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ABSTRACT 
The focus of this thesis is to create a new conceptual design for a Superyacht Tender. This type of boat is 
usually primarily focused on aesthetical and practical aspects. However there are costumers requesting 
performance, which will be the main focus here. A supplementary task is to find ways to apply an 
engineering approach in the design of a recreational craft, in order to help small craft manufacturers 
optimize their products’ performance. The resulting design is intended to fill up the void of large, high-
performance superyacht tenders, with its lightweight hull and powerful engines. 
 
In order to succeed in this, an analytical model for performance prediction will be created and structural 
optimization based on available methods will be performed. The motivation for this is that the industry 
today is dominated by a trial-and-error approach based on experience and testing, and most manufacturers 
of recreational powerboats apply little or no analytical methods in their designs.  
 
Predicting resistance on twin stepped hulls is a great challenge and it has not been possible to find any 
established methods suitable. For this reason, a model for estimating power requirement and running trim 
of such hulls has been developed. The model is based on Savitsky (Savitsky 1964) theory and a single step 
performance method developed by David Svahn (Svahn, 2009). The new developed model in this project 
has been benchmarked to an existing powerboat, with good results. The boat used as benchmarking is the 
Hydrolift C-31, where all the parameters needed was received from Hydrolift. The new method has been 
used to design and position steps for the superyacht tender. The required power has been used to select 
engines and drives, and the installation of these has been looked into closer. 
 
In order to minimize weight and lower resistance, structural optimization has been performed. A method 
for optimization of sandwich and single-skin panels with stiffeners has been extended to take face, core 
and stiffener strength as well as stiffener and plate stiffness into account. Also, various structural layouts 
have been designed and compared to find the most efficient setup. The results from the optimization 
model showed that the best choice was a carbon fiber sandwich as material in the panels when considering 
weight. The carbon fiber construction saved approximately 25% weight compared to fiberglass in the hull, 
and by introducing a sandwich, additional weight could be saved and the complexity of the structure could 
be reduced. 
 
High-speed small craft are subject to ISO rules, which only apply up to speeds of 50 knots. The ISO rules 
are sometimes viewed to lack in margins which is why DNV’s HSLC rules has been used in this project. 
The results from the structural part showed lower weight than expected, about 3900 kg dry weight. With 8 
passengers including luggage and semi-filled tanks, the resistance model showed that the new design 
should be able to travel at 65 knots with 1250 horsepower installed.  
 

  



   
 

PREFACE 
The work conducted in this thesis has been very exciting and interesting because it involves designing an 
actual boat, which is in line with the future wishes of the authors. The methodology has involved 
developing new design tools and the research has been done in part, in cooperation with the Norwegian 
boat company Hydrolift who has provided us with boat parameters and good advice.   
 
 A great deal of welcome help and advice has been given from: 

 Mr. Michael Morabito of the US Naval Academy 

 Christoffer Haarbye of Hydrolift Boats 

 Mr. Lorne Campbell of Lorne Campbell design  

 Fredrik Bolstad at Goldfish Boats 

 David Svahn, former student at KTH, with previous experience of modelling stepped hulls 

 Anders Rosen, Karl Garme and our supervisor Ivan Stenius, all from the Centre of Naval 
Architecture at the Royal Institute of Technology, in Stockholm, Sweden.   

 
Without their help and interest in the subject, this thesis would not have become what was initially 
intended.  
 
The research on the hydrodynamics of stepped high-speed craft is still a highly unexplored science, due to 
complicated fluid mechanical effects and lack of financial motivation. However, the topic has become 
more alive in the recent years, and this thesis is hoped to constitute as a contribution to the future 
research in the field of stepped powerboat running prediction.  
 
The authors have focused on different tasks within the project, responsible for items as follows: The 
hydrodynamic hull shape design and modeling has been mainly conducted by co-author Jørgen 
Strømquist, and the structural design and optimization model has been mainly conducted by co-author 
Jonas Danielsson.  
 
Jonas 

 Prestudy on market analysis, main particulars  

 Developing software for hull design 

 Fuel consumption 

 Developing and describing software for structural design 

 Structural design 

 Weight estimation 
 
Jørgen 

 Introduction 

 Prestudy on market analysis, main particulars  

 Prestudy on planing boats and stepped hulls  

 Empirical step analysis 

 Developing and describing software for hull design 

 Hull design and testing 

 Weight estimation 
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1 NOMENCLATURE 

   Stiffener flange area [mm2]  

   Stiffener web area [mm2] 

AP Aft perpendicular 

  Width of planning surface [m] 

  Deadrise angle [degrees] 

   Local deadrise angle [degrees] 

    Lift Coefficient for a deadrised surface 

     3-dimensional lift coefficient.. (2D represents 2-dimensional lift coefficient) 

DB Double bias fibre layup  

DBLT Double bias, longitudinal and transversal layup 

Df Frictional Drag Force [N] 

   Horisontal lever from CoG to Normal Forces, forward planing surface [m] 

   Horisontal lever from CoG to Normal Forces, middle planing surface [m] 

   Horisontal lever from CoG to Normal Forces, aft planing surface [m] 

    Effective aspect ratio 

   Young’s modulus face [MPa] 

   Young’s modulus core [Mpa] 

FP Forward perpendicular 

ff Distance from keel to thrust line [m] 

   Shear modulus core [MPa] 

g Gravitational Constant [m/s2] 

H1 First step height [m] 

H2 Second step height [m] 

     Design wave height [m] 

   Stiffener web height [mm] 

  Stiffener length, or plate long side [m] 

leff Stiffener effective length [m] 

L2 Ventilation length after first step [m] 

L3 Ventilation length after second step [m] 

     Total wetted length, disregarding ventilation [m] 

LCG Longitudinal centre of gravity [m] 

LCP Longitudinal centre of pressure [m] 

  Bending moment [kNm] 

m Mass of boat [kg] 

N Lift Force Normal to hull [N] 

Pe Propulsive power, effective [N] 

Pr Propulsive power, required installation [N] 

Ra Appendage drag [N] 

  Stiffener spacing, or plate short side [m] 

T Thrust [N] 

tx Vertical lever to horizontal drag forces, x annotates the planing surface [m] 

tf1 Thickness face, inside [mm] 

tf2 Thickness face, outside [mm] 

tc Thickness core [mm] 

tw Thickness web [mm] 
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  Boat speed [m/s] 

   Volume fraction fibres [%] 

  Bending modulus stringer [cm³] 

   Deflection plate [%] 

   Deflection stringer [%] 

  Propulsive efficiency [%] 

   Density, face [kg/m³] 

   Density, matrix [kg/m³]  

    Density, fiber [kg/m³] 

 p Area density, plate and stiffener [kg/m2] 

      Ultimate tension stress, face [MPa] 

      Ultimate compression stress, face [MPa] 

     Ultimate shear stress, face [MPa] 

     Ultimate shear stress, core [MPa] 

   Global trim angle [deg] 

   Local trim angle, x annotates the planing surface [deg] 

  Poisson’s number [1] 
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2 INTRODUCTION 

2.1 THE SUPERYACHT TENDER 

Superyacht tender boats constitute a very lucrative market despite tough economic times. This is because the 
superyacht clients have 5-7 years long project contracts due to the size and complexity of their main yacht. 
These time periods enable companies involved in the superyacht industry to better “bypass” financial 
downtimes which otherwise affect most of the world’s recreational craft markets. It may also be that people 
who can afford superyachts are less affected by tough economic times than most people.  
 
Most of the superyacht owners also desire a fast, advanced and luxurious tender vessel in size 30-50 feet in 
addition to their superyacht. Previously people have bought already existing sport boats for this purpose, but 
recently companies have begun to build tailor-made motorboats which best suit the purpose of being tender 
to the much larger yachts. Examples of such boats are the WallyOne and the Dubious designed Windy SR 52, 
seen in Figure 1 below. The design and looks of the tenders are very important for a successful product, 
which means the work conducted in this thesis only can provide a foundation for a winning design. Many of 
the recent tenders have opted for extremely modern and square designs, such as the two mentioned boats.  
 

 
Figure 1. Windy SR 52 Blackbird 

 
A superyacht tender is used to transport crew, owners and guests to and from an anchored yacht. The owner 
and the guests also use it for fun, exploration, recreational fishing and watersports. The tender is designed to 
carry a large number of people and goods for a short distance. When tender to a sailing yacht, the tender is 
used to follow the SY during races, photograph and carry extra sails and equipment. The tender can be 
anywhere from 30 – 50 feet depending on the wishes of the owner and the desired configuration and purpose 
of the tender. The tender that is designed for this project, is not intended to be stored on the deck of the 
mothership, unless the mothership is a very large superyacht, sometimes referred to as a “gigayacht”. 
 
A superyacht tender is special in the sense that it is usually an open boat with small or no interior spaces. If it 
is a larger tender it often has accommodation for two people. Such a boat should be versatile and operate 
fairly well and comfortable in all speeds. The boat carries necessary luxuries like deck shower, galley (outdoor), 
large fridge/wine cooler, stereo and of course navigational equipment.  
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2.2 THE PROJECT 

The scope of this thesis is to create a concept for a new high-speed superyacht tender, with focus on hull 
shape analysis and structural design.  
 
The goals have been to:  

1. Create a successful high-speed craft design by engineering means 
2. Define the parameters, characteristics and main particulars that constitutes a good superyacht tender 

and tailor them to the existing market, focusing on high performance, low weight and low resistance 
3. Enable speed higher than 80% of competition to stand out from competition and suit Hydrolift’s 

design philosophies 
4. Design hull to be efficient for the desired speed range compared to competitors, and have a low 

planing threshold (under 20 knots) 
5. Design an efficient structural layout with optimized elements 
6. Develop a design tool for predicting how step properties affect performance on twin stepped hulls 
7. Use established methods to optimize fibre composite panels in both sandwich and single skin  

 
Detailed design and production aspects are only to be briefly covered in this project. Interior and deck spaces 
are to be specified as to an intelligent suggestion, looking at other boats on the market, adapting to Hydrolift’s 
design philosophy, and the actual concept. An important part is to roughly determine the mass of all 
components in the boat, as input to the dimensioning of the hull and prediction of resistance.  
 
Since no available methods of predicting resistance for twin stepped hulls were found, especially not with dry 
chines, an attempt to derive such an algorithm based on the Savitsky method has been made. This 
mathematical model will be described in terms of how it evolved from the original Savitsky method, the 
derivation of the final model, and how the model is used to come up with what is believed to be the optimal 
design parameters. Also, an extensive parametric study has been conducted, consisting of a gathering of boat 
particulars from comparable boats, a small survey, and an in-depth analysis of the positioning of steps on 
stepped hulls. The most common method to estimate the performance is as mentioned the Savitsky method 
(Savitsky 1964). Why this method is unsuitable will be described in detail in the hull shape chapter.  
 
The structural optimization has been carried out in relation to DNV’s HSLC rules (Det Norske Veritas, 2011) 
to increase margins, still comparing to the ISO rules which is a requirement for CE-certification and thereby 
sales in the EU. 
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3 PRE STUDY 

3.1 PLANING BOATS 

Planing boats have existed since efficient marine engines started to emerge. The increased speed on water has 
many benefits when for example launching a military attack, patrolling a coastline, transportation and much 
more. Most of the globe is covered in water and the shortest distance is very often the waterway. Fast boats 
are desirable for normal people as well and this is mostly because it is fun to drive fast boats and people are 
willing to pay to get this thrill.  
 
The planing regime is generally defined to when the hydrostatic lift forces turn insignificant in relation to the 
dynamic lifting forces. This happens when the boat surpasses the resistance hump. In addition to the 
practicality of high-speed vessels, there is a physical benefit as well. The resistance curves for boats usually 
have a “hump” where the resistance increases at a greater rate. Once the speed is great enough to pass this 
hump, the curve flattens again and the boat is planning fast at reasonably low resistance, which means lower 
fuel consumption compared to speed. However, running slowly in displacement mode, meaning at speeds 
lower than the resistance hump will always be the most economical speed if time spent is not of importance.  
 
In modern times, the development of lightweight and strong materials and also more efficient and lighter 
engines, enabled the boats to go incredibly fast, creating a demand for more careful hull and structural design. 
The initial design methods applied for planing craft were derivatives from seaplane pontoon design and 
military craft, and not applicable or even available to the early designers of high-speed recreational or 
competition boats. Most of the design was done by trial and error (Blount, Clement, 1963). 
 
In 1964, Dr. Daniel Savitsky (Savitsky, 1964) proposed a descriptive step-by-step method for predicting 
resistance, running trim, dynamic lift and porpoising inception. The model is based on experimental data 
performed in a towing tank by Day and Haag (1952). The method is still the most widely used in planing craft 
design and many companies have altered the model in various ways to suit best their particular designs. Even 
though it still shows great correlation to existing boats, it is also a little out-dated in terms of range of validity 
for boat parameters and speed. An example of this is that the model is intended for boats with wetted chines, 
meaning that the separation occurs at the chines of the boat. This is not the case of many fast modern planing 
craft, which have separation occur partially or completely off the hull itself, or off small spray rails. Where the 
separation occurs is vital for a good resistance prediction as it defines the width, and thereby the aspect ratio 
of the planing surface.  
 
The Savitsky model utilizes semi-empirical equations for lift-generation and through iteration; moment 
equilibrium is found which determines the trim angle and the dynamic draft for the whole planing speed 
range. These relations are used to find the optimum trim angle with respect to resistance, see Figure 2 below. 
It should be noted that the model can only predict resistance at planing speeds and will gradually loose 
correlation as the speed drops towards the planing threshold. Also, this thesis does not consider spray rails, 
which can help increase lift. According to (Mannerfelt, 2012), the general consensus in the industry is that the 
optimum trim angle on fast boats is about 1.5 to 3 degrees if the spray rails are placed correctly.  
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Figure 2. The optimum trim angle is between 3-5 degrees according to Savitsky (1964) 

3.2 STEPPED HULLS 

Almost all planing powerboats have V-shaped hulls. They are either prismatic or with a gradually decreasing 
deadrise angle further aft. Some of the fastest powerboats today have also divided the hull bottom in sections 
by aid of steps. Steps are basically cut-outs in the hull bottom where the aft part sits higher than the forward 
part, when looking at the rocker line. At the waterline, the cut-out tapers out to a larger hole to allow air to be 
sucked down into the water through the step. The step itself can either run straight transversely across the 
bottom of the boat, or, which is more common; it can run from the chine on both sides, slightly aft down to 
the keel line. This will allow for more air being sucked into the step in higher speed because the entry angle 
will be at a smaller angle to the oncoming airflow. Some boats have one step, most have two steps and some 
have even more steps, with some of them constituting small support, or correction steps.  

3.2.1 THE PHYSICS 

Most planing craft have an ideal trim angle between 3-5 degrees (Savitsky, 1964), because this gives the best 
compromise between induced form drag from the aft pointing component of the pressure, and friction drag 
from the wetted surface. The pressure forces are also the greatest contributor to making the waves. As the 
speed increases, the trim angle will reduce but the skin friction drag will increase instead. To get better control 
of the trim, the thrust line can be tilted, trim flaps or interceptors can be introduced, or the boat could be 
designed with transverse steps.  
 
When a boat is travelling at high speed, the first step will cause flow separation, like the water sliding of the 
transom. Because of the geometry and difference in angle of attack between the steps, the water will reattach 
to the hull again a little aft of the step creating a dry area immediately abaft of the step. There are different 
theories in the industry about how the step lowers the resistance. The perhaps more scientific theory 
(Morabito & Savitsky, 2009) can be validated by looking at photos from planing stepped hulls from under the 
water. This theory says the lowered resistance simply comes from the geometrically lower wet area that is 
obtained by the water stream skipping the areas after the steps. This dry volume will have low pressure due to 
the speed of the passing water, and the low pressure will suck air down through the channels that are the 
steps, thereby “ventilating” the steps. The same thing will happen again at the next step or steps further aft. 
Where the flow reattaches to the hull aft of the step, a new stagnation pressure will occur. This is the pressure 
line where most of the dynamic lifting force is situated and there will be a new stagnation pressure peak at the 
next step as well. For normal V-bottomed hulls, there is only one stagnation line where the hull intersects the 
water flow (see Figure 3). Therefore, several stagnation pressures will create several lifting forces, resulting in a 
greater total lift force for a smaller wetted area.  
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Figure 3. The pressure distribution of a flat plate planing at the water surface, showing a peak at the stagnation 

line. (Savitsky, 1964) 

 
The boat rides on three (if two steps) wet surfaces, balancing on three lifting forces associated with the 
planing surfaces between the steps. Because the separate wet surfaces are very short and wide, they will look 
more like the wings on an airplane and a have a higher aspect ratio towards the oncoming flow compared to a 
conventional V-bottom planning hull form, which would have a larger wet surface with lower aspect ratio. If 
the free surface effects are neglected, and the planing surface is seen as completely submerged in water, it 
becomes a hydrofoiling wing. According to wing theory, a higher aspect ratio, AR, will increase the lift 
force/drag ratio on a lifting surface (Kuttenkeuler, 2011). 
 
 

     
     

      ⁄
 

 

Eq.  1 

 

A stepped hull will have less wet surface and a higher lift/drag ratio compared to a traditional planing boat, 
and also a more ideal trim angle to the oncoming flow. A stepped hull design will also make the boat less 
sensitive to changes in the longitudinal centre of gravity (LCG), hence the trim angle. It will however, increase 
the resistance at speeds lower than fully developed planing due to the steps not being ventilated and instead 
dragging water. The added longitudinal stability will make it very hard to adjust the trim, even with power trim 
or trim-flaps. It is therefore essential to design the stepped boat correctly to run at the desired trim.  

3.2.2 STEP HEIGHT  

By assuming that the flow continues in a horizontal line aft of the step, the point of reattachment and the area 
of the planing surface can be defined. Because the local trim angle of the planing surfaces aft of the step is a 
quite small angle in magnitude of 1 to 3 degrees, the step height will have significant effect on the point of 
reattachment, thereby also the amount of lift and the lever from the resultant normal lifting force to the center 
of gravity.  
  
The higher the step is, the longer the ventilation length will become, and the horizontal flow assumption will 
be less valid. Therefore, actual step heights of existing vessels is used and compared to ensure that a 
reasonable step height is used. 
 



 10  
 

3.2.3 LOCAL TRIM ANGLE 

This parameter can also be considered as the slope of the planing surface in relation to the horizon. This 
parameter is geometrically coupled to the step height, but imagining that the wetted area and point of 
reattachment is the same, the local trim angle will affect the magnitude of the lift force. This is because the lift 
force is a function of the angle of attack, which is the local trim angle plus the boats global trim angle. Both 
the local trim angle and the step height will define the position of the reattachment. More lift, but reduced 
trim angle also increase the wet surfaces to a large degree, increasing the resistance. Also, it is already stated 
that the ideal trim angle of a flat planing surface is between 3-5 degrees on the oncoming flow because this 
yields the smallest total resistance, which is the sum of frictional resistance, which is dependent on the area, 
the induced drag which is a function of the trim angle. 

3.2.4 DEADRISE ANGLE 

The deadrise angle is the hull bottoms angle measured transversally from a horizontal plane. Sailboats and 
displacement type craft often have round hull bottoms while fast planing craft perform better with V shaped 
hulls with a straight rockerline. Planing theory (Savitsky, 1964), states that a flat plate being pulled through 
water at planing speeds will have less resistance than a V shaped plate. The V would run deeper in the water 
because the normal lifting forces are projected normal to the angled plates. This causes the V to have more 
wetted surface, thereby causing more frictional drag. However, a V shaped boat will behave much better in 
waves as it has more damping. The damping is explained by the increasing volume of the vessel when the bow 
is forced down in the water, thereby causing more buoyancy.  The amount of deadrise a boat should have is 
therefore, like all boat design, a compromise between seaworthiness and resistance. Powerboats only intended 
for inshore lakes with flat water will benefit of having less deadrise angle, a flatter V-bottom than a powerboat 
intended for hard offshore operation. This is due to the amount and size of the waves the vessel encounters. 
 

3.2.5 LOCAL DEADRISE ANGLE 

This parameter does not define the hull shape, but is included due to reasons explained under “The Resistance 
Model” chapter. In reality, its magnitude will vary with the ventilation length due to gravity and have effect on 
trim and resistance because it affects the lift coefficients. At very high speeds, the local dead rise angle will be 
almost parallel to the deadrise of the hull, so the local deadrise angle will be in magnitude of 2-4 degrees. This 
matches the values found by David Svahn. Because the local deadrise only affects the lift coefficients, its value 
only has a small effect on the results. In Figure 4, both the local dead rise angle and the added beam due to 

wave rise have been show. The wave rise is included by multiplying with the 
 

 
 term.  

 

 
Figure 4: The local deadrise angle to the right and the actual deadrise to the left 
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3.2.6 STEP POSITIONING 

The position and geometry of the steps effectively determine the position of the lift forces on the boat. These 
three lift forces, for the two-stepped hull must balance the mass of the boat and therefore also the distances to 
the boat´s centre of gravity. This is the basis for the equilibrium equations derived for the running condition 
and resistance of the two-stepped hull. The position of the steps is strongly coupled to the position of the 
centre of gravity, as explained in the empirical study, and emphasizes the stepped hull benefit that the designer 
has more flexibility in where to place heavy units in the boat because the steps will be positioned accordingly.  
The step positions derived from the empirical analysis are strongly considered, to keep in touch with reality.  
 

3.2.7 SPRAY RAILS 

Spray rails can be considered as longitudinal steps, which run from aft to forward of the boat.  Their purpose 
is to ensure flow separation from the hull, in order to create large local lift, and reduce the wetted area of the 
planing surface.  
 
The resistance of a planing craft is largely dependent of the width of the planing surface. This is because it 
determines the area of the triangular planing surfaces, to a larger extent than the length, or the longitudinal 
distance of the triangular planing surface. The length will only vary in small increments related to the global 
trim angle and the load condition of the vessel. The spray rails themselves are not modelled, but their presence 
emphasizes and validates the assumption of the shape of the planing surface, which is indeed modelled. The 
spray rails will be positioned according to the dynamic width and draft of the planing surfaces at a selection of 
speeds. 

3.3 DANGERS ASSOCIATED WITH STEPPED HULLS AT HIGH SPEED 

There are heated discussions in the industry about stepped hulls. Due to some accidents, which occurred at 
very high speeds with stepped hulls, many manufacturers are skeptical about designing and building stepped 
hulls. Many are also too traditional to dare to take the next step in their designs (Pedersen, 2011). This section 
discusses some of the problems relevant to this work. 

3.3.1 CHINE WALKING 

A common phenomenon which can occur for all planing boats, as long as it reaches enough speed, is the 
transversal instability condition normally referred to as “chine walking”. When the speed increases, the boat 
rises in the water, decreasing the planing surface. The boat now has to balance on this smaller surface, and it 
can easily begin to lose its transversal stability, rolling uncontrollably back and forth from one side to the 
other. If ignored, this resonance phenomenon can cause severe problems or accidents. A skilled driver can 
counteract these motions by steering the bow in the opposite way, in quick short turns.  
 
Also, a proper weight distribution and hull design will minimize the risk for chine walk. Using a stepped hull is 
believed to decrease the risk of chine walk because the planing surfaces have a higher aspect ratio. The 
phenomenon is also related to porpoising, as the roll motion is coupled with pitch motion. When the natural 
frequency in roll is twice the natural frequency in pitch, the hull can begin to chine walk simultaneously as it 
porpoises (Ikeda & Katayama, 2000). 
 

3.3.2 PORPOISING 

Porpoising is something most powerboat drivers have experienced to some degree. It is a planing boat 
behaviour recognized as rhythmic pitch and heave motions even on completely flat water. In other words, the 

motion is self-excited. Most often the motion is quite subtle, less than 0,5 of pitch angle, and will not increase 
or cause any problems, but sometimes the motions will accelerate if the natural frequency matches the 
frequency of the motion so that resonance occurs. If this happens, the motions will grow very violent if the 
speed is maintained and hard slamming will occur. This will cause a very unpleasant and even dangerous ride 
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for the driver and passengers, and perhaps even structural problems for the vessel. If the porpoising motions 
are combined with hitting a wave at a certain frequency at high speed, the boat might flip around completely.  
 
Porpoising occurs, according to (Savitsky, 1964), when a critical trim angle is exceeded. Mathematically, 
porpoising is explained by the coupling restoring coefficients between pitch and heave to obtain different 
signs in an oscillating system of the two degrees of freedom at high speeds (Ikeda & Katayama, 2000). This 
critical trim angle depends on where the centre of pressure is positioned in relation to the longitudinal centre 
of gravity. If the trim angle is too great, the wetted length is shorter, hence the centre of dynamic pressure 
moves further aft in relation to the longitudinal centre of gravity. This makes the system more prone to 
instabilities and even a small disturbance may cause the centre of pressure to start moving back and forth with 
increasing amplitudes, causing porpoising. 
 
There is a fair bit of literature regarding porpoising (Ikeda & Katayama, 2000) mostly because it is a common 
problem for seaplanes. But also in the last 10 years the phenomenon has been addressed for powerboats as 
well. An example of porpoising prediction for powerboats is proposed by (Savitsky, 1964), which consists of a 
plot for the critical trim angle versus the lift coefficient for a given deadrise angle, see Figure 5. The graph is 
the result of experimental data gathered in towing tanks.   

 
Figure 5. Graphs showing Savitsky’s porpoising limits. 

 
The parameters of the models tested by Day and Haag (1952), which is used in the Savitsky (Savitsky, 1964),  
work are now somewhat out dated, and most modern powerboats are outside of the range of validity for this 
porpoising prediction. This is true also for this conceptual design due to its greater deadrise angle, low weight 
and high speed. For this reason, these results are not relevant for the project design and further research is 
required. 
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The inception of porpoising may be found through linear stability analysis, but if the magnitude of the 
unstable motions is of interest, non-linear stability analysis is required. The natural periods of pitch and heave 
will decrease with forward speed (Ikeda & Katayama, 2000).  
 
The general consensus from published work (Campbell, May 2012), (Morabito & Savitsky, 2009) is that 
another benefit of introducing transverse steps to high-speed powerboats is that the risk of porpoising is 
reduced significantly. The reasoning behind this is fairly intuitive when considering that a twin-stepped hull 
has three separate smaller planing surfaces whereas a normal V-bottom hull has one large planing surface. The 
lifting force acts through the centre of pressure of each planing surface and it is the distance to the centre of 
gravity from the centre of pressure that is vital for the risk of porpoising. For the stepped hull, the stagnation 
pressures are limited to move on their designated planing surface, which ensures that the lifting forces are kept 
and maintained at a known distance from the centre of gravity.  
 
For this reason, other aspects of the design has been focused on and prioritized although a lot of literature 
review has been done, in the search for valuable information on stepped powerboat hulls.  

3.3.3 MANEUVERING IN HIGH SPEED 

Operating a high-speed planning craft can be dangerous. Just like when driving a car at high speed, the speed 
makes it easier to lose control. Stepped hulls are almost always fast boats and although they are less prone to 
the dangers of porpoising, turning sharply can cause problems. This is because when the boat heels over in a 
sharp turn, the steps can become water-filled and suddenly lose ventilation. If this happens, the lift force from 
the affected planing surface will dramatically reduce on one side, causing the boat to violently capsize or at 
least throw the passengers out of the boat at very high speed. This is believed to be the reason for the last well 
known accident involving a stepped hull (Pedersen, 2011). 
 
Sometimes, yaw instabilities associated to stepped hulls are referred to as “bow steering”. This can happen 
when the foremost planing surface is the largest and deepest. The LCP is too far forward and only small 
disturbances in the thrust line can make the boat do severe turns, just like an oversteered car. It is difficult to 
predict bow steering, but a risk factor is steps and LCG far forward, along with high deadrise in the bow and 
low deadrise in the aft, see example in Figure 6 below. Both of these observations are kept in mind during the 
design phase for this thesis.  

 
Figure 6. Example of a planing boat prone to bow steering 

 

3.3.4 CONCLUSIONS FROM THE PRE-STUDY 

The pre-study contains information from the literature researched, which motivates what should be the main 
focus for the design. One of the most important aspects of powerboat design, is the performance prediction 
because it dictates the required power and thereby the type of engine. This will in turn greatly affect the design 
of the boat in terms of loads, speed, stability and mass. The specific parameters for a stepped hull which needs 
to be assessed in a performance prediction, is the longitudinal position of the steps in relation to the center of 
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gravity, the height of the steps, the position of the sprayrails, the deadrise angle, and the local trim angles. 
These terms will be explained in detail in the Hull form design chapter.  
  
Other aspects, such as seakeeping abilities and dynamic instabilities has been de-prioritized for this thesis 
because most of them seems to be either very difficult to predict with little or no existing research, or not a 
great concern for a stepped hull.   

3.4 MARKET ANALYSIS 

This section explains the gathering of knowledge and information from existing boats and more specifically, 
the type of boat in question. This will provide a starting point for the design and benchmark values to ensure 
that the new design has realistic parameters. It will also give some examples of existing superyacht tenders.   
 
People who previously have worked with super yacht tenders were asked about the desired properties on such 
a boat. Their experience ranged from <20ft RIB boats to the 45 ft Wally Tender and the 50 ft Rupert RIB. 
Their opinions should be regarded as input from the potential users, not the potential buyers. The answers did 
not show essential information directly applied in this thesis, but provided knowledge to the authors, which 
could be useful in a later stage in the design process.  
 
There was a general consensus about the properties, with few contradicting answers. Comfort, speed, dryness 
and reliability were recurring words in the study. Also, shallow draft, low speed maneuvering, accessible 
motors and a lot of space is desirable. A superyacht tender should also have a unique style, be safe to operate, 
easy to enter, easy to maintain and durable. Green profile is according to them not important to super yacht 
owners. Also, the fuel consumption from the tender is very little compared to that of the mothership.  

 
According to this group of people, important features on a tender are protection from weather (sun, rain), 
intelligent location of safety equipment, strong points in the bow for towing own weight, retractable cleats for 
berthing, swimming ladder, deck shower and a bow thruster. 
 

3.4.1 TOP COMPETITION 

A great amount of hull design information could be extracted from high-speed boats in the same size range, 
but perhaps as crucial, was the conceptual and inspirational information that could be obtained by looking at 
other superyacht tenders. As there is much money in the market for these boats, it is very niched and designs 
have to stand out in order to succeed in selling. There must also be great room for customization, a specialty 
that Hydrolift has adopted. 
 
The most renowned superyacht tender is probably the Wally Tender (45 ft), which can be seen in Figure 7. 
This tender was a great success in most areas and has sold very well. However it is now going to be replaced 
by the new Wally One (43 ft). Wally One exhibits similar deck layout and performance as the predecessor, 
with a lighter hull and “more emphasis on fun and comfort” (Wally, 2012). 
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Another interesting boat in the same market, but perhaps not as optimized as a tender, is the Van Dutch 40. 
This craft is an example of how modern and classic design features have met to create a very successful boat. 
As this boat is heavy and requires 960 hp to travel at only 40 knots, it is seen as inspiration for deck layout and 
design rather than the hull design. 
 
Windy SR 52 (Figure 1 above) is quite a bit larger but still the type of boat intended for this market. It is 
powered by three Volvo IPS units for easy handling and has substantial comfort built in, e.g. coolers on 
various spots and a large residential area. 
 
Wider 42 (Figure 8) is an innovative boat with water jet and twin steps, which can fold down its sides in the 
middle of the boat in order to increase stability and create bathing platforms. The boat is built in carbon fiber 
but is still very heavy due to the propulsion choice and the retractable sides. 
 

 
Figure 8. The Wider 42 with the sides widened 

 
The seemingly most high-tech hull is manufactured by C-Boat in the UK. Their 12 meter long model C-12M 
is built in prepreg carbon fiber sandwich with nomex and according to the company, it has a displacement of 
only 4000 kg. The design is very modern and looks similar to the Windy and Wally designs. Using two 300 hp 
Steyr engines with water jet-drive, it is expected to reach 45 knots. However no boats of this model have been 
built yet. 
 

Figure 7. The old Wally Tender next to the updated Wally One on the right 
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The Norwegian design Fjord 40, (owned by Hanse in Germany) is the only other Nordic boat that has been 
closely investigated. It is suitable as a daycruiser and tender boat in many areas of the world and has sold a 
great deal of boats to warmer latitudes like Australia. 

3.4.2 EMPIRICAL STEP ANALYSIS 

Since no or few practical or well-established ways to analytically determine the design of stepped craft were 
found by the authors, a comparison of other stepped craft has been made. It was done by scaling pictures of 
the appropriate boats and measuring them using Autocad. This was then compared to length, speed and 
displacement and normalized as a percentage of the length.  
 
Superyacht tenders rarely have stepped hulls, so rather than comparing the closest competitors, other boats 
with twin steps, similar dimensions and weights have been measured for comparative purposes. Even more 
interesting would have been to compare the step positions to the longitudinal centre of gravity (LCG), but 
manufacturers hardly ever publish the centre of gravity of their boats. It is commonly known e.g. (Akers, 
2003) that the aft step should be positioned directly aft of the LCG and the forward step should be positioned 
so that the ideal trim angle of around 4 degrees is reached.  
 

 
Figure 9. Distances from transom to aft step on various boats 

 
In Figure 9, it can be seen that most of the boats have their aft step positioned around 25-30%. Some are 
higher and some are lower and this all depends on the general arrangement of the boat. This would indicate, if 
the respective designers have done a good job, that the LCG should lie a bit forward of this, perhaps at 30% 
of LWL. The Cigarette boats have micro-steps quite far aft, which are not measured in this analysis and could 
be the reason why the main steps, which are under consideration here, are positioned fairly far forwards 
compared to for instance the Fountain boats, which are very similar. Due to the fact that the trim angle 
reduces with speed, it would seem natural for the faster boats to have their steps further forward to move the 
lift forces further forward as well. This will compensate for this by increasing the trim angle.  
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Figure 10. Distances between steps on various boats 

 
By considering the Fountain Boats in Figure 10, which are very high-speed competition craft, there is almost a 
linear decrease in the distance between the steps as the size increases. This can be explained by as the boat size 
increase, the heavy items such as the engines are still positioned at the stern and the added mass forwards due 
to the larger size are mainly fairly lightweight hull structure. This could mean that the LCG moves aft relative 
to the length with increasing size. The Cigarette boats show a similar trend only steeper. It should be noted 
that Cigarette and Fountain are very similar boats.  
 
The Hydrolift boats however, show a slight increase in step distance as the boats grow. This is explained by 
that the smaller Hydrolift boats, which are open type centre consoles, typically have the LCG further aft than 
the larger ones, which are more daycruiser type boats. The interior space and facilities in the forward section 
of the larger Hydrolift boats puts the LCG-, and therefore also the step further forward.  
 

 
Figure 11. Distances to forward step on various boats 

 
Figure 11 is related to Figure 9 and Figure 10 as here, the sum is shown.  
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Figure 12. Step positioning with respect to max speed. 

 
By comparing step positioning to speed as in Figure 12, little trend is shown. The investigated boats have a 
fairly significant gap in the speed range, creating one group at 45-75 knots and one at 85+ knots. The mean 
distance between steps is however around 15% for the slower boats and slightly less, 12% for the fastest 
boats. The distance to the forward step has a mean value of 42 % of the LOA at 75 knots of boat speed.  
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There is some uncertainty in the accuracy of the measurements due to quality of pictures used, and if the 
boats are depicted on land or running at sea. It is also hard to tell exactly what the rest or dynamic waterline is, 
and the boat parameters are taken from the Internet, which might vary from the depicted boat or reality. 
Therefore, the measurements are given as a percentage of the total length, thereby assuming that the designers 
have done a good job in positioning the steps for the optimal trim of 3-5 degrees. Only pictures of the boats 
in profile have been used and the measurements have been taken on the chine, thereby ignoring the sweep-
back of the steps. Furthermore, the step positioning was done by measuring to the middle of the step looking 
from the side, thereby taking the average longitudinal position of the air intake at the chine and the bottom of 
the step at the keel, thereby ignoring the sweep-back of the step. The sweep-back of the step has not been 
studied in depth but kept equal between the two steps, and in relation to observation of other boats.  
 

3.4.3 CONCLUSION FROM MARKET ANALYSIS 

Looking at the competition (other popular chase tenders in series production) in Table 1 below, there are no 
high-speed (50+ knots) superyacht tenders. As Hydrolift’s specialty is high speed combined with quality and 
luxury, this market opportunity looked very good. At an early stage, the desired maximum speed was set to 65 
knots. In order to be able to fit reasonable accommodation and to be able to compete with other makes, the 
hull length was set to 43 ft. The designs Wally 47, C-boat 15m and Windy SR 52 are the only larger 
competitors that have been found, with the main conceptual difference being larger accommodation area and 
more headspace inside.  

 
As the beam of the boat is linked to high drag and vertical accelerations, it was kept down to enable higher 
speeds. That places the L/B-ratio among the lowest compared to the competition, see Figure 13, with the 
drawback that some deck area and stability is lost. The weight of the design is at this point estimated around 
mean of the competitors, due to light structural weight but on the contrary heavy engines and drives due to 
high speed. 
 
  
  



 20  
 

Table 1. Main particulars for top competition 
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Figure 13. Scatter plots showing the new design in relation to competitors, with respect to breadth and length.  

  
This pre-study has provided good knowledge of the relevant type of boat. The typical procedure is to design a 
boat, build a prototype, test it and then alter the design. When satisfied, the boat is built and sold. If more 
models are desired, the existing the design is usually stretched or compressed, maintaining relevant ratio´s, and 
then tested and built. This method is very time-consuming and expensive. It also limits the size of boats the 
company can build, because the prototype will end up too expensive for a larger boat. It is believed that this is 
the main reason why Hydrolift has not built larger boats than 33 feet.  
   
By putting more engineering effort, analysis and time into the design phase, the final design can be built and 
sold without extensive testing. This would most likely cost less money and take less time. The analytical tools 
developed can also be used again for new models.  
 

3.4.4 PROGRESS OF CONCEPT BOAT AFTER PRESTUDY 

The prestudy were the basis for the decided main particulars listed in below with some general motivations. 
Table 2 below concludes this section and shows the status of the design process. 
 
Length: 43 feet, 13.1 meters. 

 Positions the boat in the middle range of the investigated vessels  

 Potentially large enough for ISO cat B 

 Small enough to maintain easy handling and docking 

 Creates ability to accommodate two people, despite the open deck layout 

 Large enough to operate comfortably as a chase boat in windy regattas 
- Difficult to find high-performance engines for the desired speed 

  
Width: 3.5 meters. 

+ More slender than average tenders in order to lower resistance 
+ Still wide enough to accommodate the essentials in terms of facilities and working space 
+ Places the boat at the upper range of L/B ratios (See Figure 13) 
- Reduces the interior space 
- Reduces the stability at rest 

  
Speed: 65 knots, 33,5 m/s 
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+ More than other tenders 
+ Hydrolift design philosophy  
+ Differentiating from other tenders and in line with the hi-tech, racing theme 
+  Suitable speed for a stepped hull concept 
- High fuel consumption 
- Large and advanced engines 

  
Table 2. Established main particulars after market analysis 

Length 13,1 m 

Breadth 3,5 m 

Top speed 65 kt 

Dry weight1   7000 kg 

Step heights1   40 mm 

Aft step position from transom1   4 m 

Fwd step position from transom1   6 m 

 

  

                                                      
1
Approximate value at this stage in the design process. Subject to change during hull design and/or structural 

design  
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4 METHODOLOGY 

In order to achive the desired properties and performance concluded in the prestudy, methods had to be 
developed and verified. The method-chapter explains this procedure. 

4.1 HULL FORM DESIGN METHODOLOGY 

This chapter will discuss the evolution of the resistance model and how the theory is applied in detail, to make 
it easier to follow the calculation steps and the choices made in this regard. It will also explain why established 
resistance predictions are unsuitable for stepped hulls.  
 
Literature such as (Bate, 2010), suggest resistance reductions for stepped hulls, in a range of 10-25% from the 
Savitsky method (Savitsky, 1964). Because of this rather varying uncertainty, more in-depth analysis was 
conducted.  
 
What makes the Savitsky (Savitsky, 1964) approach unsuitable for stepped hulls is the fact that normal planing 
hulls have one wet surface with one normal force counteracting the gravity. The equilibrium equations will 
ensure that the hull will trim until the normal lifting force is moved to the exact longitudinal position as the 
longitudinal center of gravity. Like stated in the pre-study chapter a stepped hull will have three separated 
wetted surfaces with one normal lifting force and one frictional resistance component associated with each 
wet surface. Therefore the equilibrium equations will involve three sets of variables to counteract the single 
gravity force, which the conventional Savitsky method (Savitsky, 1964) does not take into account. This makes 
the whole system more sensitive and more difficult to achieve equilibrium for, as the normal forces and the 
moment created by these forces will move significantly with only minor changes in hull geometry.  
  
It was therefore decided to create a new analytical model for stepped hulls, using the Savitsky model (Savitsky, 
1964), adapted to represent three planing surfaces, and creating new equilibrium equations that couples the 
three surfaces together to represent the complete boat. Some local effects are also included such as the local 
trim angle, which is the angle the flow reattaches with, giving the angle of attack for the lift generation.  
 
This differs from the initial assumptions in the way that Morabito’s (Morabito & Savitsky, 2009) wake profile 
theory considers the hollow in the wake after separation, which creates a different angle of attack and 
ventilation length than if the flow is assumed parallel to the horizon, as simplified by Campbell (Campbell, 
May 2012) In Figure 14 below, the dotted line represents Morabito’s (Morabito & Savitsky, 2009) wake profile 
while Campbell´s (Campbell, May 2012) assumption would follow the solid horizontal line.  

 
Figure 14: Schematic drawing of wake profiles on stepped hulls 

 
When water separates of a V-bottomed step, the water itself has deadrise angle, matching the boats. This V-
shaped flow of water will obviously become more and more level further away from the step due to gravity. 
This is referred to as the local deadrise angle, and also taken into consideration by Morabito (Morabito & 
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Savitsky, 2009), and implemented by Svahn (Svahn, 2009). The lift forces are still normal to the hulls deadrise 
angle, and must be projected vertically in the equilibrium equations. But for the lift coefficients, the local 
deadrise is used, because the flow is reattached at an angle, much smaller than the forward surface that 
interacts with the horizontal calm water level.  
 

4.1.1 DERIVATION OF THE RESISTANCE MODEL 

It was decided to create a simplified model, which was more suitable for stepped hulls, based on the following 
assumptions.  
 
The initial resistance model was simplified through the following assumptions: 

- The speed, V, was assumed constant for all three planing surfaces. In reality, the speed of the water 
would decrease aft of each step, due to disturbances from the hull and turbulence. This would 
implicate that the lift from the middle and aft planing surface would be slightly exaggerated.  

- Full flow separation is assumed at the spray rails, taking this spacing as the width of the planing 
surface. This would also be the case in reality at such a high speed; however, the spray from the 
separation could potentially hit the hull again after separation, causing additional lift and resistance. 

- The planing surfaces are assumed to have triangular shapes; however this can be tweaked to represent 
a triangle plus a square for the middle and aft planing surface. This would be the case when 
separation of the longitudinally running spray rails is considered.  

- The wake profile is considered horizontal, and parallel to the horizon from the separation at the step 
to where it reattaches on the next surface, contradicting Morabito’s wake theory (Morabito & 
Savitsky, 2009). Mr. Lorne Campbell, of Lorne Campbell design (Campbell, May 2012), suggested this 
simplification. It is reasonable in high speeds with fairly short ventilation lengths.  

- The local deadrise angle due to V-shaped incoming flow is assumed to be 2 degrees at all times due to 
flow rotation. This simplification had to be done due to failure to implement wake theory, and the 
value of 2 degrees is a reasonable value looking at examples from (Svahn, 2009). 

- The sweep-back of the steps is not included in the model. 

- Proper ventilation, (sufficient airflow), is essential for the steps to work and is assumed to be fulfilled 
throughout this paper if nothing else is stated. 

- The frictional resistance components are assumed to act at half the dynamic depth. 

- The directions of the forces are defined according to Savitsky, and modelled accordingly. Some local 
effects such as the local deadrise angle and the wave-rise are included in the model. 

 
The origin for the coordinate system is defined as the intersection of the keel line and the transom.  
 
 

 
Figure 15. The forces acting on a twin stepped hull 

 
Figure 14 shows all the forces and some of the distances in the way that is applied in the model. The 
equilibrium equations are set up as follows in equations Eq.  2, Eq.  3, Eq.  4: 
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where the subscripts define the three planing surfaces with 1 being the forward most and, 

Eq.  4 

 

 m  = The mass of boat [kg]  Known 

 g = The gravitational constant [m/s2]  Known 

 dx = Longitudinal levers from origo to the normal forces [m] Known 

    = The local trim angles [deg] Known 

 LCG = Longitudinal Centre of Gravity [m] Known 

 ff = Vertical lever between thrust line and origo [m] Known 

 T   = The thrust force [N] Unknown, used as variable 

     The global trim angle [deg] Unknown, used as variable 

 Nx = The normal lift forces [N] Unknown, calculated 

 Ra = The appendage resistance component [N] Unknown, calculated 

 Dfx= The frictional resistance components [N] Unknown, calculated 

 tx = Dynamic draft [m] Unknown, calculated 

 
Other known input values to the model are: 

 Speed [V] 

 Physical constants, seawater kinematic viscosity [m2/s] and density [kg/m3] 

 Deadrise angles for each planing surface [deg] 

 Local deadrise angles for the two aft planing surfaces (known through assumption) at 2 degrees 

 Longitudinal step position for both steps [m] 

 Step height for both steps [m] 
 
The equilibrium equations are solved for a global trim angle, which in turn provides the resistance of the craft 
over a range of speeds. This enables testing combinations of step heights, step positions, and local trim angles 
to determine the design that yield the least resistance. 
 
Calculation steps: 
 

1. These three unknowns are used as variables and are given arbitrary start values as required by the 
function as follows: 

   = 3 degrees 

   = 10 kN 

     = 10 m 
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2. From this, the wetted length of the first planing surface is calculated by subtracting the first step 
position from the initial guess value for the total wetted keel length. After that, the spray angle 
gamma, is calculated according to Savitsky (Savitsky, 1964). Knowing both the wetted length and the 
spray angle, the width of the forward planing surface can also be calculated. The speed coefficient is 
also calculated as per Savitsky, but individually calculated for each planing surface. 

 
3. From this, the ventilation length  

 

    
  

   (     )
 

Eq. 5 

 
aft of the forward step can be calculated. Eq. 5 is based upon the assumption that the flow after the 
separation is parallel to the horizon.   

 
4. The calculation steps mentioned above is repeated for the consecutive planing surfaces, resulting in 

three (3) of each variable.  
 

5. From the dynamic widths and the deadrise angles, the draft can be calculated for each step. Then the 
mean wetted length-beam ratio, lambda is calculated. The wetted length is also used to calculate the 
Reynolds number and from that and according to Savitsky (Savitsky, 1964), also the frictional 

coefficients for each surface. The flat plate lift coefficient    , and from that, the lift coefficient for a 

surface with deadrise,      is also calculated according to Savitsky (Savitsky, 1964). 

 
6. Now, the normal lift forces  

 

    
 

 
           

 

 
Eq.  6 

    
 

 
             (      ) 

Eq.  7 

 
can be calculated and projected according to the global coordinate system. The variable i in Eq.7 can 
be either 2 or 3.  

 
7. As the forward planing surface is encountering a horizontal water surface, the formula in Eq.  6 is 

correct. However, for the consecutive two planing surfaces the lift forces must be projected correctly 
by multiplying with the cosine term as shown in Eq.  7. This is because the incoming flow already has 
a deadrise (V-shape), see (Svahn, 2009) for more details on local deadrise. 

 
8. The added spray resistance term, delta_lamda is included according to (Savitsky, Brown, 1976), which 

required an interpolation from the plot in said paper.  
 

9. The frictional resistance is calculated from each planing surface according to Savitsky. Also, a hull 
roughness factor of 0.0004 according to (ITTC, 1957), is included.  

 
10. The appendage drag is calculated according to (Savitsky, 1964). 

 
11. The levers to the Normal Lift Forces, which are necessary to find the equilibrium condition for the 

whole system, is calculated by assuming that the resultant lift force acts at a quarter of the length of 
each planing surface. This assumption was recommended by Morabito himself, and tested with 
different values.  
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12. The propulsive powers 

 
 

       

 
Eq.  8 

 

   
  
 

 

 

 
Eq.  9 

are calculated by multiplying speed with thrust. Propulsive efficiency   is assumed to 60% unless 
otherwise is stated. 

 
13. The static equilibrium condition is found in the main.m script with the condition that the system is in 

equilibrium when the sum of all forces and moments is zero. The built-in Matlab function fminsearch is 

applied to minimize the equilibrium equations by varying the global trim angle   , the thrust   , and 

the total wetted length     . 
 

14. The results are looped over a range of speeds that are applicable to the range of the validity of the 
equations. The speed range is 30-65 knots of boat speed. 

 

4.1.2 DISCUSSION  

To incorporate wake theory (Morabito & Savitsky, 2009) was attempted in the development of the model. 
Unfortunately, this model ended up extremely complex, and the results gave unreasonably long ventilation 
lengths. This caused the script to fail in finding an equilibrium condition. The reason why the script failed is 
believed to be because the project boat is outside the range of validity of Morabito’s (Morabito & Savitsky, 
2009) wake profile equations, and perhaps also because the equations are intended for single stepped hulls. 
 
These range of validity for (Morabito & Savitsky, 2009) are: 

              , 
deadrise angle, project boat is within the limit 

               
trim angle, project boat is within the limit for the end result, but might go above during the iteration 
process 

             
     

      
   

In our case,               ,              ,              . The criteria value for the project 
boat is 0.1101, 0.1089 and 0.1064. So the project boat clearly fulfils this criterion as well. 

            
          

The project boats criteria values are; 0.2425 for the forward planing surface, 0.1836 for the middle, 
and 0.1389 for the aft planing surface. This means that the aft planing surface is outside the range of 
validity. 

             
The project boat has the dynamic breadths of b1 = 1.38 m, b2 = 1.114 m, and b3 = 0.986 m. So the 
keel lengths will all be above this criteria 

                 
This is where the project boat fall outside the criteria completely. The forward planing surface has a 

speed coefficient           , the middle            , and the aft            . This is because 
the project has dry chines and a very narrow dynamic beam.  
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4.2 BENCHMARK MODELLING RESULTS 

To increase the accuracy of the simplified model, factors such as local trim angle and local deadrise have been 
investigated to achieve better agreement with the Hydrolift model. The approximation of these parameters has 
been done through manual iteration and also by aid of a thorough and on-going discussion with Mr. Michael 
Morabito and Mr. Lorne Campbell. Mr. Morabito is representing the more analytical and scientific view on 
this problem and Mr. Campbell is representing the industry with a more empirical and experienced based 
approach.   
 
In order to verify the results achieved from the developed method, it is first tested on a real boat with known 
values and performance. The known values are listed in the Target column in Table 3 below, and the Test 
columns show which parameters that were altered and what effect it had on the results compared to the target 
results. The goal of the benchmarking is to see which, if any, parameters have to the most effect on the results 
and also to see how well the method matches the real boat.  
 
In Table 3, the results from the resistance model are compared to real data on the Hydrolift C-31. It can be 
noted that if all parameters are kept the same as in the column Test 1, and a local deadrise angle of 2 degrees 
is used, good correlation to the benchmark boat is achieved. The only difference is that the model 
overestimates the global trim angle by about 1.2 degrees. This could potentially come from local spray effects 
in the aft sections of the craft, not taken into account. These effects would create additional lift, and reduce 
the trim angle. It is however important to keep in mind that a total propulsive efficiency of 50 % is assumed 
as no other value is known. This could also alter the result and therefore a required installed power of +/- 30 
hp is considered a good correlation. More interesting and a sign of good correlation with reality is that the 
running draft is also very close, only 2 cm too shallow. The changes in parameters made for each run of the 
model are marked in yellow. 
 

Table 3: Modelling results for the Hydrolift C-31 compared to actual full-scaled measured data at 58 knots. 

Modelling Results 
C-31 Target Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 

Beta1             [deg] 24 24 24 24 24 24 24 24 24 
Beta2             [deg] 24 24 24 24 24 23 23 23 23 
Beta Local 2 [deg] ? 2 2 2 2 2 2 2 2 
Beta3             [deg] 24 24 24 24 24 22 22 22 22 
Beta Local 3 [deg] ? 2 2 2 2 2 2 2 2 

Tau1              [deg] 1,5 1,5 1,5 1,5 1,5 1,5 1,5 1,5 1,5 

Tau2              [deg] 1 1 1,5 2 2,5 1 1,5 2 2,5 
Tau3              [deg] 0 0 0,5 1 1,5 0 0,5 1 1,5 
Step Height1     [m] 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,03 
Step Height2     [m] 0,027 0,027 0,027 0,027 0,027 0,027 0,027 0,027 0,027 
Dist to aft step  [m] 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 2,5 
Dist to fwd step[m] 4,3 4,3 4,3 4,3 4,3 4,3 4,3 4,3 4,3 

LCG                      [m] 2,35 2,35 2,35 2,35 2,35 2,35 2,35 2,35 2,35 

Running Trim  [deg] 1,50 2,70 2,20 1,71 1,22 2,58 2,08 1,59 1,10 
Running Draft    [m] 0,22 0,20 0,20 0,20 0,20 0,19 0,19 0,19 0,19 
Req installed  
power               [kW] 620 617 634 659 700 628 647 677 724 

Length, AP to FP             
[m] 

 
5,44 5,65 5,95 6,37 5,50 5,74 6,07 6,54 
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Since the step height of the Hydrolift C-31 is known, this parameter is not altered in the benchmarking 
process. The step positions for the Hydrolift C-31 are also maintained as is. 
 
In the model, the effect of the wake profile was tested in tests 2 – 4, by adding 1-2 degrees to the slope of the 
keel on the boat to see if better correlation was achieved. Mr. Michael Morabito recommended this as a 
reasonable simplification. This greatly reduces the global trim, as the middle and aft planing surfaces suddenly 
create more lift. However, as recommended by Campbell, and due to all the other effects which are simplified, 
it proved better to consider the resulting global trim angle as over estimated by 1 – 1.5 degrees. This reduces 
the uncertainty slightly by not having to alter other parameters.  
 

4.2.1 CONCLUSIONS FROM BENCHMARK MODELING 

The model provided satisfying results for the Hydrolift C-31. Test 1 is considered most valuable and the one 
that is considered for the project hull modeling. This is because this test has no tweaking of the local trim 
angles, and shows fairly good correlation in both power requirement and draft. It does however overestimate 
the global trim angle with about 1.2 degrees. The tweaking of factors are undesirable to use because it is hard 
to know and determine the exact effect they have and how they would work on a different and larger boat.   
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4.3 STRUCTURAL DESIGN METHODOLOGY 

In order to optimize a structure, both local and global load handling along with load spreading and structural 
interaction need to be investigated in an intelligent way. Therefore, various structural hierarchies and layouts 
have been tested in order to get an efficient structural arrangement. In order to achieve this, detailed 
calculations on strength and stiffness for both the main structural parts, such as bulkheads and stringers, as 
well as the panels need to be performed. In this thesis, theory from (Rosén, Wennhage, 2011) has been 
implemented for panel optimizations. Theory from (Det Norske Veritas, 2011) and (Zenkert, 2005) has been 
added for using stiffeners and asymmetrical face thicknesses. 
 
The primary question is which members are the most stiff, i.e. is the bulkhead or web frames shortening the 
effective span of the stringers, or the other way around. Ideally, a layout that provides just enough strength 
and stiffness, both locally and globally is desired in order to avoid high weight.  
  
Different concepts have been tried on a midship section of the hull, where both the design pressure and 
bulkhead spacing is largest, and the weight of the section has been compared. Table 4 shows the investigated 
layout concepts. 
 

Table 4. Investigated layout combinations 

Layout concept Combination 1 Combination 2 Combination 3 Combination 4 

Stringer through/light 
bulkhead 

x  x  

Stringer 5 meter 
effective length /stiff 
bulkhead 

 x  x 

0-5 web frames between 
bulkheads 

x x x x 

0-4 stringers x x x x 

Single skin  x x   

Sandwich    x x 

 
Throughout the design, the highest requirement has been used to dimension the whole part. For example the 
midship slamming pressure in bottom is the largest and has been used for the whole bottom. This way was 
chosen to be conservative, because the required thicknesses differed little and the potential savings in weight 
were small.  
 
DNV rules have been used for calculating sandwich plate properties, since these properties are thoroughly 
described in HSLC Pt.3, Ch.4 (Det Norske Veritas, 2011). Constants for calculating bending moments and 
moduli are expressed as polynomials and can therefore be automated, and used for every iteration in a 
program.  These properties have also been compared to classic sandwich theory (Zenkert, 2005) with 
satisfactory agreement. 
 

4.3.1 RULES FOR STRUCTURAL DESIGN 

All boats sold in the European Union need to be CE-certified, ruling under the Recreational Craft Directive. 
A requirement for this certification is the structure’s compliance with the ISO 12215 rules (British Standard, 
BS EN ISO, 2001). In this paper, ISO rules have been used to get design loads, which have been compared to 
DNV’s High Speed Light Craft rules. The structure is intended to comply with DNV’s High Speed Light 
Craft rules, because the ISO rules have proven to not be sufficient in the previously in the industry (Haarbye, 
2012). One reason being that the ISO rules only apply up to 50 knots. DNV rules are more extensive and 
regarded as more conservative. However, they are intended for use on boats over 20 meters hull length. 
Therefore none of these rules apply directly to this craft.  
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The rules are built up in the same way. Design pressures are created for various places in the boat. They also 
handle knock-down factors for design stresses and in other ways create margins on places where the loads are 
more uncertain. Design pressures for slamming in both rules are dependent on the load area, as they are 
proportional to A^-0.3. This is due to the fact that local slamming loads are concentrated to a small area, and 
if a small element is considered, it has to handle this peak in pressure. If a larger element is considered, this 
peak in pressure will not act on the whole surface. However, this dependency makes it hard to compare 
different rules, places, and structural layouts. Therefore, it was chosen in this report to study another pressure 
unit, the size independent pressure, pressure times A^0.3 for comparative purposes. 
  
Both rules start out with the design category and boat particulars, which are used to calculate a design 
acceleration. Design acceleration in the DNV formulation is dependent on variables such as the significant 

wave height,     . Significant wave height was chosen to 0.5 meters because the boat will primarily be used in 

fair conditions close to shore. This wave height is also in the magnitude of the wave height that can be 
handled by the laminates in the Hydrolift C-31, which if the rules are used backwards, ends up at about 0.35m. 
Using the parameters from the boat along with this wave height resulted in a design acceleration in the center 
of gravity of 170 m/s2. According to ISO, the boat does not need to be designed for accelerations larger than 
7g. DNV do not have upper limits to this parameter, but it does increase from midship forward extending 
with a factor 2. In real operation, the comfort of the passenger and driver will limit the speed before large 
accelerations occur. In the ISO formulation, 7g has been used and in DNV 170 m/s2 was used to be 
conservative. From these accelerations, the design pressures for slamming were calculated, and ISO differed 
widely from the DNV pressures, as suspected. The real difference between the design loads of the two rules 
lies in the design acceleration. The authors suspect that the 7 g upper limit in the ISO rules might explain 
some of the problems the rule has gotten criticism for. In any case, the DNV rules have been chosen in this 
paper, to be conservative. 
  

Table 5. Normalized design pressures for bottom slamming, area normalized pressure [kPa m0.6] 

Midship AP Midship FP 

DNV HSLC 79.3 131.6 113.3 

ISO 62.5 62.5 62.5 
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4.4 OPTIMIZATION ROUTINE FOR STRUCTURAL DESIGN 

The sandwich plates were optimized for weight, using the pressures and constraints from DNV. As shown in 
Figure 16, the inner face, outer face, core thickness, stiffener web height, thickness and flange, were all used as 
variables. Schematically, the stiffener is shown as a conventional stiffener, however top hat stiffeners will be 
used in this design. The analogy between them is described in the ISO rules, the sides of the top hat adding up 
to the total web thickness. 

 
Figure 16. Illustration of the variables used in the optimization 

 
Furthermore, a division of the plates using evenly spaced web frames were also made in order to investigate 
the effectiveness of these. The optimization was carried out using MATLAB’s function fmincon, which is a 
gradient based method that handles nonlinear constraints and uses the hessian to optimize a function value. 
The solver calculates the pressure for the actual spacing, varies plate and stiffener dimensions until the 
constraints are satisfied and the minimum weight is achieved. The structure of the optimization program can 
be seen in Figure 17. For the spacing used in the plate optimization, stringer scantlings are then calculated, and 
the stringer weight is added to estimate total weight of the section.  
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Figure 17. The principal structure of the optimization routine 

 
The constraints involve tension in face, compression and wrinkling in face, plate deflection. For the plates 
with stiffeners, its properties are also optimized, using the additional constraints; tension in stiffener, stiffener 
web shear, and stiffener deflections. The constraints can be viewed in Table 6. 
 

Table 6. The constraints used for the plate optimization routine 

 Property Max value Min value 

Tension in face               - 

Compression in face     Min (          
 

 
√      
 ) 

- 

Plate deflection    0.02 s - 

Stiffener flange 
tension2 

  -       

(         )
 

Stiffener web shear4    -    

(        )
 

Stiffener deflection4    0.005 s  

 
 

                                                      
2
 Only for optimization iterations when one or more stiffeners are used 
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5 HULL FORM DESIGN 

5.1 INTRODUCTION 

Performance prediction of a new design is very important in order to know how much installed power is 
required. The size and weight of the engines will greatly influence the general arrangement and the weight 
distribution of the craft. It is also vital that the boat performs as well as the manufacturers claim to avoid 
disappointment for the costumers. However for a boat of this size, it is still likely that a prototype test boat is 
built to confirm the design choices and make the final small adjustments if necessary.  
 
All the methodology described in the previous chapter will be used here to investigate how to vary the 
parameters to achieve the requested properties. The background knowledge gathered from the parametric 
analysis described in the previous chapter, has resulted in a starting point for the general hull parameters such 
as length, width, depth, displacement and speed, as well as step positioning. In this chapter, the design will be 
fine-tuned and the developed method will be used to simulate how one parameter affects the resistance. The 
different hull shape features has been depicted, discussed and explained. The results from the modeling and 
the final dimensions on the parameters are determined. 
 
The aspects of the design which will be determined through this analytical model, is the position of the steps, 
the step height, the deadrise angles, the local trim angles and to some degree the spray rails. These features, 
and their implication in the model will be first discussed and explained and then the final results for the 
features will be presented and explained. 
 

5.2 MODELING RESULTS OF THE PROJECT BOAT 

The step height, step position and local trim angle are the most relevant parameters for a stepped hull and for 
that reason those investigated through the model. Different combinations, carefully selected with basis from 
the Market analysis are run through the model to achieve the best hull design possible. 
 
The results from the modeling runs are showed in Table 7 and Table 8 below. In order to keep track of the 
development of the detailed design addressed by the model, the changes investigated are marked in yellow. 
Again, the aspects of the design, which are determined through the model, are discussed in detail after the 
results like for the benchmark modeling. 
 
Table 7: Results from analytical modeling of  project boat, test 1 – 8 

Results S&D 43  Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 

Beta1             [deg] 24 24 24 24 24 24 24 24 
Beta2             [deg] 24 24 24 24 24 24 24 24 
Beta Local 2 [deg] 2 2 2 2 2 2 2 2 
Beta3             [deg] 24 24 24 24 24 24 24 24 
Beta Local 3 [deg] 2 2 2 2 2 2 2 2 
Tau1              [deg] 2 2 2 2 2 2 2,5 2,5 
Tau2              [deg] 1 1 1 1,5 1,5 1,5 2 2 
Tau3              [deg] 0 0 0 0,5 0,5 0,5 1 1,5 
Step Height1     [m] 0,05 0,06 0,07 0,05 0,06 0,07 0,07 0,07 

Step Height2     [m] 0,05 0,06 0,07 0,05 0,06 0,07 0,07 0,07 
Dist to aft step  [m] 3,5 3,5 3,5 3,5 3,5 3,5 3,5 3,5 
Dist to fwd step[m] 6,2 6,2 6,2 6,2 6,2 6,2 6,2 6,2 

LCG                      [m] 4 4 4 4 4 4 4 4 
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LCG % 30,5 30,5 30,5 30,5 30,5 30,5 30,5 30,5 
Aft step % 26,7 26,7 26,7 26,7 26,7 26,7 26,7 26,7 
Mean % 27,7 27,7 27,7 27,7 27,7 27,7 27,7 27,7 
Fwd Step % 47,3 47,3 47,3 47,3 47,3 47,3 47,3 47,3 

Mean % 42,2 42,2 42,2 42,2 42,2 42,2 42,2 42,2 

Running Trim  [deg] 2,3 2,4 2,6 1,8 1,9 2,1 1,6 1,2 
Running Draft    [m] 0,2 0,3 0,3 0,2 0,3 0,3 0,3 0,3 
Length, AP to FP             
[m] 7,8 7,7 7,7 8,0 8,0 7,9 7,9 8,3 
Req installed  power               
[kW] 1209 1174 1145 1249 1211 1178 1179 1256 

 
 

Table 8. Results from analytical modeling of  project boat, test 9 – 15 

Results S&D 43 Test 9 Test 10 Test 11 Test 12 Test 13 Test 14 Test 15 

Beta1             [deg] 24 24 24 24 24 24 24 
Beta2             [deg] 24 23 24 24 24 24 24 
Beta Local 2 [deg] 2 2 2 2 2 2 2 
Beta3             [deg] 24 22 24 24 24 24 24 
Beta Local 3 [deg] 2 2 2 2 2 2 2 

Tau1              [deg] 2 2 2 2 2 2 2 
Tau2              [deg] 1 1 1 1 1 1 1 
Tau3              [deg] 0,5 0 0 0 0 0 0 
Step Height1     [m] 0,07 0,07 0,07 0,07 0,07 0,07 0,07 
Step Height2     [m] 0,07 0,07 0,07 0,07 0,07 0,07 0,07 
Dist to aft step  [m] 3,5 3,5 2,8 3 3 3 3,5 
Dist to fwd step[m] 6,2 6,2 5,5 5,5 5,7 6,2 5,5 

LCG                      [m] 4 4 4 4 4 4 4 

LCG % 30,5 30,5 30,5 30,5 30,5 30,5 30,5 
Aft step % 26,7 26,7 21,4 22,9 22,9 22,9 26,7 

Mean % 27,7 27,7 27,7 27,7 27,7 27,7 27,7 
Fwd Step % 47,3 47,3 42,0 42,0 43,5 47,3 42,0 

Mean % 42,2 42,2 42,2 42,2 42,2 42,2 42,2 

Running Trim  [deg] 2,2 2,5 2,7 2,7 2,7 2,5 2,7 
Running Draft    [m] 0,3 0,3 0,2 0,3 0,2 0,2 0,3 
Length, AP to FP             
[m] 8,0 7,7 7,0 7,1 7,2 7,5 7,3 
Req installed  power            
[kW] 1202 1157 1112 1125 1118 1106 1176 

 
 



 36  
 

5.2.1 STEP HEIGHT 

In test 1 – 6 the step height was investigated for two different local trim angles. It can be noted that the largest 
step height gave the least resistance. This is because it will reduce the wetted surface by increasing the 
ventilation length. The benchmark boat has 3 cm of step height and the project boat has 7 cm of step height. 
This increase was chosen because it was desired to get better planning conditions in the lower speed regime, 
so that step ventilation also occurs at these speeds. The step height is not unreasonable compared to many 
boats on the market, and greater step height will ensure that the ventilation is maintained also in fairly hard 
turns, reducing some of the dangers associated with stepped hulls. Due to time and software issues, the actual 
shape of the step has not been modeled in CAD. A typical step shape with the air intake in the chine can be 
seen in Figure 18 below. If the step height is measured vertically along the step, the step height is often 8 – 15 
cm height. However, the vertical difference after the step is less because there is often a distinct groove after 
the step. This grove would ensure ventilation and more air to be sucked down than if level to the trailing 
surface after the step. The shape of the step will not affect the results from the model and the fairly high step 
height chosen will approximate this effect.  
 
Although the results show decreasing resistance with increasing step height, it was chosen to stop at 7 cm, to 
avoid moving too far away from the competition and due to the fact that the modeled step height is defined as 
the height difference between the rocker lines, and not the vertical height from the edge of the step to the hull 
inside the step-cutout as seen in Figure 18. In other words, the geometry of the step itself is not considered in 
the model. In order to fully design the shape of the step, the model would have to be refined and verified 
through towing tank tests. Also noticeable from Figure 18 is that the chines and spray rails are very sharp at 
the edges. This is to ensure full separation, which results in a much more efficient hull shape.  
 

 
Figure 18. Typical Step shape and air intake 

 
Typically, planing craft are assessed with the beam-based Froude number because the wetted length is of less 
interest when the bow is out of the water and the boat is planing. The depth-based Froude number however 
can be useful for stepped planing craft to analyze the condition of dry transom, meaning horizontal separation 
of the step or a transom. These Froude numbers are obtained simply by exchange the length term, with the 
beam, or in this case, the transom depth. Ravi Kota (Kota, u.d.) says that for separation to occur at steps or at 
the transom, the depth-based Froude number must be greater than 2.5. From Figure 19, it can be seen that 
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this is easily achieved for the project boat. This will mean that full separation also is achieved from the spray 
rails at this speed range. 

 

Figure 19. Plot showing depth based froude numbers and the limit for separation. 

 
Figure 20 below shows that the required power, i.e. the resistance drops with increasing step height. This can 
also be seen in the results (Table 8). This is due to the fact that the ventilation lengths increase with increased 
step height thereby reducing the wetted surface and the frictional resistance. The chosen step height, here 
defined as the height difference between the keel lines, is 7 cm.  
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Figure 20. The effect of step height on power needed 

 

5.2.2 DEADRISE ANGLE 

Typical high-speed recreational powerboats have a deadrise angle of 24 degrees, because this will provide a 
smoother ride and less impact from waves, thereby reducing the structural loads. The Hydrolift C-31 also has 
24 degrees deadrise. Due to the fact that fairly good correlation was found to the benchmark boat, it was 
desired not to move too far away from this boat in the analytical model due to potential uncertainty. Also due 
to the results from the empirical data and the wish to design a boat that will fit into Hydrolift´s existing model 
range, the same deadrise angle of 24 degrees has been used in the design. It can be seen from the results of 
test 10 that a decreasing deadrise of 23 and 22 degrees was tested for the middle and aft planing surface. This 
is a fairly normal configuration, but the results showed a slight increase in resistance because the added lift 
from the flatter aft surfaces reduced the global trim angle. 

5.2.3 LOCAL TRIM ANGLE 

Like stated before, a planing surface ideal trim angle will be between 3-5 degrees on the oncoming flow. For a 
boat with deadrise, the ideal trim angle is more towards 3 degrees. Therefore, the sum of the local inclination 
of the keel line, here referred to as the local trim angle, plus the global trim angle of the whole boat should 
ideally end up near 3-4 degrees to have the least resistance. The local trim angles will have a great effect on the 
global trim angle due to the position and magnitude of the normal lift forces and therefore, they can be 
adjusted through the design spiral to achieve the optimum running condition.  
 
Increasing the aft local trim angles will reduce the global trim. This will increase the wetted surface and 
thereby the frictional resistance as seen in Figure 21. The global trim angle is limited upwards to when the 
forward planing surface gets too small or airborne thereby stops creating lift.  
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Figure 21. The effect of local trim angle variations on the required power 

 
The project boat has local trim angles of 2, 1 and 0 degrees for the forward, middle and aft planing surface, as 
in test 3. This ensures reasonable ventilation lengths and longitudinal position of each stagnation line, which is 
approximately where the flow reattaches after the step. Just like with the Hydrolift C-31, the resulting global 
trim is considered overestimated by roughly 1 degree, placing the project boat around 1.5 degrees of global 
trim. It may also be that the difference in trim angle is related to the uncertainty of the propulsive efficiency 
which is assumed to be 50%.  

5.2.4 STEP POSITIONS 

Different step positions are tested in Figure 22 below. Naturally, the further aft the steps are, the more the 
boat will trim and the resistance will be reduced. However, the position of the steps should match the LCG 
and also, the empirical values are kept in mind so that the end-result does not end up unrealistic. The red and 
the green line have the forward step at the same position but different aft step position. It is clear to see that 
the aft step is more delicate and crucial for the running condition of the boat. This is because it is closer to the 
LCG. 
 
The aft step is positioned at 3.5 meters from the AP, which is 26,73% of the length overall. This is 1 % 
further aft than the average value from the empirical step analysis. The longitudinal center of gravity is at 4 
meters from the AP as shown in Table 16.The forward step is positioned at 6.2 meters from the AP, which is 
47,33 % of the LOA.  This is 5 % above the mean value from the empirical analysis. The mean value was used 
in order to keep track off the values of the boats in the empirical study. This will provide a good starting point 
for the testing and prevent that the model yields good results for a completely unrealistic design. After all, the 
boats in the empirical study are successful boats that are well tested and designed by very cunning people.   
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Figure 22. The effect of varying step position on the required power 

5.2.5 VENTILATION LENGTHS 

Figure 23 shows roughly the solid water wet surfaces in blue of the project boat. Spray is not included. The x-
axis is the length of the boat and the steps are situated aft of the blue triangles. When considering the wet 
surfaces individually it can be seen that the forward planing surfaces is the widest, but not the longest. This 
means that this surface has a better and more efficient aspect ratio than the third surface for instance, which 
has the longest and narrowest wetted surface. 
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Figure 23: Illustration of the wetted surfaces in plan- and profile view 

 

5.2.6 SPRAY RAILS 

In Figure 24, the wetted beams are shown as a function of speed. This will be used to determine the position 
of the spray rails at suitable speeds. These will be positioned according to the vertical lines at 65, 50 and 30 
knots, where suitable. In speeds lower than 30 knots, the separation will come off the chines rather than the 
spray rails. Ideally, the spray rails should be positioned a few centimeters lower on the hull, due to the fact that 
the flat underside of the spray rails actually creates a fair amount of lift, which is not accounted for in the 
model. This will most likely make the boat ride higher and have less resistance than the results from the 
model. The spray rails will also guide the flow more aft and reduce the sideways flow along the deadrise of the 
planing surface.  
 
From Figure 24 it can also be seen that the three planning surfaces decrease their breadths at a fairly similar 
rate. This indicates that the three surfaces are well balanced to each other and that the running conditions will 
be good also in lower planning speeds. 
 
In Figure 25, the spray rails are shown as designed and based on the results. The forward spray rails are carried 
far forward to reduce slamming in waves. An additional inner spray rail is also added close to the keel line for 
the same purpose. The design and positioning of spray rails is a typical feature that requires testing before 
completion of a final boat. 
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Figure 24: Wetted beam of the three planing surfaces as a function of speed 

 
 

 
Figure 25: The spray rails and their positioning 
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5.2.7 CHINES 

The chines can be viewed clearly in Figure 26. They are fairly wide for good stability at rest. The width is 
maintained all the way forward to the step where they are gradually reduced to zero in the bow. The chines 
will not have any function at planing speeds, and the reduction towards the bow, is to reduce the slamming 
loads from freak waves. 
 

 
Figure 26: The hull bottom 

 

5.2.8 FURTHER ANALYSIS AND CONCLUSIONS 

 

 
Figure 27: The required installed power for each of the tests 

 
In Figure 27, the required power can be seen for every test in the same graph. Some of the tests are done with 
slightly unreasonable values and are believed to yield unreliable results. Yet, it is clear to see that the discussed 
design features of the stepped hull have large impact on the performance of the boat. Test 3 is the test that 
represents the final design choices achieved from the analytical model, and can be seen in Table 9 below. 
Tests 11 through 14 is ran with step positions which are considered unlikely and too far of the range 
determined in the market analysis.  
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Table 9. Established design parameters after hull design chapter 

Length 13.1 m 

Breadth  3.5 m 

Top speed 65 kt 

Step1 position 6.2 m from AP 

Step2 position 3.5 m from AP 

Step Heights 7 cm 

Trim Angle 1 2 deg 

Trim Angle 2 1 deg 

Trim Angle 3 0 deg 

 

 
Figure 28: Comparison of the proposed design with existing superyacht tenders 

 
Figure 28 shows that the new design is in the slightly higher power range, but much greater speed. This proves 
the benefits of a stepped hull design. It is worth to keep in mind that the speed included for the proposed 
design here is based on a load condition of 6400 kg, which is a fully laden plus 4 passengers load condition. 
The information of the competitors speed are found on the Internet, and considered unreliable and perhaps 
the dry, ideal condition of the boat. 
 
The analytical model is created and utilized as a design tool and should be a good contributor and starting 
point for a high-speed craft with steps. There are no other methods, even including advanced CFD analysis 
software that has succeeded in accurately predicting resistance and running condition of stepped planing hulls, 
and there is a lot of research and towing tank testing being conducted on the subject (Morabito & Savitsky, 
2009).  
 
The hull shape is designed as thought optimal, with aid of the analytical model and an empirical study. The 
mathematical model can be improved by incorporating Morabito’s wake theory and all local effects of the 
flow separation. The only way to accurately verify the model will be to tank test several series of stepped hulls 
and perhaps update and alter Savitsky’s empirical formulas. Other effects such as lift from chines, keel flat and 
spray rails could be included in detail to get a more accurate lift distribution. One method to determine the lift 
distribution would be to paint the towing tank model with a special paint before running in the towing tank. 
After the runs, the model could be investigated to find that the special paint has been washed off gradually 
according to where the lift forces have been greatest. This method could aid in determining new expressions 
for lift distribution on stepped hulls.  
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6 STRUCTURAL DESIGN 

6.1 INTRODUCTION 

In Hydrolift’s earlier models, the hull bottom has been built in single skin because of simplicity in 
manufacturing and tradition. There have been desires to compare sandwich to the existing solution, but the 
step has not yet been taken. In this thesis, thorough comparisons have been made to provide a good decision 
basis for the new model. Also, carbon fiber have been used instead of fiberglass in the RR (high performance) 
models, but the laminates have not been optimized and same ply weights as in the fiberglass boats have been 
used in the carbon fiber boats.  
   
Especially for an open tender, the global bending modulus is less, analogous to a container ship, and might 
need extra consideration. Also, due to the difficulty of finding engines and drives appropriate for the boat and 
speed, the weight is even more important to keep low to avoid speed decrease and/or heavy commercial 
diesel engines. The largest weight saving potential is in the hull, which constitutes about 50% of the mass of 
the structure. The decks and superstructure, which are normally built in sandwich, only constitute about 25-
30%. Therefore, by introducing sandwich in the hull, there is a lot to gain. 
 
The structural design was carried out, to make an intelligent suggestion of the structural arrangement along 
with dimensions for manufacturing the boat. It was made on five longitudinally divided sections on the boat 
and for bottom, side and deck. A panel dimension was established from distances between bulkheads and 
stringers, and the program optimized the panel and stiffeners with respect to the total weight of the panel. 
Included in the analysis was the task to find an effective structural arrangement (placement of stringers, 
bulkheads, web frames, and further stiffeners?). Most focus is on lowering weight but for a company, labour 
hours and additional material costs also need to be considered. The production process has been given some 
consideration in the design, but the economy has not. Therefore, whether the added amount of work and 
material cost are feasible for a more efficient and complex arrangement is uncertain, the difference has only 
been estimated and might need further evaluation. The additional need for glue when using an increased 
number of parts has not been considered either. 
  
The parameters from this analysis will be a good start for the production of the boat. However, some details 
will need to be further analyzed and evaluated. The reinforcements for the engines, tanks, driveline, seats, 
superstructure and bimini top are examples of this. As Hydrolift has used fibreglass and carbon fibre along 
with vinylester in previous production, these have been the material concepts investigated. For further 
optimization, other materials such as aramid or basalt fibers, and epoxy matrix could be investigated. 
 

6.2 SPEED/WAVE HEIGHT ALLOWANCE 

The pressures designed for can be reached in various combinations of wave heights and speeds. Lower wave 
height can permit higher speed, but it also depends on the boats loading condition (see Appendix 3). In Figure 
29 below, the speed restriction curves for the boat are shown. It shall be noted that high-speed recreational 
power boats have an ability to jump from wave to wave without large accelerations, not taken into account by 
the HSLC rules, which are intended for larger, heavier ships. The speed restriction curves shall hence be seen 
as guideline preventing failure, but the comfort of the passengers will probably be a stronger limit since the 
design acceleration used is larger than passengers are suspected to bear.  
 
The curves have been created using iteration in MATLAB resulting in combinations of speeds and wave 
heights that does not exceed the design acceleration.  
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Figure 29. Speed restriction curves for various loading conditions, giving the design slamming pressure and/or 

global bending moment 

6.3 STRUCTURE CHOICE 

Carbon sandwich panels gave the lowest structural weight, which was the ultimate goal. The sandwich concept 
did not benefit from use of any web frames, and two evenly spaced longitudinal girders were proven most 
efficient. In the engine room, the girders have been split up to three in order to accommodate the engines. 
The transitions are angled 45 degrees and this is an area that might need extra analysis at a later stage.  
  
Other structural interaction might also need more analysis before production, but all plate requirements as 
well as stringer bending moments, stringer web and bulkhead shear along with global bending, are satisfied. 
See Appendix 2 - Structural weight for more details. 
   

6.4 MATERIALS 

In early analysis, carbon fiber lowered the structural weight with ~30%. The disadvantages being a higher 
price, thinner laminates and the brittle nature of carbon, which makes it more sensitive to point loads and 
wear. The price issue is somewhat subdued by using less materials (both face and core). However, the 
sensitivity is still an issue, and could be improved by using an extra fiberglass layer on the outside if the 
problems are large. The smallest point loads will be handled by the gelcoat.  
 
In this analysis, a quasi-isotropic layup, DBLT (0/90/±45), is referred to if nothing else is mentioned. Quasi-
isotropic laminates have best resistance to random point loads, which can happen everywhere on the hull and 
deck during e.g. docking. Perhaps further optimization could be done by using (0/90) laminates in plates, but 
as mentioned above, the resistance to point loads would be lowered. Quasi-isotropic layups are also the usual 
way to build composite boats (Stenius, 2012). The mechanical and density properties used are from (Burman, 
Beckman, Norrby, 2010), volume fraction according to (Haarbye, 2012) and core properties are from (DIAB 
Group, 2011). 
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Table 10. The mechanical properties that have been used 

Material property Symbol Value Safety factor3 

Face strength, tension       700 MPa 0.3 

Face strength, compression       370 MPa 0.3 

Face strength, shear [±45]      538 MPa 4 0.4 

Face modulus    42 GPa - 

Core shear strength      [1.15, 4.5] 5 0.4 

Core Young’s modulus    [95, 320] 4  

Core shear modulus    [27, 97] 4  

Poisson’s number, face   0.3  

Fibre volume fraction    60%  

Density face    1600 [     ]  

Density matrix    1250 [     ]  

Density fiber     1850 [     ]  

 
As a final comparison, a plate optimization with same scantlings and design pressures has also been done for a 
fiberglass sandwich plate. For this analysis, the same safety margins as for carbon fiber have been used in the 
hull minimum thickness, the original reinforcements being 1600 and 2400 for inside and outside, respectively. 
The weight of a fiberglass plate is 15.04 kg/m3 which means a weight increase of ~25%. However, more 
constraints are active in the fiberglass setup, which means the material concept is more optimized for the 
specified constraints. The inactive constraints in the carbon fiber case are for stiffness. That means that the 
plates will break before they deform too much, which also can be interpreted as the carbon fiber solution is 
providing better stiffness as a bonus. 
 

6.5 SANDWICH 

Single skin in the bottom has been investigated and compared to a sandwich solution. Previously, Hydrolift 
has only built boats with single skin in the hull bottom. Sandwich panels have the advantage that the panels 
get stiffer in local bending, which can increase the distance needed between stiffeners. This ultimately leads to 
lighter plates along with easier manufacturing since not as many stiffeners are required. In the deck, 
lightweight cores DIAB H-60 have been used. As a rule of thumb, without any further stiffeners between web 
frames and bulkheads, the sandwich panels in deck and sides decreased weight by about 50%. In the bottom, 
DNV states that the minimum core density of cross-linked PVC foams should be 130 kg/m3 (Det Norske 
Veritas, 2011) (HSLC Pt.3 Ch.4 Sec.5:A105). 
 
Other manufacturers in the industry have also had problems, mostly with core failure in sandwich bottoms. 
To prevent this, they use very high density cores such as Divinycell H200 or H250 (Haarbye, 2012) which 
have a density of 200 and 250 kg/m3 respectively. The problems have been present in fiberglass boats and 
might not be as potent in carbon hulls due to smaller deformations. But in this project, margin for failure due 
to these known problems has been increased, and the core used has been the DIAB H200 in the bottom. For 
the sides and bulkheads, H80 is used, and for girders H40 is used.  
 
Table 11 below shows the minimum fiber reinforcement weights and design pressures that have been used 
(Det Norske Veritas, 2011). There was a little longitudinal variation in design pressures for the hull bottom, 
the normalized pressure ranging from 75 to 132         . However, the variations would mean very small 

                                                      
3
 (Det Norske Veritas, 2011) 

4
 Calculated from tension strength using isotropic formulae. Value is assumed to be doubled for ±45 compared to 

DBLT quasi-isotropic layup, disregarding shear contribution from the 0 and 90 laminas. 
5
 Depending on core, see (DIAB Group, 2011) 
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differences in weight, and the whole hull has been dimensioned to handle the largest pressures, which occur 
around 0.5-0.6 LWL forward of transom. This is also where the largest distance between bulkheads are, 5 
meters apart, which has been used as effective length in the stringer scantlings. 
 

Table 11. Minimum fibre reinforcement and design pressures requirements from DNV 

Plate element Inside 

[    ] 

Outside 

[    ] 

Normalized design 
pressure [        ] 

Hull bottom 15006 20004 132 

Hull side 1100 1100 20 

Deck 500 1100 7.5 

Accommodation 800 800 3.5 

Superstructure 800 800 7.5 

Structural bulkhead 800 800 8 

Keel 4000   

 
The minimum fiber reinforcements according to DNV have been used overall, except in the hull bottom, 
which has been increased closer to Hydrolift’s usual minimum thicknesses for hull bottom. The minimum 
thicknesses are a crucial constraint for the optimization as restricts how far the structure can be optimized. 
 

6.6 SINGLE SKIN EVALUATION 

The single skin concept was investigated and compared to a sandwich solution. Conclusions from analysis in 
this project it that it increases weight significantly in the hull bottom, and requires more stiffeners and web 
frames, see Table 12, which takes time to manufacture. It does however have some advantages. The bulkheads 
and stringers become lighter because they utilize the thicker hull and deck skins as flanges, the margin for skin 
puncture is larger and the need for local reinforcement is less. 
  

Table 12. Example on web frames in between bulkheads for lowering weight in the single skin concept 

Stiffeners tf [mm] tw [mm] hw [mm] Af [mm2]   [kg/m3] 

0 20.0 - - - 32.0 

1 18.1 7.1 197 563 29.7 

2 15.4 7.1 136 465 25.7 

4 12.4 7.1 101 366 21.6 

8 9.2 7.1 84  271 17.6 

 
 

6.7 LAYOUT 

The starting position was the positioning of the bulkheads. The engine room bulkhead was placed with 
regards to the space taken up by the engine installation, and the deck interior on top (sunbed). The bulkhead 
also serves as the connection from higher deck at the sunbed/bathing platform to the passenger/driver area 
where the deck is lower. The next bulkhead divides the tank/stowage area below deck into the living area. At 
the end of the living area, the front of the bed, there is another bulkhead which separates the bed from 
stowage area.  

6.7.1 STRINGERS 

In these types of boats, the longitudinal girders are usually the primary members, and also act as the bonding 
between deck and hull bottom. An even number of girders were desired in order to avoid a high centerline 

                                                      
6
 Has been increased from DNV’s 1100 and 1600 respectively to gain margins for skin puncture 
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girder which would be heavy and prevent a low floor in the accommodation area. Analyzing the girders with a 
twin set-up and even spacing through the width of the hull, their dimensions were not sufficient for carrying 
the load throughout the length of the hull, stiff bulkheads were required to shorten effective length of girders, 
positioned as mentioned above. To accommodate the twin engines in the engine room, three girders had to be 
fitted there, see Figure 30. 
 

 
Figure 30. Isometric view of hull showing stringer layout 

  
 
A quadruple girder setup was also tried but was found to increase the weight. Therefore the twin girder setup 
was chosen.  See Appendix 1 - Girder setup comparison for details. 

6.7.2 WEB FRAMES 

The aspect ratio of the plates (~4) is over the ratio where the plate effect is utilized and the plating instead 
works structurally as beams between the stringers. As the bulkheads are the only supports for the girders, the 
only efficient way to change the structural layout is to shorten the effective length of the girders with web 
frames. In all attempts done in this project, the extra web frames proved to be inefficient. In order to lower 
the effective length of the girder they would have to be extremely stiff, which would make them almost as 
heavy as the bulkheads. However, web frames could still be used to lower the mass of the panels. This was 
tested, but proved not to be efficient since the bulkhead scantlings are governed by the shear from the girders 
and the plating mass does not decrease much with less span. Table 13 below shows example results of such an 
optimization attempt of section 3. 
 

Table 13. Example of varying plate span with web frames 

Span [m] tf1 [mm] tf2 [mm] tc [mm] tw [mm] hw [mm] Af [mm]  p [kg/m2] 

5 1.4 1.8 35.2 - - - 12.04 

2.5 1.4 1.8 34.2 13.9 300 604 13.34 

1.25 1.4 1.8 34.9 6.8 300 268 13.46 

0.625 1.4 1.8 33.2 3.7 300 217 12.91 
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6.8 HULL GIRDER STRENGTH 

Hull girder strength and stiffness was initially not thought to be a problem, based on experience on previous 
hulls. However, in those hulls sandwich was not used as extensively, and a quick analysis on this boat proved 
the need for further reinforcement in order to handle the bending stresses. Figure 31 shows a schematic 
comparison between single-skin and sandwich bottoms regarding material use. 
 

 
Figure 31. Illustration of the material use in single skin (left) and sandwich with reinforcement for global 
stiffness (right) 

 
 
DNV rules gave a maximum bending moment on the hull, for hollow landing, as MB=1040 kNm. Using the 

carbon laminate strength       with a knockdown factor of 0.3, the required section modulus is 0.0094 m3. To 

calculate the second moment of inertia for a section of the hull, the neutral axis was calculated. Then the 
bending contribution from the sides and the stringers were added to the Steiner contribution from all 
continuous members. The unidirectional parts of the keel and deck topsides were viewed as having triple 
contribution for the calculations of both the neutral axis and in the Steiner contribution. More details on 
global strength can be seen in Appendix 4 - Global strength. In order to increase the section modulus, 
unidirectional fibre reinforcement was placed along the deck topsides and along the keel. These 
reinforcements increased the weight with ~100 kg, but improved the hull girder bending modulus threefold, 
which met the requirement. 

 

6.9 CONCLUSION, STRUCTURE 

The structural optimization has given good input on the weight and materials required for the concept boat. 
Results can be seen in Table 14 and further details are included in Appendix 2 - Structural weight. For the 
estimation of total hull weight, all equipment that will be installed is included, including margins for the 
manufacturing of structure, glue etc. See Appendix 3 - Weight estimation for detailed description. 
 

Table 14. Resulting structural weights 

Hull weight  620 kg 

Structural members weight 362 kg 

Deck weight 363 kg 

Total structural weight  1345 kg 

Estimated total hull weight  3860 kg 
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As a conclusion, for an efficient structural arrangement, large longitudinal stringers with evenly spaced strong 
bulkheads seemed like a good solution. Sandwich can lower weight quite significantly, but it has negative 
impact on global strength, so attention must be paid so that the global strength requirements are met. 
 
Web frames were only considered effective for single skin concepts, but many web frames were required to 
lower the skin thickness closer to the minimum requirement. Many web frames are more expensive to 
manufacture and it was still much heavier than using sandwich. Regarding the long stringer, it required very 
thick laminates in order to withstand the slamming loads throughout the bottom. The resulting weight was 
more than when using stiff bulkheads. Early in the analysis, it could therefore be concluded that Combination 
4 (from Table 4 on page 23) was the winning layout concept.  
 
As always, there is room for further optimization. For example, the minimum thickness requirements can be 
looked into closer. However, most uncertainty is in the design loads. ISO is known to underestimate 
requirements and DNV’s HSLC is intended for larger commercial and navy ships. It is also considered overly 
safe by recreational boat manufacturers, and the designer has no other choice than to go for the higher 
requirements in order to avoid failure. All structural rules are of course based on design loads and there is 
much room for further optimization in order to lower weight.  
 
For the detailed arrangement, especially if holes, sharp corners are present, detailed calculations might be 
needed, e.g. FEA. Buckling has been considered in the form of face wrinkling. Also, specific buckling 
calculations have been carried out to ensure that the deck can handle the compression caused by the bottom 
pressure. Further buckling analysis might be required.   
 
Many of the rule requirements are active. However when carbon fiber is used, the fibers and/or core breaks 
before the stiffness requirement is ruling, providing better stiffness than the minimum requirement, which can 
be seen as a bonus. The deck pressure load case is also a harder requirement than withstanding buckling from 
the slamming loads in the bottom. 
 

Table 15. The influence of load cases 

Load case Dimensioning Inactive 

Plate strength x  

Plate stiffness  x 

Girder strength x  

Girder stiffness  x 

Bulkhead shear strength, 
from girder 

x  

Global strength x  

Deck buckling  x 
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7 FINAL DESIGN 

7.1 WEIGHT ESTIMATION 

A reasonable weight estimate with all necessary equipment positioned in plausible places was the basis for the 
load condition and the center of gravity as shown in Table 16. The weight estimation is usually an iterative 
process because the mass and position of items and structure change through the design spiral. Because the 
project only involved a hull shape and structural design, a reasonable weight estimation was set to have a 
starting point for the design. This estimation might have to change to the design the complete boat, but that is 
beyond the scope of this project. All structural weights have been iterated into the weight estimation sheet, 
along with all other necessary equipment. The equipment has been chosen in cooperation with Chris Haarbye 
(Haarbye, 2012), and these weights have been put into the sheet. The results from the weight estimation in 
Table 16 give a LCG value of around 4 m from the aft perpendicular. This is 30-34 % of the LOA, which is a 
typical value for fast powerboats depending on the load condition. The complete weight estimation table can 
be seen in Appendix 3 - Weight estimation. 
 

Table 16: The results from the weight estimation (Appendix 3) 

 
Total weight VCG LCG LCG % TCG 

Dry condition 3861 0,599 4,415 33,706 0,016 

50 % Laden, 4 pass 5296 0,608 4,146 31,650 0,012 

Fully laden, 4 pass 6431 0,571 3,991 30,468 0,010 

Fully laden, 8 pass + luggage 7481 0,621 3,872 29,559 0,008 
 

7.2 GENERAL PARAMETERS 

 
The main dimensions of the project boat can be seen in Figure 32. 
 

 
Figure 32: The S&D 43 outline hull with main dimensions 

 
These main particulars are chosen from the desired type of craft designed for the thesis and on the basis of 
the parametric analysis. The steps are positioned and designed according to results from the analytical model 
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and kept within reasonable limits from the step analysis. The displacement is 6400 kg and comes from the 
weight estimation as well as the structural optimization.  
 
The resulting design can be compared to the competitors regarding installed power and top speed, in Figure 
33. 

 
Figure 33. Comparison of the proposed design with existing superyacht tenders 

 
Figure 33 shows that the new design is in the slightly higher power range, but much greater speed. This proves 
the benefits of a stepped hull design. It is worth to keep in mind that the speed included for the proposed 
design here is based on a load condition of 6400 kg, which is a fully laden plus 4 passengers load condition. 
The information of the competitors speed are found on the Internet, and considered unreliable and perhaps 
the dry, ideal condition of the boat. 
  
The analytical model is created and utilized as a design tool and should be a good contributor and starting 
point for a high-speed craft with steps. There are no other methods, even including advanced CFD analysis 
software that has succeeded in accurately predicting resistance and running condition of stepped planing hulls, 
and there is a lot of research and towing tank testing being conducted on the subject .  
 
The hull shape is designed as thought optimal, with aid of the analytical model and an empirical study. The 
mathematical model can be improved by incorporating Morabito’s wake theory and all local effects of the 
flow separation. The only way to accurately verify the model will be to tank test several series of stepped hulls 
and perhaps update and alter Savitsky’s empirical formulas. Other effects such as lift from chines, keel flat and 
spray rails could be included in detail to get a more accurate lift distribution. One method to determine the lift 
distribution would be to paint the towing tank model with a special paint before running in the towing tank. 
After the runs, the model could be investigated to find that the special paint has been washed off gradually 
according to where the lift forces have been greatest. This method could aid in determining new expressions 
for lift distribution on stepped hulls.  
 
A suggestion for a general arrangement/deck layout has been made, see Figure 34 below. The layout has been 
designed with care for stowing goods and transporting people. The aft sunbed also works as a cover for the 
engines, which otherwise would have demanded a higher deck. With this solution, embarking, loading and 
swimming becomes easier. The superstructure is small to lower wind resistance but still large enough to 
increase headspace aft of the bed in the accommodation area. Below deck, the engine room takes up the aft 
section. The next section is used for tanks and stowage, and the accommodation section is intended to contain 
a toilet, a small pantry, and a bed. In front of the bow bulkhead there is room to store fenders and ropes, as 
well as the anchor and chain in the front box. 
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The structural arrangement can also be seen in the lower picture in Figure 33. It shows the carbon top hat 
stringers and bulkheads. 
 

 

 
Figure 34. General arrangement 

 
The resulting design can be seen in 3D in Figure 35. The computer renderings of the project boat and its 
general arrangement is intended as illustration only and does not comply exactly with the weight estimation. 
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Figure 35. Pictures showing the hull and deck layout in 3D 

 

7.3 FUEL CONSUMPTION 

The fuel consumption has been estimated using the required power calculated at different speeds. The drive 
efficiency has been approximated constant at 50%. Specific fuel consumption has been taken from a generic 
boat test (Johansson, 2011). For full throttle and speed, it was calculated to 340 g/kWh. For 30 knots the 
combustion efficiency is better and has been estimated to 240 g/kWh. The values have been interpolated in 
between to produce Figure 36 where it can be seen that the consumption will be around 3-6 liters per nautical 
mile, depending on speed.  
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Figure 36. Estimated fuel consumption for new design 

 
Comparing to land vehicles this is neither environmentally or economically efficient, but in relation to the 
superyacht it is a lot less, with higher speeds. There are two ethical point of views, in one way it can never be 
efficient to drive fast with large boats. On the other hand, if there is a need that will be covered in any case, a 
lightweight and optimized design alleviates the otherwise high consumption and environmental impact. 
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8 CONCLUSIONS, DISCUSSION AND FUTURE WORK 

As stated in the task description, the goal was to create a conceptual design for a high-speed superyacht tender 
in terms of hull form analysis and structural optimization. This is believed accomplished in this thesis, 
however more work and design is required before the boat can be built. Initially, a prototype test boat will be 
built. For such a high-speed craft, it is impossible to get it perfect through analytical design, and if the best 
product is desired, prototype testing will have to be done.   
 
As for goals 2 and 3 (Chapter 2.2 The project), an extensive market analysis has been made, concluding the 
market opportunity for a boat of this type, and still comparing with existing concepts. The main particulars are 
hence a compromise between the desired performance of a race boat, and the desired capacity and luxury of a 
tender. 
 
For the hull design, the resistance model was a success and the step parameters could be designed with help 
from it. The final parameter choice allowed the resistance to be lowered by 10% according to the model. The 
developed method for designing hulls might still need further validation, preferably with towing tank, and full-
scale tests. However, full-scale tests will have the issue with the uncertainty of the drivetrain efficiency, which 
is dependent on the hull design, speed and propulsion system as well as environmental factors. However, it is 
believed that by the thorough design performed in this thesis, the boat should be closer to the final product 
before the testing phase than if only designed by experience and designer know-how. This would mean that 
only minor changes to the designed boat will be required. Such changes could be fine-tuning of steps and 
spray rails in terms of both shape and position. The project goal relating to low planing threshold has not 
been addressed due to lack of time, and for low confidence in the resistance model for low speeds. 
 
Goals 5 and 7 about structural layout can be considered met. Many different structural layouts have been 
optimized for weight, and the most effective was chosen. As an example the optimized carbon sandwich 
bottom reduces weight of about 45% compared to a current single skin fibreglass bottom. In total, the saved 
weight throughout the hull and deck is belived to be about 30%. The hull constitutes only about 1/3 of the 
total dry weight in this concept, and thus the total weight reduction due to structural optimization is believed 
to be about 10%. The light motors are another huge save, reducing the weight in total about 15%. 
 
Considering the research and work conducted in this thesis, it can be stated that the recreational boating 
industry can benefit by using relatively simple methods for designing hulls and structures. The gap in the 
market for high-speed chase tenders can be filled, and by using high performance materials, careful analytical 
design, and light equipment, the performance can come closer to racing boats, lowering fuel costs and 
environmental impact. Also, market analyses and more communication with the expected costumers can 
probably used more than what is the standard today.  
 
Building wise, the production method will have to be defined and cost estimated. This also applies to all parts 
that go into the boat. Detailed structural design such as local reinforcement, tabbing and bonding must also be 
done. The general arrangement would be the next natural step in the design process towards a finished boat. 
All internal parts must be positioned and designed to ensure that everything will fit in a suitable, ergonomic 
manner. Also the general arrangement in terms of ventilation of accommodation and engine room, as well as 
piping and electrical must be defined.  
 
These aspects as not believed to cause any major changes to the hull shape or structural design, as the weight 
estimation is a very plausible one, and that there exists redundancy in moving heavy objects to achieve the 
same center of gravity. The boat is designed for a load case of half laden, so it will still manage its speed and 
running condition in a dry condition load case, should the boat turn out a lot heavier. However, a significant 
weight increase seems highly unlikely.  
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APPENDIX 1 - GIRDER SETUP COMPARISON 

 

Sandwich, 2 girders Length [m] 5 

     

   

Breadth 
[m] 1.6 

     

          

          Dimensions 
[mm] 

        

 
tw hw tc tf bf 

Core 
type Weight/m [kg] 

Girder 6 450 50 4 50 38 5.815 
 

58.15 

          Plate 1.4 1.8 35 
  

200 12.12 
 

96.96 

          Bulkhead 12 335 50 4 200 80 10.332 
 

15.498 

          

          Section total weight, 2 girders [kg] 
 

  
   

170.608 

          

          

          Sandwich, 4 girders 
       

          Dimensions 
[mm] 

        

 
tw hw tc tf bf 

Core 
type Weight/m [kg] 

Girder1 8 250 50 6 100 38 5.595 
 

55.95 

Girder2 4 530 50 2 100 38 5.039 
 

50.39 

          Plate 1 1.4 28.5 
  

200 9.54 
 

76.32 

          Bulkhead 12 335 50 4 200 80 10.332 
 

15.498 

          

          Section total weight, 4 girders [kg] 
     

198.158 
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APPENDIX 2 - STRUCTURAL WEIGHT 

 

 
Thickness (mm) 

 
Weight/m2 [kg] Areas 

 
Weight 

 
Inner Outer  

Core 
req Core type 

    

          Hull bottom 1.4 1.8 35 200 12.12 
 

30 
 

363.6 

          Hull sides 1.1 1.1 14 80 4.64 
 

28 
 

129.92 

          Deck sides 0.5 1 11 80 3.28 
 

26 
 

85.28 

          Decks 0.5 1 11 80 3.28 
 

15.4 
 

50.512 

          Deck bow 1.1 1.1 30 80 5.92 
 

10 
 

59.2 

          Superstructure 0.75 0.75 10 80 3.2 
 

10 
 

32 

          Accommodation 0.75 0.75 7 80 2.96 
 

8 
 

23.68 

          Bulkheads 6 6 50 80 23.2 
 

8 
 

185.6 

          Transom 2.5 3 30 200 14.8 
 

2.3 
 

34.04 

          Carbon beams for 
superstructure 1 1 10 80 4 

 
3 

 
12 

          

          

          

     
Weight/m [kg] Length 

  Stringers 3 3 50 40 4.64 
 

22 
 

102.08 

 
Thickness Width 

       Bulkhead reinf frame UD 4 200 
  

1.28 
 

21 
 

26.88 

          Stringer reinf frame UD 4 100 
  

0.64 
 

44 
 

28.16 

          Deck topsides frame UD 15 150 
  

3.6 
 

28 
 

100.8 

          Transom brackets 
        

20 

          Chine reinforcement 6.6 150 
  

1.584 
 

13.5 
 

42.768 

          Keel reinforcement 15 150 
  

3.6 
 

13.5 
 

48.6 
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          Total weight, structure [kg] 
       

1345.12 

          

          Hull weight [kg] 
        

618.928 

Structure weight [kg] 
        

362.72 

Deck weight [kg] 
        

363.472 
 
 

MATERIAL REQUIRED 

 

Material Type Amount Unit 

Carbon UD 1200 52.3 m2 

Carbon DBLT 1200  309.6 m2 

Carbon DBLT 800  82 m2 

Carbon DBLT600  42 m2 

Carbon DBLT400  30 m2 

Divinycell 35mm H200  32.3 m2 

Divinycell 14mm H80 28 m2 

Divinycell 10 mm H80 68 m2 

Divinycell 30mm H80 10 m2 

Divinycell 50mm H80 8 m2 

Vinylester 
 

430 kg 
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APPENDIX 3 - WEIGHT ESTIMATION 

        
 

        

STB is + 
and Port 
is - 

   

Vertical 
Moments 

Longitudinal 
Moments 

Transverse 
Moments 

Item Qty 
Mass 
kg 

Vertical 
lever 

Vertical 
Moment 

Lever 
from 
Transom 

Long. 
Moment 

Transverse 
lever 

Transv. 
Moment 

Hull   655 0.5 327.50 6 3930.00 0 0.00 
Deck, superstructure, 
accomodation   360 1 1.00 6.50 2340.00 0 0.00 

Structure   363 0.50 181.50 6.00 2178.00 0.00 0.00 
Local reinforcement 
allowance 10%   138 0.50 68.90 4.50 620.10 0.00 0.00 

Toilet    12 0.56 6.71 7.00 84.00 -0.95 -79.97 

Fridge 1   22 1.00 22.00 4.00 88.00 0.80 70.40 

Galley sink   4 0.90 3.60 4.00 16.00 0.30 4.80 

Bathroom sink   3 0.90 2.70 7.00 21.00 0.57 11.97 
Engines Ilmor MV10 
625 2 734 0.50 367.00 0.50 367.00 0.00 0.00 
Drives and 
transmission IMCO 2 386 0.30 115.80 0.50 193.00 0.00 0.00 

Batteries   90 0.60 54.00 1.50 135.00 0.00 0.00 

Deck gear   50 2.10 105.00 6.00 300.00 0.00 0.00 

Interior furniture   150 0.80 120.00 8.00 1200.00 0.00 0.00 

Bed interior   40 0.00 0.00 9.00 360.00 0.00 0.00 

Exterior Sofa 1   30 1.00 30.00 3.00 90.00     

Exterior Sofa 2   30 1.00 30.00 4.00 120.00     

Exterior Table   20 1.00 20.00 3.50 70.00     

Instrument panel   40 1.80 72.00 5.50 220.00 0.30 66.00 

Helm Seats 3 x 20kg   60 1.20 72.00 5.00 300.00 0.00 0.00 

Bow Thruster   24 0.20 4.80 10.00 240.00 0.00 0.00 

Tanks dry   100 0.40 40.00 3.00 300.00 0.00   

Piping and electrical   60 1.20 72.00 5.00 300.00 0.00 0.00 

Fenders and Lines   20 1.00 20.00 10.00 200.00 0.00 0.00 

tools   50 0.50 25.00 6.00 300.00 0.00   

Anchor windlass   15 1.75 26.25 12.00 180.00 0.00 0.00 

Anchor   30 1.50 45.00 12.00 360.00 0.00 0.00 
Drive station with 
windshield   120 1.50 180.00 5.00 600.00 0.00 0.00 

Cabin Heating   5 0.20 1.00 2.00 10.00 -1.00 -10.00 

Paint, gelcoat, glue etc   150 1.00 150.00 5.50 825.00 0.00 0.00 
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Chain   100 1.50 150.00 11.00 1100.00 0.00 0.00 

Sum   3861   2313.76   17047.1   63.20 

        
 

        

Tankage FW   200 0.40 80.00 6.00 1200.00 0.00 0.00 

Tankage Fuel   2000 0.40 800.00 3.00 6000.00 0.00 0.00 

Hot water   50 0.40 20.00 2.00 100.00 0.00 0.00 

Waste tank   20 0.40 8.00 6.00 120.00 0.00 0.00 

Sum   2270   908   7420   0 

 
    

  
        

Passengers aft 1 2 150 1.5 225 2 300 0 0 

Passengers aft 2 2 150 1.5 225 3 450 0 0 

Passengers driving  2 150 1.5 225 5 750 0 0 

Passengers additional 4 300 1.5 450 4 1200 0 0 

Luggage   300 1 300 6 1800 0 0 

 
    

 
0   0   0 

 
    

 
0   0   0 

Sum   1050   1425   4500   0 

         

         

 

Total 
weight VCG LCG LCG % TCG 

   Dry condition 3861 0.599 4.415 33.706 0.016 
   50 % Laden, 4 pass 5296 0.608 4.146 31.650 0.012 
   Fully laden, 4 pass 6431 0.571 3.991 30.468 0.010 
   Fully laden, 8 pass + 

luggage 7481 0.621 3.872 29.559 0.008 
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APPENDIX 4 - GLOBAL STRENGTH 

Element Length Thickness Area VCG Area moment bh3/12 Steiner 

Side 1.1 0.0037 0.00407 1.22 0.0049654 
 

0.00041 0.00088524 

Deck topside ud 0.15 0.003 0.00135 1.77 0.0023895 
 

0 0.00139457 

Deck topside DBLT 0.15 0.0015 0.000225 1.77 0.00039825 
 

0 0.0007049 

Deck   1.5 0.0015 0.00225 0.67 0.0015075 
 

0 1.5735E-05 

Hull bottom 1.6 0.0028 0.00448 0.335 0.0015008 
 

0 0.00078511 

Keel reinforcement 0.15 0.005 0.00075 0.05 0.0000375 
 

0 8.4169E-05 

Stringer 
  

0.0032 0.47 0.001504 
 

0.00017 0.00070688 

         Neutral axis 
    

0.75362634 
   

         I total 
       

0.01031401 

         ztop 
       

1.01637366 

zbottom 
       

0.75362634 

         

         Ztot 
       

0.01014785 
 
 
All parameters are in SI-units 
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APPENDIX 5 - EMAIL CONVERSATIONS 

Emails from Lorne Campbell 
 
Hello Jorgen, 
  
Attached is a short presentation I did at the HSBO Conference in Gothenburg last month.  It is very simple and was not intended as a technical piece – 
it had to be understandable for less technical people, too.  It might be of interest.  You will notice that I use Savitsky – split up between the different 
surfaces.  I looked at the Savitsky and Clement wake equations but came to the conclusion that they only worked for planing craft at low Froude 
numbers – i.e. only just on plane.  My opinion is that water is so dense that the solid water just has too much inertia to move out of the way of a high 
speed craft so all that happens is that the surface layer of water is scraped off by the hull and thrown aside as spray.  This leaves the underlying 
streamlines to continue from the edge of the step un-deflected – i.e. they run back parallel to the surrounding water surface in a straight line until they 
hit the next surface back.  Using the accepted wake equations makes the flow miss the aft surface altogether!  This idea is one you mention below, I 
think.  The ‘local trim angle’ is the angle each individual surface makes with the horizon, since with my method the flow from each step is parallel with 
the horizon.  I take the keel at the forward step as the zero datum – so a datum trim angle of 3.5 degrees means this bit of the keel has an angle of 
attack of 3.5 degrees.  If the surface behind has a keel parallel to the forward one then it has an angle of attack of 3.5 degrees, too.  If the 2nd surface 
keel is set at 1 degree more than the keel at the forward step then it has an angle of attack of 4.5 degrees – and so on.  
  
I haven’t bothered with changing the aft deadrise in the Savitsky equations for the aft surfaces away from their drawn deadrise – but maybe I should.  I 
will have to think about that.  I seem to get reasonable results compared with actual craft performances – but I do put ‘adjustment’ factors in!  
  
I would be interested to know what lengths you use for the Reynolds Numbers for each surface.  This can make a difference.  
  
By the way – I sent similar notes to Clas Norrstrand at The Lightcraft Design Group – to help a student named David Svahn who was doing similar 
work to you.  He has a paper, ‘Performance Prediction of Hulls with Transverse Steps’ which I presume you have seen.  I have to confess that I haven’t 
been through it properly although I noticed that my name is not mentioned, so maybe he didn’t find my comments useful.  Could I ask that – if you do 
find some use in my comments – that you actually acknowledge it in your final work, please?  It makes it worth the time.  If you don’t find them useful 
then, of course, this is not necessary. 
  
If you come back I will try to answer more. 
  
Best of luck, 
  
Lorne Campbell 
 
 
Jorgen, 
 
With Reynolds number I ended up using the full mean length from the transom 
to the mid span point of the stagnation line (i.e. ignoring the steps) for 
all the surfaces.  I had trouble when using the individual lengths of each 
surface because these are much shorter than the length for a non-stepped 
hull and it increased the Friction Coefficient.  I found (despite the 
reduced wetted surface area) that I was getting higher predicted resistance 
for the stepped hull than the non-stepped hull!  I knew this wasn’t correct 
because the actual stepped hulls were quicker than the non-stepped ones. 
Reynolds number is proportional to the wetted length, so a smaller wet 
length gives a smaller Rn – which gives a higher Cf.  By using the full 
length – as mentioned above – the wetted lengths for stepped and non-stepped 
are not too different.   
 
My adjustment factors are added at the end.  In broad terms, with water 
jets, I factor up the drags achieved to match the predicted thrust curves of 
the jet manufacturer, and with props I adjust the Propulsive Coefficients to 
match particular hull types and set-ups.  Yes – this requires experience and 
feed back from trials, etc.  
 
I haven’t had time to think properly about the local deadrise adjustment 
idea for the aft surfaces, but I will do so when I find a gap.  I suspect 
that my calculated trim angles come out a bit higher than actually happens 
in practice so reducing the deadrise of the aft surfaces would probably 
reduce these.  It would probably reduce predicted drag, too, though – would 
this give overly optimistic results?  Thinking a little further, just now, I 
am not convinced that reducing the deadrise is the right thing to do.  The 
method I use for predicting the wetted areas of the aft surfaces (as stated 
in my last email), takes account of the shape (dent) in the surface as the 
water leaves the step ahead of it – and this gives the correct wetted 
pattern in plan view (in my opinion) as shown on the presentation I sent. 
Also, when the flow hits the surface, the pressure created is normal to the 
real deadrise and this is the angle needed to compute the vertical pressure 
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component.  A lower deadrise would give a higher vertical pressure 
component, which, in turn, would reduce the required wetted area, which 
would then, presumably, reduce (falsely?) the estimated drag.  I hope this 
makes sense. 
 
Best wishes, 
 
Lorne 
 
 

Emails from Michael Morabito 
 
Jorgen, 
 
I worked up the problem using a bunch of different methods, and I can't get the lift to match. 
 
I sketched out the geometry as you described it in 3-D. 
 
Total Lift Necessary: 37,300 N 
 
Buoyant Force from Submerged Volume: 3,200 N 
(Note, usually buoyant force for planing hull is 1/2 the value of the submerged volume) 
 
Hydrodynamic Lift Required: 34,000 - 35,500 N 
 
_________________ 
Lift Method 1: 3 Separate Planing Surfaces 
I determined the lift from each one by using its angle of attack with respect to the horizon and the deadrise angle, using the chines dry lift 
equation.  The forward planing surface is a triangle, so it works fine.  Each aft planing surface is a trapezoid, so I calculated the total, using a notional 
projected wetted length if it was its own planing surface, then subtracted the lift from the forward triangle. 
 
Surface 
A 
Apparent Trim = 3 deg 
Cl = 0.0026 
Lko = 2.44 m 
Lift o = 6887 N 
Resultant Lift = 6887 
 
B 
Apparent Trim = 2.5 deg 
Cl = 0.0016 
Lko = 4.3 m 
Lift o = 13066 N 
Lk1 = 3.14 
Lift 1 = 7027 
Resultant Lift = 6039 
 
C 
Apparent Trim = 1.5 deg 
Cl = 0.0004 
Lko = 7 m 
Lift o = 8673 N 
Lk1 = 5.86 
Lift 1 = 6069 
Resultant Lift = 2604 
 
Total Lift = 15,530 N 
15,530N << 34,000 N 
 
This method seemed logical, but the lift was much less than you need.  To get the correct lift, the draft and the trim would need to be twice as much.  I 
think this is close to how you are doing it. 
 
_____________ 
Lift Method 2: Single Planing Surface 
I plotted the free surface with the Pi/2 wave rise added to the trim to estimate the wetted beam at the transom and the mean wetted length. 
 
Beam = 1.5 m 
Mean Length = 3.5 m 
 
Then, I used the Savitsky flat plate lift equation 
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Lift = 0.5 rho V^2 b^2 0.012 tau^1.1 sqrt(lambda) 
Lambda was 3.5 / 1.5 ~ 2.5 
Trim was tan-1 (draft/keel wetted length) = 1.9 deg 
Lift = 39,000 N 
 
If I added the deadrise term, this would reduce the lift somewhat, bringing it very close to the value of ~35,000 N needed. 
 
I tried the same process using Pierson's chines dry lift equation and calculated only 15,000 N. 
 
 
__________ 
Lift Method 3: Wagner (1932) 
Wagner's method uses added mass considerations to estimate the lift on a hull prior to chine immersion.  I believe it is covered well in Faltinson's book 
on high speed hydrodynamics.  I did not consider any of the steps, just the conditions at the transom. 
 
Force = 0.5 rho Pi C^2 V^2 Tan(tau) 
Where C is the wetted half-width at the transom. 
 
F = 26,000 N (Not bad) 
 
__________ 
Lift Summary: 
There are many different methods of estimating lift, none of which agree particularly well.  I am sorry to say that at this time, there are insufficient 
experimental data to justify any method for two step hulls.  We have just finished a series of experiments on twin-step planing hulls in the towing tank 
here, and there is a Ph.D. student working on developing an accurate prediction method.  Maybe in a few years it will be better. 
 
 
____________ 
Drag: 
Drag is easy -- Lift Tan (trim) + Friction 
I took the average trim of 1.9 degrees 
(3800 kg)(9.81 m/s2)(tan 1.9) = pressure drag = 1200 N 
Friction was based on wetted area = 4200N 
Total Resistance = 5400 N 
 
620 HP at 58 knots = 15,500 N of thrust 
Assume 25% loss due to wind and appendage drag 
Assume 60% prop efficiency 
Rt = 15,500 (0.6)(0.75) = 7000 N 
Not bad correlation 
 
_______________ 
Center of Pressure: 
Center of pressure for a chines dry planing hull is usually about the center of area.  In your case, it might be a bit farther forward, because the forward 
planing surfaces have higher angle of attack.  Thus, I would estimate center of pressure somewhere between 2.2M and 3M forward of the 
transom.  Your LCG is at 2.35 M forward of the transom (not bad). 
 
 
 
_____________ 
Conclusions: 
This was a very simple study that I did with a pencil on some scrap paper after dinner a few nights ago, so there may be some errors.  Regardless, I 
agree that using your method will cause the trim to be over-predicted compared to your full scale data.  I think that for twin step hulls with these very 
small step heights, the methodology must be re-evaluated and there should be significant efforts to correlate with new and existing tank test results.   
 
It looks to me like treating it as an un-stepped hull and providing a correction for wetted area might be a promising avenue.  Try running the hull in a 
Savitsky method program.  Subtract from the resistance the friction associated with the areas that you think should be ventilating, which can be 
determined by plotting the hull in 3-D, using the running trim angle. 
 
Otherwise, throw out the theory and make a big table of existing boats and how much horsepower they have.  You can plot (shaft horsepower / 
weight) versus speed for stepped hulls, and rapidly estimate power that way. 
 
I am not sure if this is any help to you. 
 
-Mike Morabito 
 
 
Jorgen, 
 
I am concerned -- it seems like your process is becoming very complicated.  Can you remind me of some of the basics... 
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Can you send me a drawing of your hull, showing the beam, step heights, deadrise, etc and also provide me with the displacement, center of gravity 
location and speeds of interest. 
 
Please also clearly state the problem that you are trying to solve.  There might be a more simple way to approach this. 
 
 
As far as the beam -- If you are assuming the hull to be always chines dry for both forebody and afterbody, you should consider using a chines dry lift 
equation for both forebody and afterbody.  Your calculation for beam seems correct though. 
 
The orientation of the lift force -- lift is defined as the component of force normal to the free stream velocity.   
 
-Mike Morabito 
 
Jorgen, 
 
Buoyancy keeps me up at night too. 
 
In Savitsky's 1964 paper, his equations include buoyancy.  There is a dynamic term and a static term.  If you take the hydrostatic term and multiply 
everything out to get lift, you will find it is roughly 50% of the static lift developed by the submerged portion of the hull, which is Lift =  [ rho g 
(lambda b) b (b tan tau) ] 
 
The chines dry lift equation does not include a hydrostatic term. 
 
-Mike 
 

Awesome!  I like the simplifying assumptions.  If you get it to work, it will be really great. 
  
The center of pressure of a triangular planing surface is more closely represented by 1/3rd or 3/8th the keel wetted length from the transom.  
  
Justification: Prior to chine immersion, the planing of a deadrise hull is well represented by a self-similar wedge impact solution (Wagner, 1932) , 
in which the pressure distribution in each longitudinal plane is scaled by the wetted beam of the planing surface.  What this means is that on 
average, the center of pressure will be the center of the triangle.  To be precise; however, you need to consider that the pressure at the step 
must be equal to the atmospheric pressure (zero) and so the center of pressure is a little farther forward. 
  
Assuming the wake profile is horizontal will cause problems at low and high speeds.  At low speeds, the wave profile is poorly represented by 
horizontal.  You can tell this by looking at any boat – there is a hole in the water that fills in behind the boat, not a parallel trough extending to 
infinity.  The length of the hole in the water depends on the speed of the boat.  It would be best to use my wake equations to find this angle.  If 
you don’t want to do that, try instead increasing the angle you use by 1-2 degrees.  This will produce more lift on the afterbody, causing the trim 
and draft to decrease.  
  
-Mike Morabito 
 
Jorgen, 
 
Beam is one of the most important measurements in the prediction of planing hull performance.  With all else the same, an unstepped planing hull with 
a narrower beam must run at a higher trim angle.  You can see the effect of beam by running the Savitsky method program with a variety of beams and 
plotting the results.  If the hull is running at a trim angle below optimum, reducing beam may be a solution.  You must be careful to avoid porpoising 
though.  At high speeds and high trim angles, porpoising is likely, and can be predicted using the plot at the end of Savitsky's paper. 
 
Beam also drives the hydrostatic stability of a hull, and therefore is sometimes limited. 
 
I have never seen any work in which a stepped hull is predicted using the Savitsky method by a reduction in effective beam, but it does not seem 
impossible.  If you discover that works, it would be very interesting.  We would need to find you more stepped hull data. 
 
Please let me know if you have any specific questions about beam. 
 
Regards, 
Mike Morabito 
 

 


