✓     StarCCM+ Wang et al. (2020) 

Niazmand Bilandi 
et al. (2024) 

✓   Single-tepped planing 
hull 

✓ ✓ ✓     StarCCM+ Vitiello et al. (2022) 

planing trimarans 
Yu-min et al. (2014) ✓   Trimaran  ✓ ✓     StarCCM+ Yu-min et al. (2014) 
Yousefi et al. (2014) ✓   Trimaran  ✓  ✓    Fluent NA 
Jiang et al. (2016) ✓   Double-stepped 

trimaran  
✓ ✓     Ansys CFX Jiang et al. (2016) 

Jiang et al. (2017) ✓   Double-stepped 
trimaran  

✓ ✓     Ansys CFX Jiang et al. (2017) 

De et al. (2019) ✓   Double stepped 
trimaran with air 
ducts  

✓ ✓     Ansys CFX De et al. (2019) 

Roshan et al. (2020) ✓   Trimaran  ✓  ✓    StarCCM+ Ma et al. (2013) 
Su et al. (2020) ✓   Trimaran  ✓ ✓     StarCCM+ Su et al. (2020) 
Sun et al. (2020) ✓   Single-stepped 

trimaran  
✓ ✓     Ansys CFX NA 

Ding and Jiang 
(2021) 

✓   Trimaran ✓  ✓     StarCCM+ Ding and Jiang (2021) 

Roshan et al. (2021) ✓   Trimaran ✓ ✓  ✓    StarCCM+ Ma et al. (2013) 
Roshan et al. (2022)  ✓  Trimaran  ✓  ✓    StarCCM+ Ma et al. (2015)  
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10.1.1. Performance predictions in calm water 
Early AI-based studies focused on the hydrodynamics of planing 

hulls, with the goal to predict their resistance and dynamic trim angles 
for various Froude Numbers. AI-based models were developed using 
calm water datasets derived from various physical tests conducted 
during tank experiments. Scholars consolidated tank datasets to 
construct Artificial Neural Network (ANN) models (Radojcic et al., 
2014b, 2017) and regression models (Radojcic et al., 2001, 2014a). 
Table 15 presents a summary of these advances. There is currently no AI 
model based on alternative machine learning algorithms, such as 
XGBoost and Random Forest. Hence, the creation of new AI models for 
the prediction of the calm water performance of planing hulls using 
these algorithms and comparison of their accuracy ANN and regression 
models may present good potential. 

10.1.2. AI and hull generation 
Within the context of computer aided design (CAD), the hull auto-

matic generation codes have limited use for high speed planning boats 
due to sharp changes and complex geometries (e.g., steps, tunnels, air- 
intakes etc.) enraptured in specialist design specifications. These geo-
metric limitations could be potentially addressed by generative AI. For 
example, AI algorithms based on GAN (Generative Adversarial Network) 
may be used. An example is presented under by Khan et al., 2023. In this 
work ShipHullGAN code including more than 50,000 ship designs is 
used. The code can be coupled with an optimizer that evaluates the 
wave-making resistance of ships and gives an optimized design for a 
displacement ship. Another example can be found in the recent scholarly 
work of Bagazinski et al. (2023), which interestingly includes 
mono-planing hull forms with different numbers of steps, yet still 
excluding multihulls and certain other types of planing hulls. A general 
overview of a GAN algorithm for hull generation is shown in Fig. 21. 

10.1.3. Dynamic motion predictions 
Recent advancements in AI algorithms for seakeeping and maneu-

vering prediction (i.e., prediction of time history of motions) represent a 
significant development in marine hydrodynamics. These methods 

emerged in recent years, e.g., see Sun et al. (2022), D’Agostino (2022), 
Geng et al. (2023), and Zhang et al. (2023c). Whilst these approaches 
were initially developed for motion predictions of displacement hulls, 
there is potential for further extension of AI algorithms to predict the 
motion of fast planing boats. 

AI motion prediction methods involve analyzing recorded time his-
tories of ship responses and monitored environmental effects (waves, 
winds, currents, etc). This is achieved either by sampling the time his-
tories of motions and accelerations (big data streams) or by training 
physics-based models to simulate responses, see Zhang et al. (2023a) 
and Silva and Maki (2022). Concluding on the accuracy of AI methods is 
highly dependent on extensive validation studies against sea trial data, 
open and tank water experiments or even established mathematical 
models etc. (see Sections 3, 7 and 8). 

Any AI method used for motion predictions must utilize extensive 
datasets covering a wide range of environmental conditions and ship 
responses, allowing for the development of models that can forecast ship 
behavior accurately and in real-time (Lou et al., 2022). Deep learning 
algorithms can process complex data and convert them to meaningful 
efficient navigation and operational management formats (Abkowitz, 
1980). This is essential for planing hulls that may undergo strongly 
nonlinear motions and even experience airborne (fly-over) effects. While 
the accuracy of these predictions mostly depends on the quality and 
diversity of the training data, their prospects in terms of improving the 
design process and enhancing navigational safety are substantial. Ex-
amples of methods that may be useful in this respect are available in 
deep learning methods used in autonomous shipping and sophisticated 
ship management systems (Zhang et al., 2023b). 

Parametric estimation algorithms, have the potential to overcome 
difficulties in the evaluation of unified planing hull hydrodynamic co-
efficients. They are hybrid, i.e. they may be coupled with available 
mathematical or theoretical models that idealise maneuvering or sea 
load prediction simulations. Recent examples of research can be found 
in Wang et al. (2019) and Zheng et al. (2021). In the former the authors 
used the nu-support vector algorithm and coupled it with the Abkowitz 
maneuvering model (Abkowitz, 1980) to estimate the hydrodynamic 
coefficients of a displacement ship. Similar methods can be applied to 
planing hulls. The maneuvering models (see Section 8) can be coupled 
with a parametric algorithm to identify the hydrodynamic coefficients of 
a planing vessel. 

In contrast to parametric methods which provide us with hydrody-
namic coefficients of the vessel, non-parametric estimation models can 
be used to forecast the time history of motions in real operational con-
ditions via training mathematically/computationally generated or sea 
trial data. To date Artificial Neural Networks models, Gaussian process 
regression models, Long-Short term memory, along with locally 
weighted learning algorithms have been embarked for forecasting time 
history of the motions for different displacement hulls (Zhang et al., 

Table 15 
The selected studies on prediction of calm water performance of planing hulls, 
which use AI algorithms.  

Methods Purpose Series name/Hull 
type 

Reference 

Regression 
models 

Resistance and 
hydrodynamics 
characteristics 

VWS fast hard chine 
catamaran series 89 

Müller- Graf et al. 
(1989) 

Resistance 
calculations 

Double-Chine planing 
hull series 

Radojcic et al. 
(2001) 

Resistance and 
propulsion 
characteristics 

VWS Hard-chine 
catamaran hull series 
89 

Müller-Graf et al. 
(2003) 

Resistance 
calculations 

Displacement, Semi- 
displacement, and 
Planing Hull Forms 

Bertram and 
Mesbahi (2004) 

Resistance 
calculations 

Catamaran Couser et al. 
(2004) and  
Mason et al. 
(2005) 

Resistance 
calculations 

The USCG and TUNS 
Series 

Kowalyshyn and 
Metcalf (2006) 

Resistance 
calculations 

Hard-chine hulls in 
semi-planing mode 

Radojcic et al. 
(2014a) 

ANN models Resistance 
prediction 

Series 50 Radojcic et al. 
(2014b) 

Resistance and Trim 
Modelling 

Series 62 Radojcic et al. 
(2017) 

Resistance 
prediction 

Naples hard chine 
systematic series 

Radojčić and 
Kalajdžić (2018) 

Trim and resistance 
prediction 

Single and double- 
stepped planing hulls 

Nowruzi (2022)  

Fig. 21. A simple overview of AI-based hull automatic generation based on 
GAN models. Readers interested in more applications in design and coupling a 
GAN model with an optimization algorithm are referred to Khan et al. (2023). 
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2023b). These non-parametric methods are effective in the analysis of 
data from simulated free-running tests. The research by Silva et al. 
(2022), Woo et al. (2019), and Sivaraj et al. (2022) exemplifies the 
application of non-parametric models for the prediction of the temporal 
motions of displacement hulls. One of the recent non-parametric based 
works is carried out Zhang et al. (2023a). They introduced a generative 
deep learning methods for the prediction ship motions and turning cy-
cles. These advancements suggest the potential of deep learning 
methods for the identification of ship maneuvering under variable hy-
drometeorological conditions (see Fig. 22). 

Future developments could focus further on the prediction of 
Response Amplitude Operator (RAO) across diverse sea conditions. Deep 
learning models accounting for the hull shape and speed could be used 
to produce an RAO plot that graphically illustrates the planing hull 
response to various wave frequencies and wave steepness values. 
Looking ahead, efforts should be directed towards enhancing the pre-
cision of these models, broadening their scope to include more types of 
vessels, and incorporating real-time data to facilitate more adaptive and 
responsive navigation support. 

10.1.4. Control and path tracking 
Recent advancements in reinforcement learning (RL) have opened 

new possibilities for automating marine vehicles, which may help us 
prevent marine disasters and improve ship control (Deraj et al., 2023; 
Zheng et al., 2023). A typical RL algorithm trains agents using a 
reward-penalty framework, where the agent is rewarded for actions that 
achieve goals and penalized for detrimental ones (Oh et al., 2020). 
Through experience, the agent learns to select actions that yield higher 
rewards, see Fig. 23. This data-driven approach does not require a 
pre-existing model of the system. Instead, the agent learns the dynamics 
of system and control strategies through its interactions. 

RL algorithms provide new possibilities to solve the challenge of 
unknown dynamics in control problems of ships (Jin et al., 2023). 
Traditional RL uses Q-tables to store the agent’s policy, documenting the 
expected rewards for various scenarios (Yazdjerdi et al., 2019). How-
ever, deep reinforcement learning (DRL), which integrates neural net-
works, s superseded Q-tables thus allowing for efficient policy storage 
and application to more complex, both discrete and continuous, state 
and action spaces (Mnih et al., 2013). Traditional maritime autopilots 
rely on line-of-sight guidance and PID controllers for waypoint tracking, 

Fig. 22. An overview of AI-based ship system identiftcation developed by Zhang et al. (2023 a) which can be used to predict ship motions and turning cycles.  

Fig. 23. The general framework of RL for control of a planing boat. Here a trim tab is supposed to be the control device and state represents the boat motions 
and positions. 
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with a separate path planning algorithm for obstacle avoidance (Lekkas 
et al., 2012; Hirdaris, 2022). AI-based control strategies, however, 
promise to integrate control and path planning into a single controller, 
reducing real-time computational requirements (Zinage et al., 2021). 

To date, several studies have explored RL for ship displacement hulls 
control. Examples of algorithms used are Q-learning for static obstacle 
avoidance (Wang et al., 2019), deep Q-learning for collision avoidance 
among multiple ships (Sheng et al., 2019; Zheng et al., 2023), and deep 
Q-networks (DQN) for path following and heading control (Sivaraj et al., 
2022; Zhang et al., 2019). Advanced models like Deep Deterministic 
Policy Gradient (DDPG) have also been used for path tracking and 
demonstrate potential superiority over traditional line of sight guidance 
systems (Woo et al., 2019). Research of direct relevance to the 
Convention of the International Regulations for Preventing Collisions at 
Sea (COLREGs) uses methods like DDPG and actor-critic algorithms 
(Zheng et al., 2023; Shen et al., 2016; Zhao et al., 2019). These studies 
show that DRL-based methods can effectively avoid collisions with static 
obstacles, maintain formations, and comply with maritime collision 
avoidance regulations, often outperforming traditional control ap-
proaches like PID controllers. For example, Zheng et al. (2023) intro-
duced a DRL model specifically designed to aid in multi-ship collision 
avoidance, a crucial aspect of decision-making in autonomous shipping. 
The degrees of freedom of a planing hull depend on trim tabs or in-
terceptors in way of her propulsion system (e.g. van Deyzen et al., 
2012a, 2012b). Thus control of the vessel may be possible through 
active/passive methods (Jokar et al., 2020) serving various purposes, 
three of which are listed below:  

I) Suppressing the wave-induced motions of the vessel riding in 
irregular waves.  

II) Stabilization of the motion in calm water condition.  
III) Maneuvering and response of the vessel when an obstacle or 

other ships/boats are on its path. 

Building intelligent-based systems requires to couple RL algorithms 
with simulations that idealise motions in waves, or maneuvering per-
formance. All these simulation environments need to incorporate the 
influence of control (e.g. trim tabs, rudder, drive assembly, nuzzle angle, 
e.g. Xi and Sun, 2005) and propulsion systems. A summary of the po-
tential use of AI is shown in Table 16. 

10.2. Holistic design optimization 

The optimization of planing hulls has been a research topic since late 
1990s. Overall the focus of research has been on minimizing hull 

resistance (Yoshida, 1999; Mohamad Ayob et al., 2011a,b; Smith et al., 
2013; Tran et al., 2022) and the prediction of wave loads on safety (Prini 
et al., 2018). Studies along the lines of the work of Papanikolaou (2010) 
on holistic design optimization remain future research exercise (see 
Table 17). Holistic optimization methods encourage a more systemic, 
efficient, and informative conceptual design of marine vehicles, that 
could potentially contribute to the decarbonization efforts of the leisure 
boat industry (Dashtimanesh et al., 2022). The small size and high 
powering requirements of a fast planing hull per unit displacement, 
along with the influence of dynamic hull loads and accelerations under 
high-speed conditions are extremely relevant to the goal oriented focus 
of hull optimization methods, which aims to balance different design 
parameters (see IMO (2019) and Papanikolaou (2011)). Another sig-
nificant factor that needs to be considered is reliability of a craft in 
variable operational weather conditions. 

Contrary to the traditional optimization approaches, holistic opti-
mization involves the integration of CAD models, hydrodynamic theory- 

Table 16 
A summary of potential application of AI models in hydrodynamic study and design of planing hulls.  

Potential use Potential outputs Which AI method can be used? Has it been done yet? Comment 

Calm water 
performance 
prediction 

Required power, trim angle, 
CG rise up, wetted area at 
different speeds 

Regression models, XGboost, Random 
Forest, ANN 

Yes, since 1990s. See Table 15. XGboost and Random Forest 
algorithms have never been used so 
far. 

Hull generation Generation of any new hull 
that was not existed before 

GAN Not specifically. A hull generation code that 
gives mono-planing hulls is developed but 
no code giving all types of planing hulls 
(catamarans, tunneled planing hulls) is 
available. 

These GAN-based algorithms, if 
developed, can be coupled with 
optimization algorithms, and help 
use design an optimum high-speed 
craft. 

Dynamic motions Motion predictions 
(generative approach) 
Motion forecasting 
(forecasting the real-time 
motion, the dataset before 
hand is used) 
Identification of 
hydrodynamic coefficients 

Non-Parametric algorithms can be 
used for motion predictions and 
motion forecasting (e.g. LTSM). 
Parametric algorithms such as nu- 
parameter can be coupled with 
available maneuvering models for 
identification of hydrodynamic 
coefficients 

No. These methods have only applied to 
displacement hulls. 

There is a pressing need to have a 
code that gives RAO plots for any 
planing hull. 

Intelligent-based 
riding 

Motion control in waves 
Path tracking 
Stabilization 

Reinforcement learning algorithms can 
be used 

No. These methods have only applied to 
displacement hulls. 

The early RL methods were based on 
Q-tables but the very recent ones are 
based on Deep Learning.  

Table 17 
Some factors to be considered in holistic design optimizations of planing boats.  

Design 
solutions 

Systemic 
surrogate- 
based ship 
design model 

Operating 
profile 

Environment Promising 
KPIs 

Hull form 
Propulsion 
Ship 
structures 
Layout 

Energy 
efficiency (e. 
g., resistance 
and hull- 
propulsion 
interaction) 
Maneuvering, 
e.g., at high 
speed 
Seakeeping, e. 
g., with high 
speed and 
waves 
Hull integrity 
at high speed 
Dynamic and 
static stability 
Capacity 
Max. speed 

Task-related 
features: 
leisure, rescue, 
coast guard, 
military, 
racers. 
Frequency of 
different 
operating 
modes: start 
acceleration, 
moving 
straight at 
design speed, 
turning and 
manoeuvring, 
deceleration, 
and stop. 

Balance of 
rough and 
calm 
weather. 
Dynamics of 
wind and 
wave 
parameters 
on the 
intended 
operation 
route. 
Depth of the 
water body 

Simulation 
of operation 
for lifecycle. 
Estimating 
the KPIs: 
1) carbon 
intensity 
indicator; 
2) safety (e. 
g., hull 
integrity 
and health 
of people 
onboard); 
3) 
underwater 
noise 
4) cost 
efficiency 
(CAPEX, 
OPEX); 
5) wash 
waves of a 
ship  
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based multi-physics solvers, and mathematical optimization algorithms 
to explore optimal solutions across an extensive design space. In this 
field, hydrodynamic theory methods (Rawson and Tupper, 2001) are 
typically coupled with surrogate models, which may be semi-empirical 
(e.g., Lu et al., 2015), empirical (e.g., van Lammeren et al., 1969), or 
AI-based metamodels (e.g., Ao et al., 2023). The accuracy of computa-
tionally efficient methods is often constrained for certain hull design 
qualities. In such cases, optimization is conducted in two steps (Papa-
nikolaou, 2020, 2021): (a) preliminary, where simplified estimates for 
global optimization are developed, and (b) detailed, involving accurate 
methods for local optimization and the selection of the final design, such 
as CFD. Alternatively, interactive optimizations methods can be 
employed to incorporate human heuristic insights at both optimization 
steps (Wang et al., 2023). 

During holistic optimization, topological elements of the planing hull 
(e.g., transverse sections, hull segments, and bottom steps) can be 
included in the list of design variables. In terms of propulsion, both 
propeller (Gatete et al., 2018) and waterjet-supported designs may be 
considered (see Kandasamy et al., 2011a,b; Tahara et al., 2014). For 
instance, in the case of surface-piercing propellers, variables such as 
diameter, rotational speed, blade number, and pitch-to-diameter ratios 
may be considered as key design variables. In the case of waterjets, inlet 
geometry (see Fig. 24) may be optimized to improve energy efficiency, 
cavitation, vibration, and noise of the waterjet (Jiao et al., 2019; Kan-
dasamy et al., 2011a,b). The impact of hull-propulsion interaction on 
hull design qualities is another significant element to be considered 
throughout the optimization process (examples of hull-propeller in-
teractions can be found in Eslamdoost et al., 2018; Roshan et al., 2021). 

The reliability of hull structures is necessary to guarantee the 
integrity of a planing hull to withstand high hydrodynamic loads, 
particularly slamming. The development of methods for the evaluation 
of hydrodynamic loads on a planing hull allows for the design of lighter 
structures, thus resulting in smaller displacement and wetted surface 
area and, finally, reduced resistance and improved energy efficiency. 
Existing studies could minimize their weight and cost and use structural 
integrity as a constraint (Sobey et al., 2008; Song et al., 2010). Although 
studies on optimizing the layout of planing boats are not available, 
further research can improve their ergonomics and reduce weight, 
making designs more competitive. 

Table 17, summarizes five promising Key Performance Indicators 
(KPIs) for the optimization of planing boats. Some of those could be 
relevant for any type of vessel, e.g., carbon intensity indicator (green-
house gas emission per unit of useful work), safety, and cost-efficiency. 
Others may be case-specific, e.g., underwater noise that can impact the 
health of aquatic animals (Peng et al., 2015) and wash waves from a hull 
that can impact the marine environment and safety of humans in coastal 
areas (Papanikolaou, 2011; Bilkovic et al., 2019; Tavakoli et al., 2022). 

Multi-objective versions of metaheuristic optimization algorithms (e.g., 
genetic algorithm (Papanikolaou, 2010), particle swarm algorithm 
(Ehlers, 2012), artificial bee colony algorithm (Kondratenko et al., 
2023), cuckoo search optimization algorithm (Saghi et al., 2022),) are a 
typical choice for such optimization due to their and high computational 
efficiency. 

11. Conclusions 

Planing boats are a very popular type of high-speed marine vehicles 
and have been widely used across the globe. To date research efforts 
focus on 1) decreasing fuel consumption, 2) stabilizing motion and 
improving maneuvering performance, and 3) reducing wave-induced 
motions and their effects, such as slamming loads and vertical acceler-
ations. These aims have led to a broad range of studies over a 100-year 
timespan and introduced new hullforms, energy saving or control de-
vices, new experimental setups, and hydrodynamic models. 

Research progress in the hydrodynamics of planing hulls is prom-
ising. Yet, attention has predominantly been paid to calm water per-
formance of vessels (i.e., resistance prediction). Accurate CFD setups 
that have been developed can reliably predict calm water performance. 
On the other hand the application of mathematical models is limited to 
stepless and stepped planing hulls. 

The use of modern multi-physics for the idealization of seakeeping is 
limited. The same holds for motion statistics in real seas where open 
questions on the influence of the exceedance probability of motions and 
pressures remains. There are still question marks on the accuracy of 
nonlinear hydrodynamic coefficients and forces over hull maneuvering. 
To date, the only available maneuvering models are built for stepless 
monohull, while many types of planing hulls are now in use. This is 
because existing models heavily depend on the temporal displacement 
of a planing boat. 

The research outlook on the area of hydrodynamics of planing hulls 
necessitates the development and use of holistic models for use in con-
current or extreme conditions. AI methods are very welcome to be used 
in hydrodynamic study and the design of planing hulls. It is envisioned 
that with careful architectural planning of AI algorithms, they can 
provide different intelligent design tools capable to 1) generate 3D hull 
geometries 2) predict calm water performance and motions 3) facilitate 
autonomous vessel navigation. 
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Nomenclature 

a ij Added mass coefficients of a planing hull, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
A Aspect ratio 

Fig. 24. Parametrization of the waterjet inlet geometry (Jiao et al., 2019).  
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Ap Projected bottom area 
b ij Damping coefficients of a planing hull, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
bw Half-wetted beam of a 2D section entering water 
B Beam 
B Buoyancy force 
B Average breadth of a planing hull 
Bmax Maximum breadth of the vessel 
BT Breadth at transom 
c Wetted length of a 2D planing plate 
c ij Restoring coefficients of a planing hull, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
Cm Added mass coefficient of a 2D section in vertical direction (heave) 
C DC Cross drag coefficient of a 2D section entering water 
C F Frictional drag coefficient 
C

•
F Frictional drag coefficient of spray 

CL 0 Lift force coefficient of a surface planing hull 
CL β Lift force coefficient of a deadrise surface planing hull 
d Draft 
D V Viscous drag 
D S Spray drag 
f(A ) Aspect ratio correction function applied to 2D forces 
f2D
y 2D horizontal force acting on a section entering water 

f2D
z 2D vertical force acting on a section entering water 

ExE yEzE Earth fixed Coordinate system 
FrB Beam Froude Number 
Frl Longitudinal Froude Number 
Fr∀ Volumetric Froude Number 
g Gravity acceleration 
g An empirical parameter used in calculate of lift force of 3D planing hulls 
h Water depth 
hⓘ

s Height of a step located forward each surface of a stepped planing hull 
h An empirical parameter used in calculate of lift force of 3D planing hulls 
H Wave height 
Ixx Second moment of area with respect to x-axis 
Iyy Second moment of area with respect to y-axis 
Izz Second moment of area with respect to z-axis 
k Wave number 
K Rolling moment 
K ⋆ Rolling moment with exclusion of added mass moments 
K ϑ Damping coefficient of maneuvering in roll direction, ϑ = u, v, w, p, q, and r respectively refer to effects of surge, sway, heave, roll, pitch and 

yaw speeds 
K ϑ̇ Added mass coefficient of maneuvering in roll direction, ϑ̇ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to effects of surge, sway, heave, roll, pitch 

and yaw accelerations 
K’ Kernel function of integral equations 
l⊕ Dimensionless additional wetted length due to spray formation 
L Length of the vessel 
L Lift force 
L

HD Hydrodynamic lift 
L

ⓘ Lift force acting on ⓘ th surface of a stepped planing hull 
LC Chine wetted length of a planing boat 
LCG Longitudinal center of gravity 
LCP Longitudinal center of pressure 
LD Downstream length set in a CFD tank 
LK Keel wetted length of a planing boat 
Lⓘ

K Keel wetted length of ⓘ th surface of a stepped planing hull 
LM Average wetted length of a planing boat 
Lp Projected length of the vessel 
LU Upstream length set in a CFD tank 
Lⓘ

V Ventilation length of each surface of ⓘ th surface of a stepped planing hull 
LW Wetted length of a flat 3D planing hull 
L̂y Dimensionless length of each longitudinal strip located behind the stagnation line 
m2D

ij 2D added mass of a section entering water, i, j = 2, 3, 4 respectively refer to sway, heave and roll motions 
ṁ2D

ij Temporal change of 2D added mass of a section entering water, i, j = 2, 3, 4 respectively refer to sway, heave and roll motions 
m2D

x Rolling moment acting on a 2D section entering water 
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M Pitching moment 
M ⋆ Pitching moment with exclusion of added mass moments 
M ⓘ Pitching moment acting on ⓘ th surface of a stepped planing hull 
M ϑ Damping coefficient of maneuvering in pitch direction, ϑ = u, v, w, p, q, and r respectively refer to surge, sway, heave, roll, pitch and yaw 

speeds 
M ϑ̇ Added mass coefficient of maneuvering in pitch direction, ϑ̇ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to surge, sway, heave, roll, pitch and yaw 

accelerations 
M• Integral of the 2D vertical added masses along the wetted length of a planing vessel 
M•• First order moment of the 2D vertical added masses along the wetted length of a planing vessel 
M••• Second order moment of the 2D vertical added masses along the wetted length of a planing vessel 
n An empirical parameter used in calculate of lift force of 3D planing hulls 
N Force normal to the surface of a planing hull 
N Yawing moment 
N ⋆ Yawing moment with exclusion of added mass moments 
N ϑ Damping coefficient of maneuvering in yaw direction, ϑ = u, v, w, p, q, and r respectively refer to surge, sway, heave, roll, pitch and yaw 

speeds 
N ϑ̇ Added mass coefficient of maneuvering in yaw direction, ϑ̇ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to surge, sway, heave, roll, pitch and yaw 

accelerations 
p Roll speed 
ṗ Roll acceleration 
pHD Hydrodynamic pressure 
p Angular speed of a section entering water 
pMax Maximum pressure emerging on each longitudinal strip of a planing hull 
pl Hydrodynamic pressure at leading edge 
pt Hydrodynamic pressure at trailing edge 
q Pitch speed 
q̇ Pitch acceleration 
r Yaw speed 
ṙ Yaw acceleration 
R Resistance force 
R S Spray resistance 
R V Viscous resistance 
Re Reynolds number 
Re• Reynolds number of spray 
S Wet surface of a planing vessel 
T Trust force 
T i Trust force effects in different directions, i = x, y, z, φ, θ, ψ respectively refer to surge, sway, heave, roll, pitch and yaw directions 
u Surge speed 
u̇ Surge acceleration 
U Longitudinal velocity at each section 
v Sway speed 
v̇ Sway acceleration 
v Vertical speed of water entry 
V Forward speed of planing hull or planing plate 
V Average velocity on the bottom of a planing surface 
VCG Vertical center of gravity 
VCR Vertical center of resistance force 
∀ Submerged volume of the vessel at rest 
w Heave speed 
ẇ Heave acceleration 
W Weight of a planing hull or a 2D planing surface 
WD Width of a CFD tank 
Wi Constants used to calculate the free surface elevation behind the step/transom 
WO Vertical orbital velocity 
x̂ Non-dimensional distance from the stagnation line at each longitudinal strip 
xⓘ

s Longitudinal distance from the step forward the ⓘ th surface 
X Longitudinal force acting on a planing hull (force in surge direction) 
X ⋆ Surge force with exclusion of added mass forces 
X ϑ Damping coefficient of maneuvering in surge direction, ϑ = u, v, w, p, q, and r respectively refer to surge, sway, heave, roll, pitch and yaw 

speeds 
X ϑ̇ Added mass coefficient of maneuvering in surge direction, ϑ̇ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to surge, sway, heave, roll, pitch and yaw 

accelerations 
ŷ Non-dimensional transverse distance from the center line 
Y Horizontal force acting on a planing hull (force in sway direction) 
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Y ⋆ Sway force with exclusion of added mass forces 
Y ϑ Damping coefficient of maneuvering in sway direction, ϑ = u, v, w, p, q, and r respectively refer to surge, sway, heave, roll, pitch and yaw 

speeds 
Y ϑ̇ Added mass coefficient of maneuvering in sway direction, ϑ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to surge, sway, heave, roll, pitch and yaw 

accelerations 
Z Vertical force acting on a planing hull (force in heave direction) 
Z ⋆ Heave force with exclusion of added mass forces 
Z ϑ Damping coefficient of maneuvering in heave direction, ϑ = u, v, w, p, q, and r respectively refer to surge, sway, heave, roll, pitch and yaw 

speeds 
Z ϑ̇ Added mass coefficient of maneuvering in heave direction, ϑ̇ = u̇, v̇, ẇ, ṗ, q̇, and ṙ respectively refer to surge, sway, heave, roll, pitch and yaw 

accelerations 
α Trim angle of the vessel or angle of attack 
αs Stagnation angle 
αT Inclination angle of thrust force 
β Deadrise angle 
γ Rotation angle of spray 
Γ̂ Transom effect function used for calculation of pressure over the vessel bottom 
δ Delta Dirac function 
ϵ Draft over length ratio 
η Water surface elevation 
ηⓘ

s Water surface elevation behind the step of a planing hull 
θ Pitch angle 
θw Phase of water waves 
κ Spray thickness 
ϖ An empirical parameter used in calculate of lift force of 3D planing hulls 
ρW Water density 
ϱ Half-beam over length ratio 
ςi Wave-induced motions, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
ς̇i Time rate of wave-induced motions, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
ς̈i Acceleration of wave-induced motions, i = 1, 2, 3, 4, 5, and 6 respectively refer to surge, sway, heave, roll, pitch and yaw motions 
φ Heel angle 
Φ Encounter angle 
ψ Yaw angle 
Ψ(ξ) Transom reduction function applied to 2D forces 
ΨB Buoyancy reduction factor 
ΨS Transom suction 
ω Wave frequency 
ωe Encounter frequency 

Appendix A

Fig. A1. An example of resistance versus beam Froude Number and trim angle versus Froude Number curves. Data is extracted from Fridsma (1969). .   
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Fig. A2. An example of time history of vertical acceleration at bow of a planing hull. Data is extracted from Garme (2005). .  

Fig. A3. Examples of time history of roll motion of a hard-chine vessel going under circle turning with two different steering angle of waterjet. Data is extracted from 
Kim and Kim (2017). The blue curve shows a scenario under which the vessel may reach a negative heel angle through a starboard turn (positive inclining angle of 
thrust force). . 
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Z. Angew. Math. Mech. 12, 193–215. 

Wagner, M.K., Andersen, P., 2003. Effects of geometry on the steady performance of 
planing hulls. Ship Technol. Res. 50, 91–100. https://doi.org/10.1179/ 
str.2003.50.2.006. 

Wakeling, B.P., Sporston, J.L., Milward, A., 1984. Transverse stability of a fast round 
bilge hull. In: International Conference on Design Considerations for Small Craft, 
pp. 13–15, 1984.  

Wang, S., Soares, C.G., 2018. Simplified approach to dynamic responses of elastic wedges 
impacting with water. Ocean Engineering 150, 81–93. 

Wang, C.T., Liu, C.Y., Guo, C.L., 1975. Effects of the Separation Ratio on the Still Water 
Resistance of Catamaran Planing Hulls. Institute of Naval Architecture, National 
Taiwan University Rept. NT-INA-34. May 1975.  

Wang, S., Su, Y., Zhang, X., Yang, J., 2012. RANSE simulation of high-speed planing craft 
in regular waves. J. Mar. Sci. Appl. 11, 447–452. https://doi.org/10.1007/s11804- 
012-1154-x. 

Wang, C., Zhang, X., Li, R., Dong, P., 2019. Path planning of maritime autonomous 
surface ships in unknown environment with reinforcement learning. In: Cognitive 
Systems and Signal Processing: 4th International Conference, ICCSIP 2018, Beijing, 
China, 4. Springer, Singapore, pp. 127–137. November 29-December 1, 2018, 
Revised Selected Papers, Part II.  

Wang, Z., Zou, Z., Soares, C.G., 2019. Identification of ship manoeuvring motion based 
on nu-support vector machine. Ocean Engineering 183, 270–281. 

Wang, L., Huang, B., Qin, S., Cao, H., Fang, D., Wu, D., Li, C., 2020. Experimental 
investigation on ventilated cavity flow of a model ship. Ocean Engineering 214, 
107546. 

Wang, H., Zhu, R., Zha, L., Gu, M., 2022. Experimental and numerical investigation on 
the resistance characteristics of a high-speed planing catamaran in calm water. 
Ocean Engineering 258, 111837. 

Wang, Z., Yang, X., Zheng, Y., Chen, W., Lv, P., Zhou, B., Xu, M., 2023. Interactive ship 
cabin layout optimization. Ocean Engineering 270, 113647. https://doi.org/ 
10.1016/j.oceaneng.2023.113647. 

Wehausen, J.V., Laitone, E.V., 1960. Sufrace waves. Encyclopaedia of Physics IX, 
446–778. 

Wei, C.Z., Li, Yh, Lian, X.F., Yi, H., 2019. Hull forms of small high-speed wave-piercing 
monohull crafts and hydrodynamics study. J. Hydrodyn. 31 (4), 814–826. 

Weil CR, Lee E, Fullerton A, Experimental Results for the Calm Water Resistance of the 
Generic Prismatic Planing Hull (Gpph). (Technical report). 

Weinstein, I., Kapryan, W.J., 1953. The High-Speed Planing Characteristics of a 
Rectangular Flat Plate over a Wide Range of Trim and Wetted Length, Technical 
Note Tn 2981. National Advisory Committee for Aeronautics. 

Wen, M., Pacino, D., Kontovas, C.A., Psaraftis, H.N., 2017. A multiple ship routing and 
speed optimization problem under time, cost and environmental objectives. 
Transport. Res. Transport Environ. 25, 303–321. Part A.  

Werenskiold, P., 1993. Methods for regulatory and design assessment of planing craft 
dynamic stability. In: Sugai, K., Miyata, H., Kubo, S., Yamato, H. (Eds.), Proc. 
FAST’93, 1. The Society of Naval, Tokyo, pp. 883–894. 

Woo, J., Yu, C., Kim, N., 2019. Deep reinforcement learning-based controller for path 
following of an unmanned surface vehicle. Ocean Engineering 183, 155–166. 

Xie, N., Vassalos, D., Jasionowski, A., 2005. A study of hydrodynamics of three- 
dimensional planing surface. Ocean Engineering 32, 1539–1555. 

Xu, L., Troesch, A.W., Vorus, S.V., 1998. Asymmetric vessel impact and planing 
hydrodynamics. J. Ship Res. 42, 187–198. https://doi.org/10.5957/ 
jsr.1998.42.3.187. 

Yasukawa, H., Hirata, N., Kose, K., 2006. Improvement of course-keeping ability of a 
high speed mono-hull by skegs. J. Jpn. Soc. Nav. Archit. Ocean Eng. 3, 125–131. 

Yazdjerdi, P., Meskin, N., Al-Naemi, M., Al Moustafa, A.E., Kovács, L., 2019. 
Reinforcement learning-based control of tumor growth under anti-angiogenic 
therapy. Comput. Methods Progr. Biomed. 173, 15–26. 

Yegorov, I.T., Bun’kov, M.M., Sadovnikov, 1978. Propulsive performance and 
seaworthiness of planing vessels, 1978. In: Russian (Naval Sea Systems Command, 
Translation No. 1965, Oct. 1981). 

Yoon, H.K., Kang, N., 2016. Modeling and simulation of the 6 DOF motion of a high 
speed planing hull running in calm sea. Journal of the Society of Naval Architects of 
Korea 53 (1), 10–17. 

Yoshida, Y., 1999. Optimum design of a planing boat’s hull form. Transactions on the 
Built Environment 42. WIT Press, ISSN 1743-3509.  

Yousefi, R., Shafaghat, R., Shakeri, M., 2013. Hydrodynamic analysis techniques for 
high-speed planing hulls. Appl. Ocean Res. 105–113. 

Yousefi, R., Shafaghat, R., Shakeri, M., 2014. High-speed planing hull drag reduction 
using tunnels. Ocean Engineering 84, 54–60. 

Yu-min, S., Shuo, W., Hai—long, S., 2014. Numerical and experimental analyses of 
hydrodynamic performance of a channel type planing trimaran. J. Hydrodyn. 26 (4), 
549–557. 

Zaghi, S., Broglia, R., di Mascio, A., 2010. Experimental and numerical investigations on 
fast catamarans interference effects. J. Hydrodyn. 528–533. https://doi.org/ 
10.1016/S1001-6058(09)60250-X. 

Zan, L., Sun, H., Lu, S., Zou, J., Wan, L., 2023. Experimental study on porpoising of a 
high-speed planing trimaran. J. Mar. Sci. Eng. 11 (4), 769. https://doi.org/10.3390/ 
jmse11040769. 

S. Tavakoli et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0029-8018(24)00383-4/sref525
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref525
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref432
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref432
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref432
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref433
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref433
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref433
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref434
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref434
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref434
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref435
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref435
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref435
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref436
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref436
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref437
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref437
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref437
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref438
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref438
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref438
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref439
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref439
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref440
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref440
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref441
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref441
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref441
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref442
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref442
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref443
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref443
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref444
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref444
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref445
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref445
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref445
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref446
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref446
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref447
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref447
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref448
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref448
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref449
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref449
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref450
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref451
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref451
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref452
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref452
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref453
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref453
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref454
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref454
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref455
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref455
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref455
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref455
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref455
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref456
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref456
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref456
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref456
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref457
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref457
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref457
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref458
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref458
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref459
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref459
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref459
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref460
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref460
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref461
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref461
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref522
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref522
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref522
https://doi.org/10.1007/s40430-014-0266-4
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref463
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref463
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref463
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref464
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref464
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref464
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref464
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref465
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref465
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref466
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref466
https://doi.org/10.1179/str.2003.50.2.006
https://doi.org/10.1179/str.2003.50.2.006
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref468
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref468
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref468
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref469
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref469
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref470
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref470
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref470
https://doi.org/10.1007/s11804-012-1154-x
https://doi.org/10.1007/s11804-012-1154-x
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref472
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref472
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref472
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref472
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref472
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref473
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref473
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref474
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref474
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref474
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref475
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref475
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref475
https://doi.org/10.1016/j.oceaneng.2023.113647
https://doi.org/10.1016/j.oceaneng.2023.113647
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref477
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref477
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref478
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref478
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref480
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref480
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref480
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref481
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref481
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref481
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref483
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref483
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref483
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref484
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref484
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref485
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref485
https://doi.org/10.5957/jsr.1998.42.3.187
https://doi.org/10.5957/jsr.1998.42.3.187
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref487
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref487
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref488
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref488
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref488
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref489
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref489
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref489
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref490
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref490
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref490
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref491
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref491
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref492
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref492
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref493
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref493
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref494
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref494
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref494
https://doi.org/10.1016/S1001-6058(09)60250-X
https://doi.org/10.1016/S1001-6058(09)60250-X
https://doi.org/10.3390/jmse11040769
https://doi.org/10.3390/jmse11040769


Ocean Engineering 303 (2024) 117046

50

Zarnick, E.E., 1978. A Nonlinear Mathematical Model of Motions of a Planing Boat in 
Regular Waves. David W. Taylor Naval Ship Research and Development Center, 
Bethesda, MD, USA.  

Zarnick, E.E., 1979. A non-linear mathematical model of motions of a planing boat in 
irregular waves. Tech. Rep. David Taylor Naval Ship Research and Development 
Center, Bethesda, MD, USA.  

Zarnick, E.E., Turner, C.R., 1981. Rough Water Performance of High Length to Beam 
Ratio Planing Boats. David W. Taylor Naval Ship Research and Development Center, 
Bethesda, MD, USA.  

Zhang, W., Gai, J., Zhang, Z., Tang, L., Liao, Q., Ding, Y., 2019. Double-DQN based path 
smoothing and tracking control method for robotic vehicle navigation. Comput. 
Electron. Agric. 166, 104985. 

Zhang, M., Tsoulakos, N., Kujala, P., Hirdaris, S., 2024. A deep learning method for the 
prediction of ship fuel consumption in real operational conditions. Eng. Appl. Artif. 
Intell. 130, 107425. 

Zhang, Y., Zhang, Y., Ma, S., Shao, W., Liu, J., Chen, X., 2023. A Cartesian grid-based 
two-dimensional plus time method for simulating ship bow waves. Phys. Fluids 35, 
032119. 

Zhang, M., Taimuri, G., Zhang, J., Hirdaris, S., 2023a. A deep learning method for the 
prediction of 6-DoF ship motions in real conditions. Proc. IME M J. Eng. Marit. 
Environ. https://doi.org/10.1177/14750902231157852. 

Zhang, M., Kujala, P., Musharaf, M., Zhang, J., Hirdaris, 2023b. A machine learning 
method for the prediction of ship motion trajectories in real operational conditions. 
Ocean Engineering, 114905, 283m.  

Zhao, R., Faltinsen, O.M., 1993. Water entry of two-dimensional bodies. J. Fluid Mech. 
246 (1993), 593–612. 

Zhao, R., Faltinsen, O.M., Haslum, H.A., 1997. A simplified nonlinear analysis of a 
highspeed planing craft in calm water. In: Proc. Fourth International Conference on 
Fast Sea, Transportation (FAST ’97). Sydney, Australia, July 1997.  

Zheng, X., Ma, Q., Shao, S., Hu, Z., Gui, Q., 2019. An improved 2D+t incompressible 
smoothed particle hydrodynamics approach for high-speed vessel waves. J. Coast 
Res. 35 (5), 1106–1119. 

Zheng, K., Zhang, X., Wang, C., Zhang, M., Cui, H., 2023. A partially observable multi- 
ship collision avoidance decision-making model based on deep reinforcement 
learning. Ocean Coast Manag. 242, 106689. 

Zinage, S., Somayajula, A., 2021. Deep reinforcement learning based controller for active 
heave compensation. IFAC-PapersOnLine 54 (16), 161–167. 

Zou, J., Shijie, L., Hanbing, S., Liru, Z., Jiuyang, C., 2021. Experimental study on motion 
behavior and longitudinal stability assessment of a trimaran planing hull model in 
calm water. J. Mar. Sci. Eng. 9, 164. https://doi.org/10.3390/jmse9020164. 

S. Tavakoli et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0029-8018(24)00383-4/sref497
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref497
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref497
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref498
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref498
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref498
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref499
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref499
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref499
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref501
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref501
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref501
http://refhub.elsevier.com/S0029-8018(24)00383-4/optciXyWWBYjC
http://refhub.elsevier.com/S0029-8018(24)00383-4/optciXyWWBYjC
http://refhub.elsevier.com/S0029-8018(24)00383-4/optciXyWWBYjC
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref502
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref502
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref502
https://doi.org/10.1177/14750902231157852
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref504
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref504
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref504
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref505
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref505
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref507
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref507
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref507
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref508
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref508
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref508
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref509
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref509
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref509
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref510
http://refhub.elsevier.com/S0029-8018(24)00383-4/sref510
https://doi.org/10.3390/jmse9020164

