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3. SUMMARY 
3.1. Ship Placemat 

 
Figure 1 - Project Summary Placemat 

4. INTRODUCTION 
4.1. Why does this report exist?  

To prepare the initial design concept and technology evaluation the owner has requisitioned the 
services of Josh Graham, Chris Miller, Jonathan Naude and Sunday Young; hereby referred to as “Green 
Hulls Design Ltd.”.  This report covers the conceptual analysis for the catamaran sailing vessels to ensure 
the project has technical and financial viability for further refinement of the design. 

4.2. Statement of Organizational Purpose 
The purpose of the organization for this project is the creation of a conceptual design for a green energy 
sailing catamaran for the charter industry.  The project is evenly focused on technical and financial 
feasibility in this preliminary design.  The customer is looking to start a charter company based on the 
vessel design proposed by Green-hull Designs, and will be using the conceptual design for marketing and 
fundraising projects while the detailed design of the vessels is completed. 



4.3. Intended Audience 
This report is written for the owners of the new charter company.  It is intended to provide both the 
technical and financial feasibility analysis and will serve as the guiding document for the start of the 
detailed design phase.  The report is not intended for construction level guidance on the design as the 
detailed design phase is not yet completed. 

4.4. How is this report organized? 
The report is broken down into a number of subsections based on the functional areas of the vessel 
design and operation.  This is to allow for quick reference for technical and financial information. 

4.5. Who produced this report? 
The report is prepared by Green-hulls Design Ltd.  The founding partners of the organization are 
Jonathan Naude, Josh Graham, Chris Miller and Sunday Young. 

4.6. Overview of the Ship Design Project 
The vessel design project is currently at the conceptual design stage.  The major components have been 
selected, the hull has been analyzed for structural and hydrodynamic performance and the vessel has 
been verified against DNV-GL classification rules.  Future work will include the detailed design of the 
vessel including model testing, seakeeping analysis and further optimization. 
5. MISSION 

5.1. Project Scope 
5.1.1. Need 

The project was initiated by the customer as they saw an opportunity in the charter industry for 
marketing “green cruising” to the public.  The owners require a design for a catamaran sailboat that 
utilizes green design principles to profit off the untapped green charter market.  The vessel design will 
need to be both technically efficient as well as economically viable.  The owners of the new charter 
company have requested a conceptual design to be created as the first stage of the project. 

5.1.2. Goals 
The goal of the conceptual design is multifaceted.  The primary goal is to determine the economic and 
technical viability of creating this new market segment of eco-charter sailboats.  One other goal of the 
conceptual design is to create graphical representations that can be used for marketing purposes with 
the general public to raise interest and bookings as the design and construction proceeds.  The final goal 
of the conceptual design is to assist the owners of the charter company with raising funds for future 
stages of the project.  As such the economic analysis of the design is equally as important as the 
technical analysis. 

5.1.3. Objectives 
The objectives of the conceptual design are to develop a design model with an accuracy within 10% of 
the expected final design.  As such most of the details of the vessel will be designed, but small details 
such as specific hardware selection or sail manufacturer will not be specified.  Major components and 
systems, especially those related to the “green aspects” of the design will be fully defined to ensure that 
the technology has matured to the point that it can be integrated effectively.  Specific deliverables from 
the conceptual design report are: 



 General arrangement drawings of the vessel, including detailing guest spaces and the green 
aspects of the vessel 

 Stability and hydrodynamic analysis 
 Detailed calculation and analysis of the electrical systems with a focus on energy conservation 

and green generation 
 Vessel structural analysis for the indicated sea conditions 
 Ship propulsion analysis to ensure vessel performance at sea trials 
 Auxiliary system analysis will be detailed at a high level, with further development at future 

design stages. 
 Weight analysis of the vessel to determine the appropriate load conditions 
 Cost and financial benefit analysis of the vessel design for future project funding efforts 

5.1.4. Assumptions 
It has been assumed that the vessels will be constructed in North America on the coast, to minimize 
transportation costs after construction.  The owners would prefer construction in Canada or the USA.  
The final decision on where to build will be determined based on quotations at the construction bid 
stage. 

5.1.5. Constraints 
The constraints on the design are twofold.  The first is the use of a catamaran hull form employing green 
design and operational aspects.  The second constraint is that the design must be able to meet a number 
of financial constraints as listed in the critical performance parameters to ensure it is a financially viable 
design.  

5.1.6. Authority & Responsibilities 
The design firm has been authorized to perform the conceptual design of the vessels.  The design firm is 
responsible for providing the deliverables mentioned in objectives listed in Section 5.1.3 above. 

5.1.7. Budgets & Schedules 
Preliminary budgets for this project have been set at $800,000 to $1,000,000 per vessel.  With a total 
budget of 2.4 to 6 million dollars depending on the number of vessels produced.  The budget for the 
conceptual design stage of the project is 280 hours at a rate of $89 per hour for an estimated cost of 
$25,000.  The scheduled completion of the design report and presentation to the board of owners is set 
at April 23, 2016. 

5.2. Concept of Operations 
The owners of the vessel are looking to build a series of sailing vessels to be used in the development of 
a new chartering company.  It is intended that the vessels be manufactured in series, with an initial fleet 
between 3-6 vessels.  Three vessels will be manufactured under an initial contract with an option to 
extend the contract for the remaining three vessels depending on market demand when the first vessels 
are launched.   
The range for the vessels would be within the Caribbean.  The Caribbean was chosen as it has temperate 
weather year round and would have a high likelihood of maximizing the number of chartered weeks per 
year. Furthermore, the beautiful surroundings of the region make it a very attractive place for travel and 



there is certainly a group of tourists who are willing to pay top dollar for high end sailing charter 
services. 
The owners would like to maximize the profitability of the vessel fleet.  The current market standard for 
a catamaran charter is a minimum of 3 staterooms with a 3 head arrangement. The owners would like to 
maintain the staterooms for the guests aboard the charter, while also including crew quarters for a staff 
of two.  The two staff on the vessel will be a captain for navigating the vessel and a cook/ attendant for 
looking after the client’s needs and assisting with sail control.  The owners would like to be able to have 
live aboard amenities such a washer and dryer for guest linen and holding tanks for longer passages.  
Traditionally the vessels are chartered for 1-2 weeks at a time, but would need to be able accommodate 
the crew when transitioning the vessel within the Caribbean and possible trips to the USA for occasional 
service or repairs.    
The owners would like to differentiate the charter fleet by monopolizing on “green marketing”.  The 
concept is similar to the recent marketing of “LEED” certified buildings.  The use of renewable green 
energy in the design of the sailing vessel would allow the owners to market the vessel fleet as eco-
friendly cruising alternatives.  It is imperative that new energy capture technologies be explored to 
maximize the ability of the owners to market the vessels as cutting edge and green. Such technologies 
include, but are not limited to, solar cloth (http://www.solarclothsystem.com/ ), solar panels, wind 
power and current conversion devices.  
 The vessel should be able to cruise at 5 knots on electric power for up to 2 hours.  A lithium battery 
pack shall be provided to allow for all electric operation for the 2 hours including any hotel loads from 
the vessel.  A fuel cell and solar power generation system shall be provided to increase the cruising 
range to 8 hours at 5 knots.  The systems shall be designed for easy service and shall be able to be 
removed from the vessel when the vessel is in port to allow for offsite maintenance and repair. 
The owners have requested a catamaran hull form due to the large amount of available space for the 
given sailing performance, and the large demand for catamarans in the charter market.  The vessel 
would need to be able to be sailed single handed in the event that the captain is the sole person 
responsible for sailing the vessel.  The sail plan is to be designed to provide the maximum possible vessel 
speed while still being able to be operated single handed.  A traditional sloop rigged design is expected 
for the analysis, but the owner is open to alternative designs as well. 
As the vessels will be used for chartering, the ascetics of the vessel are critical to maximizing the 
utilization of the fleet.  Salon areas should be designed to maximize natural light and ventilation, 
creating a seamless transition between outdoor and indoor living areas.  The deck area can be mostly 
solid in construction; however, allowances should be made for including netted lounge areas on the 
vessel for clients to enjoy.  Easily accessed swim platforms in the hulls would be beneficial.  The main 
salon shall have sufficient space to accommodate up to 10 guests at a dining area.  The dining area can 
be a convertible space, but must be able to be converted to a dining area within 10 minutes or less.  
Each stateroom shall be equipped with a flat screen television of at least 32” and a Blu-ray player.  The 
vessel should be equipped with a wireless connected system.  The wireless system would connect the in 
room televisions to a common media server for streaming movies and would also provide internet 
connections when within range of shore based hotspots.  A WaveWifi model “EC-AP-ER” 
(http://wavewifi.com/products/ec-er-models/) or equivalent is required to provide the functionality 
required. 



The vessel must have the ability to house at least two kayaks.  The vessel should also include mounts for 
a zodiac dingy for tendering to shore, with provisions for a fish finder unit and electric drive system to 
facilitate fishing with clients.  The dingy should be between 12 and 14 feet in length and be able to be 
stowed without impacting the visual appeal of the vessel. 

5.3. Owner’s Requirements 
The galley of the vessel shall have as a minimum: 

— An electric oven  
— A fridge of at least 6 cubic feet 
— A freezer of at least 3 cubic feet 
— A microwave 
— At least 16 square feet of counter space for food preparation 

The vessel shall have at least 3 staterooms and 3 heads/showers for guests, and 2 crew cabins with their 
own heads and showers.  The vessel will require on-board laundry facilities for washing sheets and 
towels for the guests, and for the crew to clean their clothes.  The largest owner requirement is that the 
vessel integrates green technology.  The Owners would like the vessel to be designed to operate without 
burning any types of fuel. 

5.4. Existing Vessel Parametric Analysis 
To determine the best starting point for the vessel design a thorough analysis of the existing 
commercially available designs was performed.  The vessels reviewed were commercially available 
cruising sailing catamarans ranging from 13 meters up to 20 meters in length.  By examining the trends, 
or lack of trends, for each of the various vessel parameters it provides a commercially proven trend line 
to determine an optimal starting point for the design.  Most of the parameters were found by cross 
referencing multiple online sources; however, some parameters had to be estimated using analysis of 
photographs. 
The first parameter to be reviewed is the overall beam of the vessel for the given length.  



 
Figure 2 - Vessel Length Overall vs Beam Overall 
The above graph shows the distribution of the data for the various vessels.  The relative tight grouping 
around the trend line, as shown by an r squared value of 0.84, shows the trend of a convex parabolic 
relationship.  The beams of the vessel increase slightly less than linearly with the length of the vessel. 
The next parameter used for analysis is the beam of the individual hulls as a function of the overall 
beam.  This parameter was the least publicized and was determined almost exclusively through scaling 
from photographs.  

y = -0.0351x2 + 1.5511x - 7.4161R² = 0.8362
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Figure 3 - Combined Beam of Both Hulls vs Beam Overall 
The graph appears to show a relatively weak linear relationship of increased hull beam with increased 
overall beam.  The value of the overall beam ranged from 2.5 to 5 times the combined hull beam, with 
the mean value being close to 3.5 times the combined beam of the two hulls.  This will just be used for 
general guidance, but will not be a design driver. 
The next parameter combination inspected was the draft of the vessel for various lengths.  

y = 0.3136x - 0.2104R² = 0.3827
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Figure 4 - Vessel Draft vs Vessel Length 
The graph clearly shows the vessel draft is almost independent of vessel length.  The vessel drafts range 
from 1.1 to 1.7m and appear to be related to marketing and intended operation rather than geometric 
parameters.  Many of the vessels are designed to be brought close to shore in locations that have 
shallow beach access and therefore shallow draft is a desired quality.  The high draft vessels are aboard 
the vessels marketed as higher performance options.  To confirm this observation, the vessel draft as a 
function of displacement was also inspected. 
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Figure 5 - Vessel Draft vs Vessel Lightship Displacement 
Although the vessel displacement does show as a better predictor of vessel draft there is still a large 
spread in the data.  The vessels are marketed as their lightship displacement, which refers to the vessel 
without any fuel, water, passengers or supplies.  The general trend is increasing draft with increasing 
displacement, but the trend drops off rapidly showing the competing requirement of minimal draft.   
Although minimal draft will impair the vessel ability to effectively sail upwind the vessel is primarily a 
commercial venture where sailing performance comes secondary to the ability to bring the boat close to 
beaches.  Due to the large amount of interior volume that dagger board trunks occupy they will not be 
considered to provide increased draft when sailing far from shore; however, centerboards will be 
considered as they can easily be retracted when the vessel approaches the shore and would take up 
minimal interior volume. 
The next parameter to be evaluated was the vessel length as a function of the lightship displacement.  
Intuitively it would be assumed that increased length would result in increasing displacement. 
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Figure 6 - Vessel Length vs Vessel Lightship Displacement 
The expected trend is shown, in that the larger the displacement of the vessel the longer the vessel.  
However, the large spread in the data shows the wild variability in the currently marketed designs.  
Some vessels are designed to be the height of luxury and have a very large amount of installed 
equipment and heavy finishing’s such as granite counters.  These vessels have relatively high 
displacement for the given length.  Other vessels are designed to be high performance cruising vessels 
which may not have all the extra features of their heavier counterparts but have relatively low 
displacement for the length.  The spread in the market shows the wide variety of possible solutions to 
the requirements of customers, depending of where on the performance versus luxury scale the 
customer sees the greatest value.  To maximize the market acceptance of the design a median value will 
be selected as a target displacement. 
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The next parameter pairing is the installed power for propulsion as a function of the vessel 
displacement.   

 
Figure 7 - Vessel Installed Power vs Vessel Lightship Weight 
The graph does show an increase in the installed power as the displacement increases, but the large 
spread in the data is again driven by market pressures.  The vessels that appear to be outliers high above 
the trend line in the data set are vessels that are intended for being used as motor sailing vessels and 
may spend a fair amount of time under power instead of sail. The vessels well under the trend line are 
the performance sailboats which are intended to spend the majority of their cruising time under sail 
power.  Currently there are no vessels that are commercially available using electric drivetrains.  The 
trend is also seen when looking at the installed power as a function of the vessel length. 

y = 0.0043x + 21.01R² = 0.6032
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Figure 8 - Vessel Installed Power vs Vessel Length 
The large spread is also seen in this plot, with the motor sailors having disproportionately large installed 
power for the given vessel length.  The performance sailing vessels have lower installed power for their 
length. 
The next parameter pairing is one of the more crucial parameters for the sailboat.  It is the evaluation of 
the main and genoa sails as a function of the vessel length. 
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Figure 9 - Vessel Installed Sail Area vs Vessel Length 
There is a relatively strong linear relation between the sail area and the vessel length.  The highest 
correlation was when evaluating the total sail area against the vessel length.  The sail area to be used in 
the design will be based on the relationships found above.  The tight grouping of data for the trends 
indicates there will be minimal iteration required to find an optimal sail plan for the new design. 
The next parameter pairing reviewed was the size of the water and fuel tanks against the vessel length.  
As can be seen in the graph below there is very little dependence on the vessel length when selecting 
the water and fuel tank sizes.  
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Figure 10 - Vessel Fuel and Water Tank Volume vs Vessel Length 
The majority of the vessels had fuel and water tanks around 1000L.  The outliers were vessels designed 
for long distance cruising.  For the design of the current vessel a water tank size of 1000L will be used for 
the design.  As the vessel will not utilize a fuel tank as the vessel will not burn any fuels.  The only fuel on 
board will be for the fuel cell system and will be housed in small modular 10 liter containers purchased 
from the fuel cell manufacturer. 
The final parametric pairing to be analyzed was the number of staterooms and heads as a function of 
the vessel length.  For the purpose of standardization, staterooms listed as crew quarters are calculated 
as another stateroom.  For example, a vessel with 4 client staterooms and 2 crew quarters will be 
recorded as a 6 stateroom vessel. 

y = -24.475x2 + 948.01x - 7918.4R² = 0.4098Fuel Tank Volume

y = -37.301x2 + 1305.3x - 10285R² = 0.3888Water Tank Volume0

500

1000

1500

2000

2500

3000

12 13 14 15 16 17 18 19 20 21

Tan
k V

olu
me

 of 
the

 Ve
sse

l (L)

Length of the Vessel (m)

Vessel Fuel and Water Tank Volume as a Function of Vessel Length

Fuel Tank
Water Tank
Poly. (Fuel Tank)
Poly. (Water Tank)



 
Figure 11 - Vessel Accommodation Cabins and Heads vs Vessel Length 
The graph shows a very weak relationship between the vessel length and the number of 
accommodation spaces.  The reason for the spread in data is the intended purpose of the vessels.  The 
heavier and more appointed vessels have smaller staterooms but more of them, creating a feature rich 
vessel with a relatively high density inside the vessel.  The larger vessels with lower stateroom counts 
are generally the more luxurious vessels that have large staterooms and more open volume within the 
vessel.  From the general trends it is expected a vessel length of around 17m should be able to provide 
the 5-6 staterooms and 5 heads required for the charter vessel. 
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5.5. Critical Performance Parameters (KPPs) 
The owner’s requirements for the vessel hinge on two main factors.  The first factor is vessel 
performance; the other is the economic drivers for the project.  
Table 1 - Vessel Key Performance Parameters 

Vessel Key Performance Parameters Target Best case 
Cruising speed (electric drive without sails) 5 8 
Ability to easily crew the vessel 2 crew 2 crew 
Able to comfortably sail in year round conditions Sea state 4 Sea State 5 
Certification Classed with DNV-GL Classed and certified “Green Vessel” 
Maximum Allowable Draft 1.5m 1.2m 

 
Table 2 - Financial Key Performance Parameters 

Financial Key Performance Parameters Target Best Case 
Estimated Annual Rate of Return 4% 6% 
Ability to charter year round 32 weeks/year 42 weeks/ year 
Maximum payback period 6 years 4 years 

 
5.6. Summary of Ship Performance vs. KPPs (table) 

 
Table 3 - Summary Vessel Key Performance Parameters 
Vessel Key Performance Parameters Target Best case Actual 
Cruising speed (electric drive without sails) 5 8 7 
Ability to easily crew the vessel 2 crew 2 crew 2 crew 
Able to comfortably sail in year round conditions Sea state 4 Sea State 5 Sea State 4 
Certification Classed with DNV-GL Classed and certified “Green Vessel” 

Classed and certified “Green Vessel” 
Maximum Allowable Draft 1.5m 1.2m 1.2 m 
 
Table 4 - Summary Financial Key Performance Parameters 
Financial Key Performance Parameters Target Best Case Actual 
Estimated Annual Rate of Return 4% 6% 12 to 29% 
Ability to charter year round 32 weeks /year 42 weeks / year Able to Charter 42 weeks per year 
Maximum payback period 6 years 4 years 5.9 years  (32 weeks/year) 2.9 years (42 weeks/year) 



6. HULL FORM & HYDRO 
6.1. Summary of Hull Form Driving Considerations / Hull Form Development Rationale 

The first task undertaken by the design team was to complete a thorough market analysis of the 
currently available catamarans.  This was completed in a two-part analysis; the first part was a 
geometric analysis of existing designs and the second part was a financial analysis.  Details on the 
preliminary parametric geometric analysis can be found in Section 5.4.  Detailed financial analysis can be 
seen in Section 13. 
After the results of the preliminary geometric parameter analysis, a velocity prediction program was 
developed to combine the effects of the hull geometry and the sail geometry to assist in rapid 
preliminary design optimization. 

6.2. Velocity Prediction Preliminary Design Tool 
The velocity prediction program is designed to take the geometric parameters of the hull form and the 
sail plan and provide estimates for the vessel speed, given a wind speed and a desired heading.  The 
inputs to the model are given in the first two tables of the spreadsheet.  The remainder of the tabs 
calculates the various required parameters required for the resistance and driving force calculations.  
The output of the model is a speed polar diagram for the given true wind speed.   

6.2.1. Model Development Stage One:  Resistance Prediction of Bare Hulls 
The first stage of the velocity prediction tool was the development of a hydrodynamic hull resistance 
estimate.  A review was performed of current publication in the field of resistance prediction of 
catamaran hull forms.  Systematic series for various hull forms were explored.  The bulk of the series are 
broken down into two major categories: hard chine hull forms and round bilge hull forms.  The hard 
chine examples are: Muller Graf, Schwetz-Sahoo.   
 



 
Figure 12: Muller-Graf hull form 
The examples of models using round bilge hull forms are: NPL-Molland, Schwetz-Sahoo (2002), Sahoo 
(2004), Geurts (2009) 

 
Figure 13: NPL-Molland round bilge hull form 
The proposed hull form, as seen in Section 6.3, fits best within the round bilge hull form series proposed 
by Molland and extended by Geurts.  The difference between the Crouser-Molland formulation and the 



Geurts is in the catamaran form factor.  The Crouser (Molland) form factor is only a function of the non-
dimensional length, where the Geurts method uses a form factor dependent upon the Froude number. 
The approximate values of the various vessel parameters that will be looked at during evaluation are: 
 

LWL/BWL 13 - 14 
LCB/LWL 0.44 - 0.45 
BWL/Tc 2.3 - 2.5 
LWL/Vol1/3 6.5 - 7 
CP 0.65 
s/LWL 0.4 

 
 
From viewing the parameter range of the proposed vessels and the parameter range of the NPL-Molland 
series it can be seen that the vessel fits within the parameter range of the series.  The only factor that 
can fall outside the range is the Froude number (at low vessel speeds or very high vessel speeds).  This 
will be accounted for later by curve fitting methods outside the series range. 
To calculate the resistance of a variety of speeds a table was generated in the velocity prediction 
program.  The tabulated value of the resistance calculation can be seen in Appendix 16.7.  The table is 
comprised of velocities ranging from 0.2 knots up to 29.6 knots.  This is to provide a wide range for the 
data lookup when the VPP is selecting the appropriate forward speed for the sailboat. The Reynolds 
number and the Froude number are calculated based on the input parameters of the model.  The 
Reynolds number is calculated with an effective length, which is calculated as 0.7 of the waterline 
length.  This is due to the flow of the water around the canoe body of the sailboat hull. 

 
Figure 14: Rationale for reduced length for canoe body hulls 
Next the CF is calculated using the ITTC57 correlation. 

 
Next the a1 to a5 factors are interpolated for the given Froude number.  The interpolation is valid for 
Froude numbers between 0.2 and 0.95.  Outside of these bounds the function is no longer valid as the 



series is only evaluated in that Froude number range.  The interpolation is accomplished using a linear 
regression model from the ai factors and the following formula: 

 
The residual resistance is calculated using the input parameters.  The form factors are then selected or 
interpolated for the Molland-Crouser or Geurts method respectively. 

 
Figure 15: Crouser (1997) form factor table used in the Molland model 

 
Figure 16: Form factors as proposed by Guerts 
The resistance of the bare hull is then calculated as: 

= + (1 + )  
Where CT is equal to the total drag coefficient, CR is equal to the residual resistance calculated using 
Molland relations, β is the hull interaction factor, kmon is the catamaran form factor and CF is the 
coefficient of frictional resistance.   The resistance was calculated using both the traditional Molland 
method and the hybrid Molland-Guerts method.  Due to the closer agreement with empirical data the 
catamaran form factor, and the overall bare hull resistance, is taken from the results presented by 
Guerts.   
The bare hull resistance is extended to a rough hull resistance using utilizing the Roughness and fouling 
calculations [6]. A ΔCF is required to be calculated for the influence of roughness and for this the 
following methods and calculations where preformed.  



The first step was to define the roughness of the hull, for this it was assumed the hull will be coated with 
marine paint with antifouling agent applied as well, approximately 150 x 10-6 m. below is a table from 
Ship Resistance & Propulsion [6] which includes various roughness values used in industry.  

 
Figure 17 - Roughness of different materials 
Once a roughness coefficient was chosen the next step was to calculate the critical Reynolds number 
based on a typical friction diagram and calculations, where the critical Reynolds number is defined as 
the following;  

=  90  120  

Where ks is the roughness coefficient, x is the distance from the leading edge (LWL for the vessel) and 
the numerator was taken as 100 for approximate purposes. The critical Reynolds number was calculated 
to be approximately 1.1 x 107, which is below the Reynolds number for the hull of the vessel once it is 
cruising at approximately 2 knots. Therefore, it was essential to calculate an additional friction 
coefficient due to roughness of the hull.   
The first model used for describing the ship resistance prediction was the Bowden-Davison equation, 
which is derived from correlation with ship thrust measurements, the equation can be found below; 

 
This equation was intended to be used as a correlation allowance including roughness, rather than just a roughness allowance, and should therefore not be used to predict the resistance increase due to changes in hull roughness [6]. But using this equation alone isn’t sufficient since it has been determined that addition friction due to roughness is not independent of Reynolds Number. Therefore, the following equation, which incorporates the effect of Reynolds Number was utilized, proposed by Townsin (Ref 3.62 from Resistance & Propulsion [6]); 

  Lastly there was a need to calculate an approximate increase in friction due to hull fouling and wear. This was approximated as a 4% increase in ΔCF a month. This high ΔCF increase per month was assumed 



since the vessel is operating in tropical waters and will spend a lot of its time stationary for client’s comfort. This may lead to higher growth rates then typically encountered. It was also assumed that the hulls would be cleaned annually and any large dents or protrusions would be dealt with at the same time.    The final estimation of ΔCF, which is the sum of the Townsin equation, Bowden-Davison equation and the increase in roughness annually, was then added to the ITTC-57 calculation for CF was the formulation used in the velocity prediction program.   
6.2.2. Model Development Stage Two: Resistance Prediction of Appendages 

After determining the bare hull resistance including the effects of surface roughness, the next stage of 
model development was the addition of resistance due to appendages.  The appendage drag includes 
the drag due to the keel, the centerboard, the rudder and the propulsion system, which includes the 
drive shaft, shaft supports and propeller. 
The first stage of analysis is the evaluation of the frictional resistance due to the keel and centerboard.  
The Reynolds number is based on the chord length of the keel. 

 
The form factor for the resistance calculation is given by the formula proposed by Horner: 

 
The total viscous resistance for the keel is then given by: 

 
The residual resistance for the keel is estimated using the DELFT series residual resistance estimation 
method. The same method was employed for the rudder and the centerboard of the vessel.   

 
 
 



The next stage of development was the estimation of the drag due to the propulsion system.  The 
correlations were taken from the “Offshore Racing Congress: Velocity Prediction Documentation 2013”.  
The propulsion is assumed to be a tilted straight shaft arrangement as seen in the figure below. 

 
Figure 18 - Resistance of drag due to the propulsion system 
The design parameters are taken into the appendage drag formulation. The propeller is assumed to be a 
three solid blade design and the resistance of the drive system is determined using the following 
equations. 

 

 
=  1

2 (0.81 ) 
To get the total drag of the appendages the drag of the various components is summed up.  The 
appendage drag is then added to the bare hull resistance with the included roughness effects. It is finally 
converted to the required effective propulsion power values for the complete hull.  



6.2.3. Model Development Stage Three: Resistance Prediction Outside of Froude Range 
The sailing vessel will be operating above and below the Froude number limits set by the systematic 
series presented by Molland and Guerts.  To provide an estimate of the resistance data below the 
Froude number of 0.2 a curve fit of data was used.  The required effective propulsion curve is assumed 
to be of the form: 

 = +  
A1 and A2 are evaluated at two reference points.  The first reference point is with zero effective power at 
zero velocity.  This results in a value of zero for variable A2.   The second reference point is the required 
effective power at the first calculated result above a Froude number of 0.2.  This results in an A1 value 
of: 

=     
    

 
This curve fit is used for values below 5 knots based on the vessel parameters chosen.   

 
Figure 19: Required Effective Power for Various Ship Speeds 
From the curve in the figure above it can be seen that the resistance curve below five knots flows 
seamlessly into the resistance for the vessel above five knots, providing a good fit for the data that is 
below the Froude number of 0.2.  The same method was used to provide resistance for the vessel above 
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a Froude number of 0.95.  This resistance would likely be an overestimate of the resistance as the vessel 
speed would result in hydrodynamic lift on the hull resulting in a planning action that would reduce the 
resistance.  It is assumed that by neglecting the reduction of the resistance at higher speeds the 
resistance estimate will provide a conservative estimate. 
Resistance forces estimated by the model were compared to the values provided by the ORCA 
resistance estimation module.  Values were within the limits found by the velocity prediction program 
resistance estimates.  A table of values can be seen in Appendix 16.7. 

6.2.4. Model Development Stage Four:  Wind Power (Sail Forces) 
The sail force model is derived using two main sources.  The first source is the yacht design course notes 
which are derived from the DELFT series information.  The second source for information is the sail 
coefficients provided in the offshore racing congress velocity prediction program.   
To simplify the program optimization, the effects of reefing and flattening are not accounted for in the 
model.  Flattening the sail would increase the lift at angles close to the true wind angle.  However, 
flattening will result in lower total lift for a given wind angle when the sail is able to provide lift under 
normal un-flattened sail conditions.  The tradeoff is the ability to create lift where the normal sail 
condition would not be able.  The vessel is not intended to be sailed in conditions of very high winds so 
the effect on performance at high wind speeds is not relevant to the vessel operation.  Therefore, the 
effect of reducing sail area using reefing techniques is not included in the analysis. 
It is important to point out that the sail lift and drag components are in reference to the apparent wind 
angle taken as the apparent wind direction relative to the intended heading.   
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 20: Wind Direction Vectors 
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The lift and drag forces are perpendicular and parallel to the apparent wind angle.  They are then 
resolved into the force acting along the direction of the vessel movement, referred to as the drive force, 
and the force perpendicular to the vessel, referred to as the heeling force. 
The main sail lift and drag coefficients are taken from page 36 of the ORC VPP paper.  They are: 

 
Figure 21: Main sail lift and drag coefficients 
The sail is assumed to be a simple construction so the low value is used.  The “hi” values are for sails that 
have adjustable check stays.  As the vessel is designed for single handed sailing the simplified sail plans 
were selected to minimize the adjustment required by the crew.  The simplified sail plan also has less 
rigging wires, resulting in a less cluttered deck profile and a cleaner appearance for the guests.  The 
appearance of the vessel and the simplicity of sail control outweigh the vessel sailing performance. 
The genoa sail lift and drag coefficients are taken from page 38 of the ORC VPP paper.  They are: 

 
Figure 22: Genoa sail lift and drag coefficients 
The low values are for a genoa sail that does not have an adjustable forestay.  Similarly, to the main sail 
the simple non-adjustable rigging plan will be used to limit the amount of adjustments the crew would 
have to make.  The dCL is the amount that the lift coefficient needs to be reduced when using a roller 
furling foresail.  So for the simplicity of sail operation the CL_low and CD_low values will be used with 
the correction for a roller furling genoa sail. 
The spinnaker sail lift and drag coefficients are taken from page 40 of the ORC VPP paper.  They are: 

 
Figure 23: Spinnaker lift and drag coefficients 
The sail lift and drag coefficients are calculated by measuring the apparent angle of attack due to the 
apparent wind direction.  The apparent wind direction on the sails is taken to be the apparent wind 
direction minus the angle of attack on the hull.  This is to account for the fact that the sails can only be 
set to the angles dictated from the sailboat centerline, not the direction of the sailboat travel.  The angle 
of attack on the hull is relatively small to the apparent wind angle for most cases, but it does restrict the 
vessel ability to sail close to the wind because the difference in the two values becomes small.   



The coefficients are then combined into composite lift and drag values that account for the lift and drag 
for each of the sails combined into coefficients for the lift and drag for the sail plan.  The combination is 
done using the formulas developed by DELFT. The excerpt from the yacht design course offered by 
SNAME at WMTC 2015 [5] is shown below. 

 
The drag components of the sails are broken into the viscous drag (with coefficients shown in the tables 
above), induced drag caused by the lift force on the sail and the drag of the vessel and rigging due to the 
apparent wind. 

 
The combined sail plan viscous drag is calculated using the following equation: 

 
The induced viscous drag of the sail plan is calculated from the combined lift coefficient using lifting line 
theory as per the following equation: 

 
The final component of the drag is the drag due to the hull and rigging.  This is calculated using the 
equation developed by DELFT.  This drag value will be higher than the value for the catamaran as it was 
developed for monohulls and based on a maximum beam.  The catamaran hull form has open area for 
the wind to pass through that would be considered solid in the equation.  In absence of better 
relationships for the wind drag on the vessel this conservative estimate was used in the model. 

 



The normalized sail area is found using relationships developed by DELFT.  It effectively uses the 
projected area of the sails when the sails are fully sheeted in. 

 
Figure 24: Sail Area and Center of Effort Formulas 
The areas are calculated using the relationships shown above.  The only difference is that the vessel 
proposed for the sailing catamaran project does not include a mizzen sail.  The center of effort for each 
sail is calculated then combined using the following formula: 

 
The lift and drag coefficients found through the preceding analysis are then dimensionalized to force 
values by using the equation: 

= 1
2      

The lift and drag forces are perpendicular and parallel respectively to the apparent wind angle.  These 
forces are then converted into a driving force and a heeling force using the apparent wind angle.  The 
drive force is the force along the direction of travel and the heeling force is the force perpendicular to 
the path of travel.  The heeling force results in a heeling moment that is resisted by the stability of the 
vessel.  An apparent trend is that the GM of the vessel transversely is approximately 75% of the beam of 
the vessel.  As the metacentric height for catamarans is very high (approximately 6.5 m for the vessel 
size proposed) the heel angle due to the heeling moment is relatively small for most cases.  The 
maximum heel angle for a 10 knot true wind speed is approximately 10 degrees based on the GM at 
static conditions.  The effect of heeling was not included in the velocity prediction program as it is a 
relatively small component for most heading angles. 
The lift on the keel, centerboard and rudder are calculated for an assumed angle of attack on the hull.  
This assumed value is later iteratively solved to ensure the estimate is accurate. 



The lift on the keel, centerboard and rudder are calculated for an assumed angle of attack on the hull.  
This assumed value is later iteratively solved to ensure the estimate is accurate. The calculation on the 
keel and rudder lift estimation will be covered below.  
Control surface terminology: 

 
Table 5 - Control Surfaces Nomenclature 

Definition Symbol Equation 
Span b - 

Tip Cord ct - 
Root Cord cr - 
Mean Cord c (ct+cr)/2 

Planform Area AR b*c 
Geometric Aspect Ratio Ʌg b/c 
Effective Aspect Ratio Ʌ (2*b)/c 

Taper λ ct/cr 
¼ Cord Sweep Angle ꭥ - 

Angle of attack α - 
 
For both the keels and rudders on this vessel the lift was calculated utilizing the semi-empirical data for 
low effective aspect ratio lift [8]. Therefore, the lift coefficient for these sorts of control surfaces is 
defined by the following equation: 

 
 



Where the lift cure slope is defined by: 

 
The cross-flow drag coefficient is defined by: 

 
The lift coefficients found through the preceding analysis are then dimensionalized to force values by 
using the equation: 

= 1
2   

 
Where the apparent velocity of the lift surface is a function of apparent wind speed and direction which 
create the driving force on the sails as covered above.  
All these parameters were defined in the velocity prediction program. An optimization task was then 
performed to determine an optimal keel, rudder and centerboard characteristics to maximize vessel 
speed. The results of this analysis can be found in Section 6.2.5.  
Having found all the forces on the sailboat that are required to perform the analysis, the forces are then 
summed up to allow for the iterative solver to revise its estimates for the forward velocity and the angle 
of attack of the hull.  The simpler of the two balances is the balance of the drive force with the drag 
force of the underwater portion of the vessel.  The estimate of the forward speed is then performed by 
linear interpolation of the drag force computed in the resistance section.  To limit the error due to linear 
interpolation the step size of the resistance curve is 0.2 knots.  By taking such a small step size in vessel 
speed the interpolation bounds are relatively narrow. 
The force balance in the side slip direction (the heeling force) is more complicated.  The force to be 
resisted by the side slip of the vessel is calculated by taking the heeling force and subtracting the lift 
from the underwater portion of the vessel.  This force is balanced by the bluff body drag of the vessel for 
a side slip velocity.  The drag coefficient is assumed to be that of a flat plate for the sideways motion of 
the vessel and the area is taken as the wetted surface area of one hull and two keels to be conservative.  
The equation is solved for the side velocity.  From a vector triangle of the forward and the side velocity 
an estimate of the angle of attack on the hull is provided for the iterative solver to use. 
The iterative solver takes the calculated estimated forward speed and the slip angle and updates the 
estimates provided to the model at the start of the spreadsheet.  The solver uses a hybrid bisection 
method for maximum stability.  The model is very sensitive to the angle of attack of the underwater 
portion of the vessel.  Therefore, the solver takes 1/3 of the calculated estimate and 2/3 of the original 
guess to provide a new guess value to input to the model.  It then iterates continuously until the error is 
less than the threshold.  The code can be found in the Appendix 16.8.  The solver macro is activated 



using a push button on the wind velocity sheet allowing for many sheets to be calculated separately for 
different true wind velocities. 

6.2.5. Hull Speed Optimization 
After completion of the velocity prediction tool an optimization task was performed to determine 
optimal keel, rudder and centerboard characteristics to maximize vessel speed.  The velocity prediction 
tool was used by setting the true wind velocity to 10 knots and the vessel speeds across the various 
headings was calculated.  The effect of centerboard span was analyzed as well as keel span, chord, 
thickness, sweep angle as well as taper.  The rudder was optimized for taper.  The base case conditions 
are taken to be: 
Table 6 - Base Case Keel, Centerboard and Rudder Geometry 

BASE CASE 
Parameter Symbol Value Units 
Main Keel Root Chord LKRC 2.000 m 
Main Keel Tip Chord LKTC 1.500 m 
Main Keel Span Leading Edge LKSLE 0.700 m 
Main Keel Span Trailing Edge LKSTE 0.700 m 
Main Keel Maximum Thickness at Root tKR 0.400 m 
Main Keel Maximum Thickness at Tip tKT 0.300 m 
Main Keel Sweep Angle AngleKS 10.000 degrees 
Main Keel Geometric Aspect Ratio  0.400  
Main Keel Effective Aspect Ratio  0.800  
Centerboard Keel Root Chord LKRC 0.500 m 
Centerboard Keel Tip Chord LKTC 0.500 m 
Centerboard Keel Span Leading Edge LKSLE 1.000 m 
Centerboard Keel Span Trailing Edge LKSTE 1.000 m 
 Centerboard Keel Maximum Thickness at Root tKR 0.200 m 
Centerboard Keel Maximum Thickness at Tip tKT 0.150 m 
Centerboard Keel Sweep Angle AngleKS 10.000 degrees 
Centerboard Keel Geometric Aspect Ratio  2.000  
Centerboard Keel Effective Aspect Ratio  4.000  
Rudder Root Chord LRRC 0.750 m 
Rudder Tip Chord LRTC 0.500 m 
Rudder Span Leading Edge LRSLE 0.750 m 
Rudder Span Trailing Edge LRSTE 0.750 m 
Rudder Maximum Thickness at Root tRR 0.150 m 
Rudder Maximum Thickness at Tip tRT 0.100 m 
Rudder Sweep Angle AngleRS 10.000 degrees 
 Rudder Geometric Aspect Ratio  1.200  
Rudder Effective Aspect Ratio  2.040  

 



6.2.6. Centerboard Optimization 
An optional characteristic in the vessel design is the inclusion of a centerboard into the main keel.  The 
addition of the centerboard would increase the vessel cost and construction complexity during 
construction and operation.   The results from the model show that adding a centerboard does increase 
performance when sailing close to the wind, but the benefit is rapidly outweighed by the added drag. 

 
Figure 25: The effect of centerboard span on the vessel sailing speed for angles close to the wind 
The case of a 3m centerboard span the vessel is now able to sail 20 degrees to the true wind, where the 
lower span cases are only able to sail at 25 degrees to the wind.  Although not easily seen in the chart 
the values of longer span have higher performance at 25 degrees from true wind direction, but after 
that point they perform worse than the case without the centerboard.  Therefore, from an operation 
point of view it would be best to only use the centerboard in the extended position for angles of 25 
degrees or less from the true wind direction.  A plot of the vessel performance at larger angles is seen 
below. 
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Figure 26: The effect of centerboard span on the vessel sailing speed for angles close to perpendicular to the wind 
As seen in the expanded plot shown above the frictional drag of the centerboard far outweighs the 
benefits gained in the lift from the centerboard.  This trend is seen from 30 degrees up to 330 degrees 
from the true wind direction.  The trend is seen easily at the 100 degree from the wind direction.  This is 
because a large portion of the lift is actually coming from the sails so the lift from the keel is not as 
critical.  The data for the entire series is shown below. 
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Figure 27: The effect of centerboard span on the vessel sailing speed 
Based on the data generated by the model the decision has been made to go with the simpler fixed keel 
without the centerboard to minimize the effort required to sail the vessel and to minimize the 
construction and maintenance costs.  The tradeoff for this simplicity is the reduction in upwind 
performance as the vessel will be restricted to sailing 25 degrees to the true wind direction.  The 
remainder of the optimization is performed assuming no centerboard. 
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6.2.7. Keel Chord Length Optimization 
The next parameter to be varied was the keel length.  The base case described above is used with the 
change of no centerboard included. 

 
Figure 28: The effect of keel chord length on the vessel sailing speed at small angles 
Although hard to see in the graph above the highest performing point at 25 degrees to the true wind 
was the 1m at the root chord length or the 4m at the root chord length.  The data points have a very 
small spread ranging from 2.646 knots for the two cases indicated above to the lowest point of 2.573 
knots for the vessel without the keel.  This small variation is likely due to the short span of the keel at 
only 0.7m deep.  At 30 and 35 degrees to the wind the optimal keel chord length is 0.5m root and 
0.375m tip.  Beyond 35 degrees to the true wind the optimal keel is to have no keel.  However as 
mentioned previously the variation in the vessel speeds for the various keel lengths shows very little 
variation across the speed range. 
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Figure 29:  The effect of keel chord length on the vessel sailing speed close to 90 degrees to the true wind 
 
The effects of the keel chord length at angles close to perpendicular to the wind show the greatest 
variability as shown in the figure above.  The vessel without the keel has the greatest performance at 
these angles.  The variability at this heading is exaggerated due to the other headings as it has the 
highest vessel speeds and therefore the effect of the added friction due to the longer keel will result in 
more drag for small gains in lift. 
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Figure 30: The effect of keel chord length on the vessel sailing speed 
When looking at the complete graph it is difficult to see the difference in the curves at most points.  This 
is due to the short span of the keel (due to the draft restrictions).  Based on the analysis above the 2m 
long keel will be kept in the design as it performs almost exactly as well as the optimal keel at 25 
degrees and will provide better pointing ability than the shorter 1m long keel. 
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6.2.8. Keel Thickness Optimization 
The next parameter to be varied was the keel thickness as a function of keel chord length.  The base 
case described above is used with the change of no centerboard included.  The base case was a 
thickness of 20% of the keel chord length. 

 
Figure 31: The effect of keel thickness on the vessel sailing speed for angles close to perpendicular to the true wind 
The data showed a consistent trend across the data set of increased drag being the dominant effect of 
increased keel thickness.  The thin keel profiles provided the fastest sailing speeds.  This is a little 
counter intuitive as we would expect the increase curvature would create more lift for the keel.  
However, as the low aspect ratio keel design formulas do not directly account for keel thickness the 
model would not show the increased lift of the keel with higher curvature sections.  So the increased 
thickness just increases the drag in the model due to the increase in form factor in the viscous 
resistance. 
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Figure 32: The effect of keel thickness on the vessel sailing speed 
As expected the effect of the change in keel thickness has a small effect on the sailing performance as 
the drag due to the keels is relatively small in the total hull resistance of the vessel.  For the vessel 
optimization the original profile of a thickness of 20% of the keel chord length will be maintained as this 
has only a small reduction in speed and will likely be easier to construct and will have better 
performance than the thinner sections. 
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6.2.9. Keel Span Optimization 
The next parameter to be varied was the keel span.  The base case described above is used with the 
change of no centerboard included.  The base case was a span of 0.7m.  The span was reduced as well as 
increased up to 2m in depth.  The design constraints do not allow for such a long keel as the draft would 
be excessive, but the analysis was performed to see the effect. 

 
Figure 33: The effect of keel span on the vessel sailing speed at small angles 
Similar to the results of increasing the centerboard span the best performance for the vessel when 
sailing 25 degrees or less to the true wind direction is the longest keel in the analysis pairing.  The 2m 
long keel span results in the ability to sail 20 degrees to the true wind angle, where the other designs are 
not able to sail that close to the wind.  After 25 degrees the viscous friction on the longer span keels 
results in lower overall boat speeds. 
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Figure 34: The effect of keel span on the vessel sailing speed at angle close to 90 degrees from the true wind direction 
The graph clearly shows the same trend we saw in the increased centerboard span.  The viscous friction 
in these higher speed regions far outweighs the benefit of more lift from the keel due to the longer 
spans. 
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Figure 35: The effect of keel span on the vessel sailing speed 
Due to the relatively small benefit of going to a 1m span keel compared to a 0.7m keel at 25 degrees and 
the lower performance of the 1m keel at higher angles to the wind the 0.7m keel initially proposed will 
be kept in the design. 

6.2.10. Keel Sweep Angle Optimization 
The next parameter to be varied was the keel sweep angle.  The base case described above is used with 
the change of no centerboard included.  The base case was a sweep of 10 degrees.  A higher sweep 
angle increases the keel’s ability to avoid tangling in underwater obstacles such as fishing lines or 
seaweed, thus increasing the chances of maintaining performance of the vessel over time. 
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Figure 36: The effect of keel span on the vessel sailing speed 
The data is very closely grouped with a maximum difference of less than 0.01 knots.  The model does 
not accurately predict the reduction in lift from the airfoil for the different sweep angles.  For the 
optimal case a sweep angle of 15 degrees was chosen to allow for shedding of underwater debris while 
not excessively swept as to reduce the lift from the keel. 
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6.2.11. Optimization by Aiming for Elliptical Loading on the Keel 
The next optimization was performed based on modifying the taper and sweep angles to get as close to 
an elliptical load on the keel.  The ideal load on a lifting surface is one that has an elliptical load. 

 
Figure 37: Ideal sweep angle and taper combination to approximate elliptical loading (C.A. Marchaj, Aero-hydrodynamics of sailing, Dodd, Mead & Company, 1979 
Based on the above formulation an ideal taper ratio of the keel root chord compared to the tip chord 
was chosen for a sweep angle of 15 degrees.  Values around 0.32 were explored.  The optimization 
found an ideal taper of 0.3 which resulted in higher performance than the optimized keel found 
previously.  The results were also applied to the rudder which also resulted in higher performance.  The 
optimal dimensions chosen were: 
 
 
 



Table 7 Optimizad Hull Form Keel, Centerboard and Rudder Geometry 
Optimized Hull Form 
Parameter Symbol Value Units 
Main Keel Root Chord LKRC 2.000 m 
Main Keel Tip Chord LKTC 0.600 m 
Main Keel Span Leading Edge LKSLE 0.700 m 
Main Keel Span Trailing Edge LKSTE 0.700 m 
Main Keel Maximum Thickness at Root tKR 0.200 m 
Main Keel Maximum Thickness at Tip tKT 0.060 m 
Main Keel Sweep Angle AngleKS 15 degrees 
Main Keel Geometric Aspect Ratio  0.538  
Main Keel Effective Aspect Ratio  1.077  
Centerboard - not included in design    
Rudder Root Chord LRRC 0.750 m 
Rudder Tip Chord LRTC 0.263 m 
Rudder Span Leading Edge LRSLE 0.750 m 
Rudder Span Trailing Edge LRSTE 0.750 m 
Rudder Maximum Thickness at Root tRR 0.150 m 
Rudder Maximum Thickness at Tip tRT 0.053 m 
Rudder Sweep Angle AngleRS 15 degrees 
 Rudder Geometric Aspect Ratio  1.481  
Rudder Effective Aspect Ratio  2.519  

 
 
 
 
 
 
 
 
 
 
 
 
 



The speed polar for the optimal design is shown in the plot below. 

 
Figure 38 - Speed Polar Diagram (10 Knot Wind) 

6.3. Hull Geometry 
The Hull geometry was defined though the parametric study preformed early on in the design, details on 
the preliminary parametric geometric analysis can be found in Section 5.4.  Also once the VPP program 
has been optimized the hull geometry was well defined for the underwater section of the vessel.  
The initial hull geometry was created utilizing Rhino and can be seen below;  
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Figure 39 – Initial Hull Geometry 
Once the general arrangement of the vessel was being defined it was found that the hulls were too 
slender for the required living space. Therefore, a chine was added above the waterline on both sides of 
each demihull so as to not affect the resistance of the vessel but increase the living area by an 
appropriate amount.  The final hull geometry can be found below; 

 
Figure 40 - Final Hull Geometry 
It is understood that the hull would require some additional faring to produce a more manufacturable 
hull form. Due to the limited time and a need to produce many more deliverables it was decided that 
hull faring was out of the scope, but would be a top priority if the design was to go forward to the next 
design stage.  



6.3.1. Body Plan 

 
Figure 41 - Body Plan Lines Plan 

 
6.3.2.  Lines plan 

 
Figure 42 - Sheer Plan and Full Breadth Lines Plan 
 
 
 
 
 
 
 
 
 



6.3.3. Principal Dimensions and Coefficients Table 
 

Table 8 – Principal Dimensions and Coefficients 
Green-hull Designs Ltd. Catamaran Sailboat 
All Hull Parameters Pertain to A Single Hull 

Length Overall (m) 17.35 LWL/LPP 1.06 
Length Water Line (m) 16.22 L/B 13.52 

Length PP (m) 15.24 B/T 2.11 
Breadth WL (m) 1.2 CP 0.654 

Draught (m) 0.568 Cx 0.907 
Wetted Surface (m2) 31.4225 Weight (kg) 17035 
Sail Plan Area (m2) 433.5 Water Clearance Height (m) 0.8 

 
6.4. Hydrostatics and Stability 

6.4.1. Stability Criteria Used 
The stability criteria were taken from the DNV-GL standard for Yachts (RU-YACHTS Part 3, Chapter 10) 
[11].  It is broken down into two main headings; intact stability and damaged stability.   
For static stability our vessel does not fit within the scope of the standards.  The closest section is 
Section 3.1 [11], which states that for passenger multihulls (13-36 passengers) the maximum GZ value 
shall be at least 10 degrees.  The vessel being designed is only designed for a 10 passenger load; 
however, for added safety we will ensure we meet this criterion.  Catamarans have a very high GM both 
laterally and longitudinally, thus the omission of multihulls from traditional vessel stability 
requirements. 
Section 3, heading 2 [11] states that the damaged stability requirements only apply to multihulls greater 
than 24m; therefore, as the vessel will be less than 24m the vessel is not subject to damaged stability 
requirements.  However, for added safety damaged stability will be evaluated to ensure safety. 
Section 3.2.1 [11] calls for 3m of damage extension plus 2.9% of the vessel length up to a maximum of 
11m.  For the 17m vessel being proposed this would equate to 3.5m of damage extension.  The vessel is 
designed with bulkheads at 4m, 7m and 10.9m not including the crush bulkheads.  So the damaged 
stability requirements would apply to a one compartment flooding situation.  A simplified model was 
used for estimating the damaged stability effects based on simplified geometry and the lost buoyancy 
method.  The model geometry is shown in the image below. 



 
Figure 43 - Simplified Hull Geometry for Stability Analysis 
The beam and taper was adjusted to match the actual vessel draft and displacement.  The beam was 
adjusted to 1.2m for the hull and the taper is 6.3m. 
For damaged stability requirements Section 3.3.1 [11] states: 

The stability required in the final condition after damage, and after equalization where provided, 
shall be determined as follows:  
— The positive residual righting lever curve shall have a minimum range of 15° beyond the angle of 

equilibrium.  
— The area under the righting lever curve shall be at least 0.015 meter-radians, measured from the 

angle of equilibrium to the angle at which progressive flooding occurs.  
— A residual righting lever shall be obtained within the range of the positive stability of at least 

0.1m. 
The requirement for 15 degrees of additional righting arm curve is not required as earlier statements in 
the standard state that multihulls are not subjected to those criteria. 
Section 3.3.3 [11] states: 

The final conditions of the yacht, after damage and after equalization measures have been taken, 
shall be as follows:  

-5
-4
-3
-2
-1
0
1
2
3
4
5

0 2 4 6 8 10 12 14 16 18

Bea
m (

Zer
o Ta

ken
 at 

Cen
terl

ine
)

Length from Forward Perpendicular



— In case of symmetrical flooding there shall be a positive residual metacentric height of at least 
50 mm.  

— In case of unsymmetrical flooding, the angle of heel for one-compartment flooding shall not 
exceed 7°, for the simultaneous flooding of two or more adjacent compartments, a heel of 12° 
may be permitted by the Society. 

— In no case shall the final waterline be less than 300 mm below the level of any opening through 
which progressive flooding could take place. 

The standard requires that any bulkheads used for damaged stability have the ability to structurally and 
hydrostatically maintain a watertight seal.  Therefore, it is assumed in the analysis that proper 
watertight doors and fittings will be used in the various bulkheads.   

6.4.2. Intact Stability Results summary table 
That static intact stability shows a high metacentric height, with a longitudinal GM value of 40.0m and a 
transverse GM value of 29.2m.  The heeling arm curve is represented in the figure below. 

 
Figure 44: Intact Stability Righting Arm Curve 
From the figure above we can see that the maximum GZ value is at 10 degrees and stability remains up 
to 60 degrees.  This meets the requirement for a GZ at 10 degrees or greater.  The complete stability 
output from ORCA can be found in Appendix 16.5. 
 



6.4.3. Limiting KG diagrams 
The limiting KG diagram was not prepared as the GM values are so high that the additional mass would 
have to be located close to the top of the mast to make a considerable difference to the stability. 

6.4.4. Damaged Stability Cases 
Although the standard only requires a damage intrusion length of 3.5m for the vessel being designed a 
number of cases were analyzed for the damaged stability case.  The cases were: 
Table 9 - Damaged Stability Cases 

Damage Case Transverse Heel Angle Longitudinal Trim Angle Transverse GM Longitudinal GM 
Undamaged 0 0 24.69 56.81 

First Bulkhead Flooded 0.43 degrees 0.50 degrees 23.44 40.50 
First Two Bulkheads Flooded 1.62 degrees 1.81 degrees 20.96 33.33 

First Three Bulkheads Flooded 4.73 degrees 5.34 degrees 17.23 28.74 
Stern First Compartment Flooded 3.13 degrees 1.84 degrees 18.84 35.14 
Stern Two Compartments Flooded 7.82 degrees 2.25 degrees 15.13 29.48 

 
Based on the trim angles and the vessel design the minimum freeboard with the front three 
compartments flooded in one hull is still 0.5m.  Going above the standards requirements and flooding 
two compartments, the GZ value is still estimated at 1.4m.  With the front two compartments flooded 
and assuming a linear trend to zero (a conservative estimate) the area under the GZ curve would be at 
least 0.05m radians.  So all damaged stability requirements have been met using the design suggested in 
this report, even if the damage is extended further than the standard requires.  A summary of the 
damaged stability is presented below: 
 
 
 
 
 
 
 



Table 10 - Damaged Stability Summary 
Stability Requirement Actual Value Pass/Fail 
The area under the righting lever curve shall be at least 0.015 meter-radians 0.05 m-rad Pass 
A residual righting lever shall be obtained within the range of the positive stability of at least 0.1 m 1.4 m Pass 
In case of symmetrical flooding there shall be a positive residual metacentric height of at least 50 mm.  15m minimum Pass 
In case of unsymmetrical flooding, the angle of heel for one-compartment flooding shall not exceed 7°, for the simultaneous flooding of two or more adjacent compartments, a heel of 12° may be permitted by the Society. 

7.8 degrees with 2 compartments flooded 

Pass 

In no case shall the final waterline be less than 300 mm below the level of any opening through which progressive flooding could take place Min Freeboard: 0.5m with 3 compartments flooded 

Pass 

 
The complete damaged stability model can be seen in Appendix 16.6. 
7. SHIP ARRANGEMENT 

7.1. Summary of Arrangement Driving Considerations / Arrangement Rationale 
Due to the nature of a charter vessel, the arrangement driving considerations are centered on producing 
the most livable platform with all required amenities which are expected.  The arrangement driving 
considerations also had to accommodate the owner requirements stated in section 5.3; 

The galley of the vessel shall have as a minimum: 
— An electric oven  
— A fridge of at least 6 cubic feet 
— A freezer of at least 3 cubic feet 
— A microwave 
— Minimum 16 square feet of counter space for food preparation 

The vessel shall have at least 3 staterooms and 3 heads/showers for guests, and 2 crew cabins with 
their own heads and showers.  The vessel will require on-board laundry facilities for washing sheets 
and towels for the guests, and for the crew to clean their clothes.  The largest owner requirement is 
that the vessel integrates green technology.  

Due to the limited space it is very import that there is a good understanding of what is required onboard 
before the general arrangements was materialized. Therefore, our team created a spreadsheet 
consisting of all items required on the vessel, the document created then became part of the financial 
analysis which will be discussed later in Section 13.  In conjunction with the spreadsheet other general 
arrangements for similar size vessels were taken into account to get an understanding of what is already 



being manufactured in the industry. These two resources were utilized to being the general 
arrangement of the vessel.  
The arrangement driving considerations whereas follows; 

— Meet Owner Requirements 
— Produce a Livable Platform  
— Limited available space 
7.2. Arrangement Description 

Since this vessel is essentially a single floor plan layout the arrangement is broken into two decks, the 
first being the Main/Accommodation Deck and the second being the Tank/Machinery deck.  
The Main/Accommodations Deck  
Due to the size of the vessel there is only one main/accommodation deck. The accommodation deck is 
where the majority of the time on the carter will be spent and includes the forward and aft weather 
decks. The four state rooms, two crew rooms and four heads are all located in the two demihulls of the 
catamaran. A large salon area is located on the deck which crosses the space between the hulls, this 
space includes the kitchen, washing machine, lounge and dining room but is a very open concept.  
Also this deck accommodates the fuel cells and battery banks, where the fuel cells are located under the 
forward stateroom beds and the battery bank is located under the aft stateroom beds. The General 
Arrangement drawing of the deck can be found below in Section 7.2.1 also the areas and volumes for 
the main/accommodation deck will be covered below in Section 7.2.2 
Machinery/Tank Deck 
The machinery/Tank deck is located under the sole plate of each demihull, this area accommodates two 
500L fresh water tanks, two 500L gray water tanks and the propulsive unit with auxiliary controls. Also 
the watertight bulkheads and the crash bulkheads are located on this deck. The General Arrangement 
drawing of the deck can be found below in Section 7.2.1 also the areas and volumes for the 
main/accommodation deck will be covered below in Section 7.2.2 
 
 
 
 
 
 
 
 



7.2.1. Arrangement block drawings [arrangement drawings] 
7.2.1.1. Deck Plans 

Main/Accommodation Deck 

 
Figure 45 - Main/Accommodation Deck General Arrangement 
Machinery/Tank Deck 

 
Figure 46 - Machinery/Tank Deck General Arrangement 



7.2.1.2. Renderings 

 
Figure 47 - Isometric Render 



 
Figure 48 - Profile Vies Render 



 
Figure 49 - Side Cut Render 

 
Figure 50 - Top View render 



 
Figure 51 - Isometric Render with Water 
 
 
 



7.2.2. Area/Volume Report 
The Areas and volumes were spilt up in terms of location on the vessel such as bedroom, bathroom and 
weather decks. A full breakdown of the areas and volumes on the vessel as presented below broken 
down in terms of locations. All of the owners’ requirements were achieved and in most cases exceeded.  
Table 11 - Areas 

Location Area (m2) 
Stateroom 1 3.8 
Stateroom 2 4.2 
Stateroom 3 3.8 
Stateroom 4 4.2 
Bathroom 1&2 3.3 
Bathroom 3&4 3.3 
Weather Deck Forward 9.3 
Weather Deck Aft 20.0 
Wheel House 2.3 
Main Salon Area 30.0 
Counter Space 3.0 
Hallways 5.2 
Total 92.3 

 
Table 12 - Volumes 

Location Volume (m3) 
Stateroom 1 7.5 
Stateroom 2 8.4 
Stateroom 3 7.5 
Stateroom 4 8.4 
Bathroom 1&2 6.6 
Bathroom 3&4 6.6 
Main Salon Area 60.0 
Kitchen/Appliances 3.2 
Hallways 10.4 
Tanks 6.2 
Misc. Storage Space 4.3 
Fuel Cells/Cartridges 0.5 
Battery Bank 0.7 
Machinery Space 1.5 
Total 131.8 

 



8. SHIP STRUCTURE 
8.1. Structural Design Rationale   

The following section details the midship structural arrangement and explains the methodology used for the analysis and validation of the design.  The midship structure of this vessel was designed to meet Det Norske Veritas and Germanischer Lloyd (DNV-GL) regulations.   The catamaran structural analysis was done with DNV-GL classification rule for yachts, which drew some rules from high speed, light craft (HSLC) classifications, since our design is a catamaran. The yacht design load equations were published for monohull yachts, while the high speed light craft classifications cover the design loads for multi hull vessels as well as monohulls. The design speed for light displacement sailing yachts was greater than the minimum speed to classify as a high speed vessel and the displacement of the sailing yacht was well below the maximum displacement to classify as a light craft. Therefore, the catamaran could be legitimately classed with HSLC and Yacht rules.   The material chosen for the catamaran is the aluminum alloy NV-5083. It was chosen for its excellent shipbuilding properties and industry validation. The light weight, high strength to weight ratio, high weldability and formability make it a very attractive material for our catamarans. We chose aluminum over composites for the affordability that comes with building only one vessel at this early point in the conceptual design phase. With mass production of our design and the molds required for composite ship production, composites may be a more economical option. If the economic venture has proven market viability, Green Hull Design Ltd catamarans may be built out of composite materials in the future.   The global loads for a catamaran were determined from the HSLC rules. The global loads that are experienced by the catamaran are the longitudinal bending moment due to hogging and sagging, the transverse bending moment, the vertical shear force, pitch connecting moment and the twin hull torsional moment. The global loads were determined from the classification rules based on ship geometry and speed. They are tabulated below.  
Table 13 - Global Structural Loads 

Global Loads 
Longitudinal Bending Moment (hogging) Mb 356.80 kNm 
Longitudinal Bending Moment (sagging) Mb 137.59 kNm 
Transverse bending moment Ms 142.09 kNm 
Vertical Shear Force S 30.32 kN 
Pitch Connecting Moment Mp 354.39 kNm 
Twin Hull Torsional Moment Mt 266.42 kNm 

 From the global loads a minimum section modulus requirement can be determined. Where σ is based on a material factor f1, set by the DNV- GL regulations for Aluminum NV-5083.    

 



Table 14 - Hull Section Modulus requirement 
NV-5083 f1 0.89   
Nominal Bending Stress (σ = 175*f1) σ 155.75 N/mm2 
Hull Section Modulus Requirement Z 2290.837 cm3 

 However, for a craft of ordinary hull form with length to depth ratio (L/D) less than 12 and with a length less than 50 m, the minimum strength standard is normally satisfied for scantlings obtained from local strength requirements as opposed to being dictated by the global loads. The local loads that were calculated to determine the local strength requirements were the impact pressures on hull forward bottom, sea pressures on the hull, and the design pressures on side walls, weather decks and accommodation decks. The design pressures are tabulated below.   
Table 15 - Structural Design Pressures 

Design Pressures 
Sea Pressures on Hull PH 24.37 kPa 
Slamming Pressure on Forward Hull Psl 35.21 kPa 
Slamming Pressure on Flat Cross Structure Psl 13.98 kPa 
Design Pressure on Weather Deck Pd 6 kPa 
Design Pressure on Side Walls Pasw 7.2 kPa 
Design Pressure on Accommodation Decks Pl 3.5 kPa 

 With the design pressured experienced known, the scantlings for the aluminum catamaran could be determined. The basic stiffener spacing, SR, is set forth by DNV-GL as a function of the ship’s length.   
= 2(100 + )

1000   ( ) 
 The basic stiffener spacing is the maximum stiffener spacing you can choose for your longitudinal stiffeners, with the minimum stiffener spacing being half of SR. For a ship length of 17 m, SR is equal to 0.234m.  The chosen stiffener spacing for longitudinal stiffeners is 0.2 meters.  Longitudinal girders are spaced every 1 meters.   Transverse framing is spaced every 0.75 meters.    With chosen stiffener spacing the plate thickness could be determined for the vessel. The equation below dictates the minimum required plate thickness for various sections of the vessel.   

 Where s is the chosen longitudinal spacing of 0.2 m, t0 and k are constants set forth by DNV-GL and f is a material constant for NV-5083. The table below shows the minimum required thickness set forth from DNV and the chosen thickness used in our analysis.  The plate thickness for the bottom of the hull, super structure, side walls and accommodation deck was calculated for the structural analysis. The minimum thickness was rounded up to the nearest millimetre for ease of manufacturing.  



Table 16 - Calculated and Actual Plate Thicknesses 
Plate t0 k tmin (mm) t (mm) 
Hull Bottom 4 0.03 3.64 4.00 
Side above loaded water line 3.5 0.02 3.10 4.00 
Superstructure and deckhouse 3 0.01 2.56 3.00 
Accommodation Deck 2 0.02 1.89 2.00 

  With the plate thickness for the vessel chosen and the spacing of scantlings set in place, the section modulus of individual scantlings is determined. From the design pressures, the minimum section modulus requirements for longitudinal and transverse stiffeners, girders and framing is achieved by the equation below.   

 Where m is a bending moment factor depending on the degree of end constraints and the type of loading, s is the spacing of the stiffener, l is the span of the stiffener, p is the design pressure based on what section of the hull the scantlings are being chosen for and σ is the nominal allowable bending stress due to lateral pressure.   The minimum section modulus requirement was determined for the longitudinal stiffeners and girders, as well as the transverse framing.   The framing and longitudinals chosen for the ship design are various sizes of Aluminum 5083 Built-T members, with chosen dimensions to meet the minimum required section modulus.  A safety factor of 1.5 was applied to the minimum required section modulus set forward by DNV to make sure the vessel was safe and adequately stiffened. The profile of the frames, girders and stiffeners can be seen in the table below including the plate thickness of each section.  
Table 17 – Vessel Scantling Profiles 
 Section Plate Thickness (mm) Stiffener Profile (mm) Girder Profile (mm) Frame Profile (mm) 
Hull Bottom 4.0 T 60 x 4, 30 x 4 T 90 x 10, 60 x 10 T 110 x 10, 60 x 10 
Cross Structure 4.0 T 50 x 4, 30 x 4 T 100 x 4, 60 x 4 T 100 x 10, 60 x 10 
Side Wall 4.0 T 30 x 3, 20 x 3 T 80 x 4, 40 x 4 T 80 x 4, 40 x 4 
Super Structure  and Deckhouse 3.0 T 30 x 3, 20 x 3 T 70 x 4, 40 x 4 T 70 x 4, 40 x 4 
Accommodation Deck 2.0 T 30 x 3, 20 x 3 T 50 x 3, 30 x 3 T 60 x 4, 40 x 4 
     The section modulus for the design well exceeded the minimum required section modulus defined by the global loads experienced by the catamaran. The combined section modulus of the plating, stiffeners and girders was 152447 cm3. As stated by DNV, the local strength requirements for the scantlings was sufficient for determining adequate strength for the structure as the catamaran was under 50 metres in length. The completed midship drawing for the catamaran can be seen below. The complete calculations for the structural analysis can be seen in Appendix 16.9.  



8.2. Midship Section Drawing 

 
Figure 52 - 2D Midship Drawing 

 
Figure 53 - 3D Midship Drawing 



9. SHIP PROPULSION  
9.1. Machinery Plant Description 

Due to the owners’ requirements for a green technology zero emission propulsion platform market 
research was conducted on proven electric propulsion alternative. Once the resistance and electrical 
estimate was completed a required power was known, therefore this narrowed down the available 
electric propulsive units which could be selected from. 
Therefor taking into account the constraints put in place by the owner as well as the known required 
load the Electroprop Islander Drive from The Electric Propeller Company located in Santa Barbra 
California was selected. The Electroprop Islander design features motor, motor fan, gearbox, controller, 
a controller fan and contractor mounted inside a tough anodized aluminum cover. More specifically the 
Islander features a Permeant Magnet AC motor coupled to a helical gearbox. Our design also 
incorporates the complete Electroprop electric system for integration of all selected alternative energy 
components in the vessel. Below is a catalog description of the selected propulsion unit.  

9.1.1. Main Engine  
Below is the Catalog description of the main engine selected for the concept design, (from: 
http://electroprop.com/islander/)  

Islander:  Superior Cooling and Protection in a tough anodized aluminum enclosure for boats up to 
14,000 lbs. 
— 48-volt Islander Drive for boats up to 15,000 lbs. 
— 12 KW Maximum Power with 7 KW Hybrid Rating 
— 1 fan with 2 x 4-inch inlet ducts or two fans with 9-inch inlet duct 
12 KW Peak, 7 KW Continuous High Efficiency Propulsion Drive. 
Easy to install with controller, contactor, motor, gearbox and optional DC converters assembled for 
you. 
Clean and Safe installation to increase the value of your sailboat. 
The Islander is designed to make maximum use of the space available on your sailboat. 
The controller and contactor are mounted above the motor on a second level. 
Active cooling system with one cooling fan with two 4-inch intake ducts (low profile) 
Optional Configuration for two fans.  DC converter for fans mounted inside enclosure. 
Ducting brings cool air from outside engine compartment enhancing efficiency and power. 

 



 
Figure 54 - Islander electric propulsion 
 Features: 
Motenergy Double Stator Permanent Magnet Motor for high efficiency and low noise 
Adjustable Mounting System for ease of installation 
Helical Gearbox for high efficiency and longer range 
Multiple Gear Ratios available to match any propeller: (1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.8, 3) 
4 adjustable, professional motor mounts 
Flexible Coupling with alignment indicator for precision alignment and electrical separation from 
propeller. 
250-amp Double Pole Master Circuit Breaker 
450-amp peak, 180-amp continuous, Sevcon Controller with high efficiency programming 
Sevcon Clearview display with custom programming for the marine application 
Traditional Throttle and Key switch 
Power Cables can exit out of either side.    Throttle Cables exit out of opposite side to power cables. 
 



 
Figure 55 - Islander electric propulsion Drawing 

9.1.2. Gearing and shafting 
Gearing for this design in incorporated into the selected main propulsive engines discussed above and is 
a helical gearbox.  
The shaft for the design is a typical sail boat shaft with a propeller shaft angle of 10 degrees. The electric 
motor discussed above will also be mounted on a 10-degree shaft angle so as to reduce the complexity 
and cost of the design along with reducing the inefficiencies of incorporating a flexible coupler. Each 
shaft will also have two alignment bearings along the length, one located inside the hull very close to the 
water/hull interface and a second located at the shaft strut location.  
Following the propeller performance estimate which will be discussed below, a shaft design analysis was 
conducted from the torque and bending moment loads on the shaft. This was completed to select an 
appropriate shaft diameter. The shaft material was selected as Steel 316 which is a very common 
stainless steel used in the industry.  
The analysis preformed was for all three cruising speeds defined below in the propeller performance 
estimate section at 5, 6 and 7 knots.  The equation used for the analysis is a combined torsion and 
bending equation from Introduction to Marine Engineering (Parsons), which can be seen below. 

 



The tortional moment Q is defined by the sleected propeller at the specified RPM and the bending 
moment is due to the weight of the shaft inbetween the supported sections of the shaft. This was then 
solved for interivly in an optimization format using excel to calcualted the minumum shaft diameter 
required. Results of the shaft design can be found below using a safety factor of 2. 
Table 18 - Propeller Shaft Design Conditions 

7 Knot Cruising Speed 
Required Forward Velocity V 7 Knots 
Advance Speed VA 3.60 m/s 
Required Trust T 2129.82 N 
Shaft Torque Q 158.42 Nm 
Shaft Power Ps 13.25 kW 
Shaft Power Ps 18.02 hp 
Shaft RPM N 798.77 RPM 
Propeller Weight Wp 8.71 kg 

6 Knot Cruising Speed 
Required Forward Velocity V 6 Knots 
Advance Speed VA 3.09 m/s 
Required Trust T 1573.95 N 
Shaft Torque Q 109.69 Nm 
Shaft Power Ps 8.54 kW 
Shaft Power Ps 11.62 hp 
Shaft RPM N 743.80 RPM 
Propeller Weight Wp 8.71 kg 

5 Knot Cruising Speed 
Required Forward Velocity V 5 Knots 
Advance Speed VA 2.57 m/s 
Required Trust T 1111.62 N 
Shaft Torque Q 71.45 Nm 
Shaft Power Ps 5.17 kW 
Shaft Power Ps 7.02 hp 
Shaft RPM N 690.53 RPM 
Propeller Weight Wp 8.71 kg 

 
 

 
 

 



 
Table 19 - Propeller Shaft Design Calculations 

Shaft Dimensions 7 Knots 
Length L 2.00 m Torque 158.42 Nm 
Diameter D 0.03 m τmax 3.41E+07 N/m2 
Area A 0.00 m2 ᴓ 0.06 rads 
Mass of shaft pre meter m/m 5.17 kg/m ᴓ 3.54 Degree 
Moment of Inertia I 3.33E-08 m4 Max Mb 56.94 Nm 
Polar Moment of Inertia J 6.66E-08 m4 D approx. 0.03 m 
     D approx. 1.13 in 
   

Shaft Diameter Selected 1.25 in 
   Axial Loading Check PASS S.F. = 2 

Shaft Dimensions 6 Knots 
Length L 2.00 m Torque 109.69 Nm 
Diameter D 0.03 m τmax 3.58E+07 N/m2 
Area A 0.00 m2 ᴓ 0.07 rads 
Mass of shaft pre meter m 3.92 kg/m ᴓ 4.26 Degree 
Moment of Inertia I 1.92E-08 m4 Max Mb 54.95 Nm 
Polar Moment of Inertia J 3.83E-08 m4 D approx. 0.03 m 
     D approx. 1.02 in 
   

Shaft Diameter Selected 1.25 in 
   Axial Loading Check PASS S.F. = 2 

Shaft Dimensions 5 Knots 
Length L 2.00 m Torque 71.45 Nm 
Diameter D 0.02 m τmax 2.88E+07 N/m2 
Area A 0.00 m2 ᴓ 0.06 rads 
Mass of shaft pre meter m 3.41 kg/m ᴓ 3.67 Degree 
Moment of Inertia I 1.45E-08 m4 Max Mb 54.13 Nm 
Polar Moment of Inertia J 2.89E-08 m4 D approx. 0.02 m 
     D approx. 0.92 in 
   

Shaft Diameter Selected 1.00 in 
   Axial Loading Check PASS S.F. = 2 

 
Therefore the selected shaft diameter will be for the 7 knot criuising speed and was calcualted to be 1-
1/4” diameter.  
 



9.1.3. Rationale for Selection 
Due to the client requirements for a green technology based design it was imperative to select an 
efficient electrical drive. This system was selected for its efficiency, reliability, compact design and the 
ability to integrate all the green energy components into a single package. It is a very quiet system which 
provides a noise free motor sailing experience for the passengers onboard the charter for their 
relaxation and enjoyment.  There is also no smell of fuel or exhaust which would decrease the incidence 
of sea sickness since these are contributors to the problem. The most evident advantage of the system is 
the reduction of pollution and operating cost of the vessel as well as increased reliability and safety.  
With this selection our team believes we will accomplish the clients’ requirements as well as provide a 
relaxing platform for the charters clients to enjoy.  

9.2. Propeller Performance Estimate 
The propeller selection for the vessel was analyzed at three different cursing speeds of 5, 6 and 7 Knots. 
Since the vessel is a sailing catamaran it is assumed that the majority of the time the vessel will be 
sailing utilizing wind power and no propulsive power, but the client requires the vessel to have a 
minimum endurance limit of 2 hours at 5 knots.  
Before the propeller selection was initiated a few design parameters where required to be defined, such 
as: 

— Resistance  
— Maximum Motor RPM 
— Design Speeds 
— Max Propeller Diameter 
— Hull-propeller interaction factors  

From the completed estimated resistance data, compiled during the optimization of the velocity 
prediction program, the estimated horse power as well as the required thrust per hull is known. 
Furthermore, the propulsive particulars are known from the machinery selection. The Electroprop 
Islander motor is designed for optimal efficiency operating at 800 RPM. The propeller analysis will use 
that value as the maximum. The required endurance limit set by the owner as stated above is to be able 
to cruise at 5 knots on electric power for up to 2 hours with an increased endurance range of 8 hours at 
5 knots by utilizing green energy such as solar and fuel cells. The maximum propeller diameter was 
determined to be 0.5m, this was based on the parametric analysis of other sailing catamarans, as well as 
reducing the extent of the shaft angle therefore increasing the efficiency of the propulsion system.  
The hull-propeller interaction factors were assumed to be as follows: 

— Taylor wake fraction, w, was found to be 1. This was due to the propeller being in located in 
undisturbed flow. This is due to the propeller placement and the lower speeds the propeller is 
being designed for.  

— Thrust deduction factor, t, was found to be zero due to the geometry of the vessel.  
The design parameters can be found below along with some initial propeller geometry assumptions.  



Table 20 - Initial Propeller Geometry Assumptions 
Initial Assumptions  

Max Motor RPM 800 RPM 
Design Speeds 6, 7 & 8 Knots 
Max Propeller Diameter  0.5 m 
Number of blades 3 - 
Area Ratio 0.5 - 0.7 - 
Pitch/Diameter 0.6 - 1.0 - 

 
Table 21 - Propeller Loading Conditions 

7 Knot Cruising Speed 
Required Forward Velocity V 7 Knots 

Advance Speed VA 3.60 m/s 
Required Trust T 2,129.82 N 

Propeller Torque Q 158.17 Nm 
Shaft Power Ps 13.25 kW 
Effective HP EHP 10.13 HP 

6 Knot Cruising Speed 
Required Forward Velocity V 6 Knots 

Advance Speed VA 3.09 m/s 
Required Trust T 1,573.95 N 

Propeller Torque Q 101.98 Nm 
Shaft Power Ps 8.54 kW 
Effective HP EHP 6.42 HP 

5 Knot Cruising Speed 
Required Forward Velocity V 5 Knots 

Advance Speed VA 2.57 m/s 
Required Trust T 1,111.62 N 

Propeller Torque Q 61.67 Nm 
Shaft Power Ps 5.17 kW 
Effective HP EHP 3.78 HP 

 
The propeller series selected for the vessel propeller performance estimate is the Wageningen B-series 
of propellers which was designed and tested at the Netherlands Ship Model Basin in Wageningen. 
 
 
 



9.2.1. Propeller Analysis  
The open water propeller characteristics for the Wageningen B-series are presented in the form of the 
thrust and torque coefficients (KT and KQ) which are both related in terms of the advance coefficient (J). 
Furthermore, these coefficients can be used to determine the open water efficiency. The equations for 
the aforementioned parameters can be seen below.   
  
 

 
Figure 56 - Wageningen B-series Propeller Non-Dimensional Parameters and Coefficients 

9.2.1.1. Initial Efficiency Estimate 
To produce a first order approximation of the achievable open water efficiency estimate for the B-series 
propellers a BP Vs efficiency chart [6] was utilized where BP in metric units is defined as: 
 
 
 
Where N is RPM, Ps is Shaft Power (kW) and V is advance Velocity of the vessel.  

 
Figure 57 - Estimated Propeller Efficiencies 

=  ∗ √ ∗ 1.34
.



Taking these assumptions into account, the estimated maximum achievable efficiencies for the three 
design speeds where found to be: 
Table 22 - Calculated Maximum Achievable Propeller Efficiencies 

Maximum Achievable Efficiency  
7-5 Knots Propeller RPM N 800 RPM 
7-5 Knots Propeller rps n 13.33 rps 
7 Knots Open Water Efficiency  ɳ 57%   
6 Knots Open Water Efficiency  ɳ 56%   
5 Knots Open Water Efficiency  ɳ 55%   

 
9.2.1.2. Propeller Selection 

Since the thrust required and the desired advance velocity is known it is possible to combine the KT and J 
equations into a single equation which the only variable is selected prop diameter. The equation 
produced will create a line of fit for the propeller, where ever the KT(J) curve intersects a KT curve that is 
a potential location for a viable propeller. The equation can be found below. 

 
As it is known that efficiency of a propeller is directly correlated to the maximum achievable diameter, 
the propeller was analyzed using the maximum allowable diameter of 0.5m.  
With all assumptions stated the analysis for a specific propeller was conducted for each design speed 
across a range of Area ratios (0.5 – 0.7) and Pitch/Diameter ratios (0.6 – 1.0) to find the most efficient 
propeller. The selected propellers at each design speed will be presented below in graphical and tabular 
form. 

 
Figure 58 - Propeller Chart (7 Knots) 
 



Chosen Propeller for 7 Knots 
J 0.541 - P/D 0.9 - n         13.31  rps 
KT 0.188 - Pitch 0.45 m N       798.77  RPM 
KQ 0.0286 - Efficiency 57% - Thrust   2,134.52  N 
D 0.5 m Ae/Ao 0.65   Torque      162.36  Nm 

Chosen Prop DJ365 - Michigan        19.20  Lbs. 
 

 
Figure 59 - Propeller Chart (6 Knots) 

Chosen Propeller for 6 Knots 
J 0.498 - P/D 0.8 - n         12.40  rps 
KT 0.1599 - Pitch 0.4 m N       743.78  RPM 
KQ 0.0225 - Efficiency 56% - Thrust   1,574.10  N 
D 0.5 m Ae/Ao 0.65   Torque      110.75  Nm 

Chosen Prop DJ365 - Michigan        19.20  Lbs. 
 



 
Figure 60 - Propeller Chart (5 Knots) 

Chosen Propeller for 5 Knots 
J 0.447 - P/D 0.7 - n         11.51  rps 
KT 0.131 - Pitch 0.35 m N       690.53  RPM 
KQ 0.017 - Efficiency 55% - Thrust   1,111.57  N 
D 0.5 m Ae/Ao 0.65   Torque        72.12  Nm 

Chosen Prop DJ365 - Michigan        19.20  Lbs. 
 
As it can be seen in the above selected propellers, the efficiencies achieved match up very closely to the 
first order open water efficiencies calculated on the BP vs Efficiency chart calculated previously.  

9.2.1.3. Endurance Limit Check 
Once completing the propeller selection an endurance limit check must be completed to make sure that 
the vessel is capable of the clients’ base requirement that the vessel should be able to cruise at 5 knots 
on electric power for up to 2 hours.  
From the electric load analysis completed in Section 10, the peak hourly electrical load is known. Also 
from the selected propellers and operating conditions defined above, an energy requirement for the 
torque on the propeller can be calculated using the equation below. 

=  ( ∗ ∗ 2 ) 
The energy required for vessel operation are as follows: 
Table 23 - Energy Required for Vessel Operation 

Energy Required for Vessel Operation 
Expected Average Load 1099.00 Watts 

7 Knots (per hr. Energy Required) 13580.87 Watts 
6 Knots (per hr. Energy Required) 8625.96 Watts 
5 Knots (per hr. Energy Required) 5215.50 Watts 

 



The first endurance limit check is to make sure that the vessel satisfies the owners’ base requirements of 
the ability to cruise at 5 knots on electric power for up to 2 hours only utilizing a fully charged battery 
bank. The finding for this analysis are as follows for each design speed case. 
Table 24 - Endurance Limit vs Cruising Speed (base Case) 

Endurance Limits vs Cruising Speed Base Case 
Available Power (Battery Bank)       38,880.00  Watt hrs. 
7 Knots (per hr. Energy Required)       14,679.82  Watts 
Endurance at 7 knots                  2.65  hrs. 
6 Knots (per hr. Energy Required)         9,724.91  Watts 
Endurance at 6 knots                  4.00  hrs. 
5 Knots (per hr. Energy Required)         6,314.45  Watts 
Endurance at 5 knots                  6.16  hrs. 

 
As it can be seen from the calculated values above the vessel is capable of the minimum requirements 
and is able to cruise at 7 knots for over 2 hours solely on power supplied by the battery bank.  
Then checking the second endurance limit of the vessel which states that with supplemental power from 
Solar Cells, Solar Sails and Fuel cells is it possible to cruise for 8 hours at 5 knots. For this case it was 
assumed that the fuel cell would be able to produce the full energy output it is rated for and that the 
solar cells will have an assumed percent power generated to account for losses due to solar panel 
obstructions and the sails being stowed and unable to produce power. The percent power generated 
from solar will be solved for and minimized to see if an 8 hour endurance at 5 knots is feasible at a 
reasonable percentage of power generation.  The calculated values can be found below; 
Table 25 - Endurance Limit vs Cruising Speed (w/ Power Generation) 

Endurance Limits vs Cruising Speed (w/ Power Gen) 
Available Power (Battery Bank) 38,880.00 Watt hrs. 
Assumed % Solar Power Gen.  32% Watt hrs. 
Available Power (fuel cells and %Solar Power Gen.) 1,454.42 Watt 
7 Knots (per hr. Energy Required) 14,679.82 Watts 
7 Knots Net Energy Draw 13,225.39 Watts 
Endurance at 7 knots 2.94 hrs. 
6 Knots (per hr. Energy Required) 9,724.91 Watts 
6 Knots Net Energy Draw 8,270.49 Watts 
Endurance at 6 knots 4.70 hrs. 
5 Knots (per hr. Energy Required) 6,314.45 Watts 
5 Knots Net Energy Draw 4,860.02 Watts 
Endurance at 5 knots 8.00 hrs. 

 



With an assumed percentage of solar power generation of approximately 32% the vessel is able to meet 
the second endurance limit specified by the owner.  
The last scenario for endurance limit is a case where there is zero power generation from the Solar Cloth 
due to the sails being stowed away. The only assumed power generation is from the fuel cells and the 
solar cells on the superstructure of the vessel. Again an assumed percent solar generation was 
incorporated and for this case it was assumed to be 90%. The results of the analysis are as follows. 
Table 26 - Endurance Limit vs Cruising Speed (w/ Power Gen – no Solar Cloth) 

Endurance Limits vs Cruising Speed (w/ Power Gen - no Cloth) 
Available Power (Battery Bank) 38,880.00 Watt hrs. 
Assumed % Solar Power Gen.  90% Watt hrs. 
Available Power (fuel cells and %Solar Power Gen.) 955.50 Watt 
7 Knots (per hr. Energy Required) 14,679.82 Watts 
7 Knots Net Energy Draw 13,724.32 Watts 
Endurance at 7 knots 2.83 hrs. 
6 Knots (per hr. Energy Required) 9,724.91 Watts 
6 Knots Net Energy Draw 8,769.41 Watts 
Endurance at 6 knots 4.43 hrs. 
5 Knots (per hr. Energy Required) 6,314.45 Watts 
5 Knots Net Energy Draw 5,358.95 Watts 
Endurance at 5 knots 7.26 hrs. 

 
It was found that even with no solar cloth incorporated into the power generation an endurance of over 
7 hours can be achieved at the 5 knot cruising speed.   

9.2.1.4. Propeller selection and Cavitation Check 
The final selected propeller was the 7 Knot case, since it was capable of the meeting the minimum 
endurance limit and had the highest open water efficiency. Below are the specifications of the selected 
propeller. 
Table 27  - Selected Propeller  

Selected Propeller 7 Knots 
J 0.541 - P/D 0.9 - n         13.31  rps 
Kt 0.188 - Pitch 0.45 m N       798.77  RPM 
Kq 0.0286 - Efficiency 57% - Thrust   2,134.52  N 
D 0.5 m Ae/Ao 0.65   Torque      162.36  Nm 

Chosen Prop DJ365 - Michigan        19.20  lbs 
 



The endurance limits for the three cruising speeds where reanalyzed make sure the longer endurance 
limit was still viable. On top of rechecking the endurance limits a cavitation check was completed to 
make sure it is below the 2.5% cavitation on the Burrill Cavitation Chart.  
The Kt(J) curves where then plotted onto the selected propeller chart and reanalyzes at the required 
advance coefficient. Below is the propeller chart and the calculated values for each cruising speed; 

 
Figure 61 - Propeller Chart for all Cruising Cases 
Table 28 - Final Propeller Analysis 

 



As it can be seen from the above data the vessel can reach the secondary endurance set by the owner 
utilizing the chosen propeller.  
Now that is it know that the propeller selected can accomplish the design goal a cavitation check must 
be completed for assurance purposes. The cavitation analysis will be completed using the Burrill 
Cavitation Chart which relies on the local cavitation number (σ), the propellers mean thrust loading (τc) and the dynamic pressure (qT) of the blade surface at a location 0.7R on the propeller. It must be noted 
that all the following cavitation equations are in imperial units. 
Where; 

= . ∗ ∗( )               =                    = 0.5 ∗ ∗ ( )  
Where; 

= 1.067 − 0.229 ∗  [ 2]              = ∗  [ 2]                 = ( )∗2.26 [psi] 
p − = 14.45 + 0.45ℎ [ ] 

Where h is the vertical distance from the water surface to the hub of the propeller.  
The following values were calculated for the values listed above; 
Table 29 - Propeller Cavitation Coefficients 

 
From the values calculated the Burrill Cavitation Chart was then used to see if cavitation is taking place; 



 
Figure 62- Burrill Cavitation Chart for Selected Propeller 
It was found that for the selected propeller cavitation isn’t a concern due to the relatively slow cruising 
speeds which the vessel is required to maintain.  
 

9.2.2. Propeller Characteristics Table 
The following table compiles the selected propeller characteristics. 

Selected Propeller, 7 Knots 
J 0.541 - P/D 0.9 - n         13.31  rps 
Kt 0.188 - Pitch 0.45 m N       798.77  RPM 
Kq 0.0286 - Efficiency 57% - Thrust   2,134.52  N 
D 0.5 m Ae/Ao 0.65   Torque      162.36  Nm 

Chosen Prop DJ365 - Michigan        19.20  lbs 
 



9.2.3. Propeller Performance Curves (KT & KQ) 

 
10. SHIP ELECTRICAL SYSTEM 

10.1. Electric Plant Description 
The vessel electrical system is a very complex system because of the desire to integrate a number of 
different green energy systems.  The vessel will have electrical propulsion, a fuel cell backup power 
system, and solar cells on the top of the vessel and sail cloth integrated into the sails.  The system will 
have energy storage in the form of a battery bank.  A number of different battery chemistries were 
explored.   
The two major battery chemistries competing for dominance in the market are lead acid and lithium 
polymer.  The benefit of lead acid chemistry is the wide adoption throughout the world, making them 
readily available in the event a replacement is required; they are also relatively cheap for the same 
capacity compared to other chemistries.  The major drawback of the lead acid chemistry is the high low 
energy density.  The lithium polymer chemistries have very high energy density, so the weight of a 
battery bank using lithium polymer cells will be significantly lighter than the same capacity in a lead acid 
chemistry.  Lithium polymer batteries also have the benefit of longer lifespan when compared to lead 
acid.  The major drawbacks of the lithium polymer chemistry are the instability of the cells during 
charging and discharging due to heat generation within the cells and the cost of the battery banks.  To 
ensure the lithium polymer batteries have a long life the battery requires a battery management system 
that continuously monitors the battery temperatures, voltages and currents to ensure the battery is 
charged and discharged in a safe manor.  To ensure the safe operation and the longevity of the battery 
system only lithium polymer battery systems with integrated battery management systems will be 
considered when considering lithium polymer batteries. 
The results of the battery system analysis are summarized below.  The expected peak one-hour load is 
350A and the total daily load on the system is 52,000W-hrs. 



Energy Storage System Module Voltage 
Cells in Series 

A-hr per Module 
Mod. in Parallel Total Ahr 

Power Capacity (W-Hr) 
Cost per Unit Total Cost 

Weight per Unit (kg) 
Total Weight (kg) 

48 V system AGM sealed (Discovery D121500H) 
12 4 106 8 848 40,704 339 10848 42 1344 

48V LiFePo (Discover AES with BMS 12-48-6900) 
48 1 135 6 810 38,880 7192 43152 79.8 478.8 

Figure 63 - Potential Energy Storage Systems 
As the table indicates the battery systems designed to operate at 48 VDC.  The total energy capacity of 
the system is designed for around 75% of the maximum expected daily energy demand.  This is to cover 
the case of the system having no energy production from solar for a full day.  The other system storage 
capacity limit was the requirement to run for 2 hours at 5 knots.  With a peak expected load including 
propulsion and hotel loads of 17kW per hour, the minimum system capacity would be 34kW-hrs.   
From the analysis of the two battery options the cost of the lithium polymer system is about 43 
thousand dollars compared to the 11 thousand for the AGM battery pack; however, the AGM battery 
pack is expected to last half as long as the lithium battery pack.  The published number of expected 
charge and discharge cycles for the AGM battery is about half that of the lithium polymer battery under 
the same conditions.  This brings the balanced lifecycle cost of the AGM to 22 thousand dollars to 
compare the systems on an equal life expectancy basis.  The major drawback of the AGM battery is the 
1344kg system weight and the requirement for connecting 32 batteries in parallel and series.  The 
system would be very heavy and take up a large volume within the vessel.  The AGM battery system 
does not include a battery management system, which would add additional system weight and 
complexity; however, the AGM batteries are not as sensitive to charge and discharge cycles as the 
lithium batteries so the system could safely operate without one.  The drawback of not including a 
battery management system is poor battery balancing and lower battery life. 
Based on the research and the expected battery life, the lithium polymer is far superior to AGM 
batteries in this application; with one third the weight and only double the cost of the AGM system.  The 
lithium polymer batteries will be used in the design as they will be much easier to integrate into the 
vessel layout due to the reduced volume and weight and will be possible to locate close to the 
propulsion system to limit distribution losses in the battery system under its highest load. 
The cost and weight of the individual items was also collected to increase the accuracy of the system 
estimates during the weight and cost estimation stages.  The electrical system is a large component of 
the auxiliary systems of the ship and therefore was calculated with maximum precision. 

10.2. Generation Sizing and Selection Rationale 
As they system is intended to be operated without the burning of any fuels there will not be a traditional 
generator aboard the vessel.  The generation will come from a number of green energy sources.  After 
reviewing a number of commercially available systems and systems currently under development it was 



decided to use two main methods for power generation.  The vessel will generate energy using solar 
cells, in both traditional hull mounted panels and the new product of sail mounted cells, as well as 
generation from methanol fuel cell systems. 
The various loads on the system were categorized into the location on the vessel that they would be 
housed.  The maximum current or power was researched for the various products and the appropriate 
model was selected.  The electrical load analysis then uses a demand factor to determine how much of 
the maximum rating the device would draw at any given time.  For example, receptacles are rated at 
15A and 120V; however, in a room with 4 receptacles where only one is in operation at any given time 
the utilization would be 25% of the total maximum power.  Demand factor also accounts for the 
expected operating current compared to the maximum current.  For example, if a receptacle is rated for 
15A but the expected maximum load on the outlet is only 5 amps the demand factor is 33% for that 
receptacle.  To determine the maximum load on the system at a given time and expected conditions the 
maximum possible power consumption is multiplied by the demand factor and the sum of all of the 
loads provides the expected maximum instantaneous load on the system.  This parameter is critical 
when sizing the electrical cables and the energy storage system as it will provide the peak current the 
system will draw. 
The next variable in the system is the average load throughout the day.  This factor is critical to the 
system design as it will dictate the required energy generation per day to meet the expected loads.  To 
provide the estimate of the energy used over the day the number of hours that the demand on the 
system would be expected is included in the analysis.  By taking the expected maximum power from the 
demand factor and multiplying by the number of hours per day the individual item will be used provides 
the number of watt-hours that the system requires in a day.  For example, the salon lights on the main 
level are only expected to be in use for 6 hours per day (so 28 watts for 6 hours results in a daily load of 
168 w-hrs on the system).  Other items are expected to run 24 hours per day, such as the refrigerator 
and freezer systems.  The sum of all of the loads provides the daily electrical load.  The generation of the 
system is also time dependent; for example, the solar system is assumed to produce power for only 7 
hours each day.  The total of the daily generation must exceed the total maximum expected daily load of 
the system with an energy margin.  For the purpose of this analysis the additional margin is assumed to 
be at least 10%.  This is to ensure that even on days with limited sunlight the system is still able to 
produce enough power for the expected loads.  The fuel cell system is only designed to be utilized at 
50% for the purpose of the calculations to provide additional margin if the solar production is lower than 
expected for an extended period of time. 

10.3. Distribution System Rationale 
The distribution system will run on two primary voltage levels.  The receptacles, high power equipment, 
and electronics will run on 120/240VAC power.  The electric cooktop and oven will run at 240VAC and 
the remainder of the system will run at 120VAC.  The only high voltage portion of the system will be 
from the inverters of the propulsion system to the AC drive motors.  This small circuit will run at 
600VAC.  The loads on the 120/240 VAC system will be balanced across the two phases of the AC 
system.  The remainder of the system that requires low voltage DC will run on a traditional 48VDC 
system.  



10.4. Electric Load Estimate Table 
For the full load estimation and power generation tables please refer to Appendix 16.11.  The total 
estimated load assuming everything is in operation is: 
Table 30 - Electrical Load Analysis - All Equipment 

Results from Electrical Load Analysis – All Equipment 
Total Electrical Load 51,951 W hrs/day Battery Capacity 38,880 W Hr 

Total Electrical Generation 63,000 W hrs/day Total Weight 1,422 kg 
Peak One Hour Load 16,758 W hrs Estimated Cost 155,451 USD 

 
The electrical load summary when using the basic level of services (all hotel loads, no oven, washer or 
dryer) in operation: 
Table 31 - Electrical Load Analysis - Basic Equipment 

Results from Electrical Load Analysis – Basic Equipment 
Total Electrical Load 27,211 W hrs/day Battery Capacity 38,880 W Hr 

Total Electrical Generation 63,000 W hrs/day Total Weight 1,422 kg 
Peak One Hour Load 3,428 W hrs Estimated Cost 155,451 USD 

 
For the propulsion analysis the load analysis was performed with the all equipment loading conditions.  
Then those values would be used for determining the ability to have a 2 hour operating time even with 
all electrical loads present. 
11. SHIP AUXILIARY AND CONTROL SYSTEMS 

11.1. Description of Systems 
The ship will have a variety of simple auxiliary and control systems.  The steering of the vessel will be 
accomplished using a hydraulically actuated rudder system with a main control center located at the 
rear of the vessel.  The electrical propulsion system will be controlled using a single control station 
located next to the steering wheel console.  Sail controls will also be routed to the rear of the vessel to 
allow for complete vessel control from the rear seating areas.  This will allow the captain to control the 
vessel and allow the passengers to be included in the sailing experience if they so wish. 
The vessel will not have a ballast system as it relies on its wide beam for stability.  The bilge pump 
system will be designed to be actuated using a moisture sensor to ensure the hulls remain free of excess 
water build up. As there are no fuels or oil lubricated systems in the hulls there is very low probability of 
the bilge water containing oil products so it is not deemed necessary to provide an oil filtration system 
on the bilge pump outlet. 
The vessel will have a fresh water distribution system to provide cold and hot water to the vessel 
fittings.  The system will use waste heat sources such as the water cooled jackets of the motors and the 
condenser heat output from the refrigerator and freezer units to provide the majority of the load for the 



water heating system.  The vessel will have a grey/black water storage tank system to provide waste 
water storage for proper disposal once the vessel returns to port. 
The fuel cell and solar systems will be controlled using the onboard power management unit.  This 
commercially available unit provides protection and control of solar power generation, fuel cell auxiliary 
power generation and battery storage.  It will control the power levels of the system automatically and 
turn the fuel cell on when solar generation or battery voltage levels dip below acceptable levels. 
The auxiliary systems are still high level at this point in the design phase. The detailed analysis would be 
done at a later point on the design spiral and at this point there are no simplified block or one-line 
diagrams.  
12. WEIGHT ENGINEERING  

12.1. Weight Estimation Policy 
The weight analysis for the vessel was determined using a bottom up analysis procedure.  The weight 
values for commercial sailing vessels are very difficult using cost estimating ratios as the level of fit and 
finish on yachts can have a very large impact on the overall weight value.   
The remainder of the vessel line items was calculated using catalogue values.  Each individual line item 
in the vessel was calculated from the winch drum, sail rigging through to the individual bathroom 
fittings.  There is a total of 106 line items that make up the weight analysis, with over 90% of the weight 
and all of the cost values taken directly from product catalogues.  A complete listing of the various line 
items can be found in Appendix 16.12. An additional 5% weight margin was included to allow for any 
additional weight due to items not accounted for. 
Furthermore, the longitudinal center of gravity (LCG) and vertical center of gravity (VCG) was 
documented for each line item in the weight estimation based on the general arrangement. This allowed 
us to find estimations of the LCG and VCG values for the entire vessel at the light weight condition.  The 
LCG is measured aft of the bow of the vessel. The VCG is measured from the bottom of the hull. The 
transverse center of gravity was estimated to be zero, due to the symmetry of the vessel.  

12.2. Master Equipment List 
A complete listing of the equipment on the vessel can be found in Appendix 16.12.  The electrical 
components and propulsion system accounts for 1720 kg.  The hull structure weight accounts for 7,832 
kg.  The batteries for the system weigh 479 kg.  The painting of the vessel is estimated at 1806 kg.  This is 
one area where there could be cost savings by not painting areas of the vessel as the aluminum would 
not require the additional corrosion protection that paint afford; however, for ascetics it has been 
assumed the entire vessel needs to be.  
 
 
 
 



12.3. Weight & KG Estimate 
The weight analysis summary is listed below: 
Table 32 - Lightship Weight Table 

GROUP Weight (kg) 
Structure 7,832 
Electric / Propulsion system 1,720 
Command and surveillance 55 
Auxiliary systems and machinery 1,970 
Outfit  4,777 
Weight Margin (5%) 818 
Total Lightship weight: 17,171 

Center of Gravity 
LCG 8.55 m 
VCG 2.40 m 

 
13. COST ESTIMATE  

13.1. Outline Build Strategy 
The vessel is assumed to be built in North America (Canada or the United States).  The vessel will be 
built in a shipyard that specializes in yacht construction.  The vessel will be built in a semi-modular 
pattern, where subsystems are integrated onto integrated frames for easy installation in the vessel.   

13.2. Estimate of Acquisition Cost 
13.2.1. Methodology & Assumptions 

As the vessel is assumed to be built in North America, an assumed average labor rate of 28 dollars per 
hour was used for the analysis based on published data and assuming the higher end of the pay scale to 
account for higher certified welders. 
(http://www.payscale.com/research/CA/Certification=Certified_Welder_(CW)/Hourly_Rate accessed 
April 02, 2016) 
The cost estimate was built up at the same time as the weight estimate was constructed.  The analysis 
was performed using a bottom up method by determining the cost of each individual part and assembly 
used on the vessel.  The only values estimated using cost estimating ratios is the labor component of the 
vessel hull and superstructure.  The cost estimating ratio used for estimating the manufacturing labor 
was based on the Product Oriented Design and Construction Cost Model (PODAC).  The cost model is 
based on steel construction so the weight of the 100 level estimates was corrected to provide an 
equivalent steel weight using the ratio of the metal densities of aluminum and steel.  The type factor for 
the design was chosen at 3, which is equivalent to a passenger vessel.   
Each individual line item in the analysis was taken from online shopping sites and supplier catalogues.  
The labor components for each individual task were estimated using the experience of the design team 



in the manufacturing environment.  Then each cost and labor component was combined to provide an 
overall estimated cost and labor estimate. 

13.2.2. Summary Table 
The summary of the cost estimate is provided below: 
Table 33 - Cost and Labour Estimate Summary 

Cost and Labour Estimate Summary 
Total Estimated Direct Labour 8453 man hours 
Estimated Direct Labour Rate 28 $/hr 

Labour Overhead Rate 30% of direct labour hours 
Estimated Total Overhead Rate 36 $/hr 

Estimated Total Labour Cost $307,707   
Estimated Direct Material Costs $429,454   

Material Overhead Rate 10% of direct material costs 
Estimated Total Material Costs $472,399   

Total Estimated Ship Cost $780,106   
Management Margin 5% to allow for change orders and unexpected costs 
Shipyard Profit Margin 10%   
Total Estimated Contract Price $897,122   

 
The cost estimation does not account for the reduction in cost due to larger volume of manufacturing.  
The labor and cost components should decrease as the number of units increase as bulk orders from 
supplies should decrease the material costs and the labor component on successive vessels should result 
in savings due to the learning curve.  To be conservative these cost reduction techniques were not 
included in the analysis. 

13.3. Estimate of Operating Cost 
13.3.1. Methodology & Assumptions 

There are some foundational assumptions made in the financial analysis in regards to the operating 
costs of the vessels.  Everything will be calculated on a per vessel basis due to the uncertain nature of 
how many vessels will be built. 
It is assumed that a relatively small administrative staff would be required to run the management and 
marketing side of the business.  It is assumed there would be one office manager, one marketing 
representative and two administrative staff.  These costs will be covered by the total fleet, so assumed 



fleet sizes will determine how these costs are distributed to each vessel.  The fixed costs for employee 
salaries are assumed to be: 
Table 34 - Management Fixed Costs 

Position Average Annual Salary 
Office Manager $99,000 

Marketing Representative $74,000 
Administrative Staff (salary for 2 people) $90,000 

Total $263,000 
Values taken from Payscale Website: http://www.payscale.com/research/CA/Job=General_Manager/Salary  -  taken at 75 percentile http://www.payscale.com/research/CA/Job=Marketing_Manager/Salary  -  taken at 75 percentile http://www.payscale.com/research/CA/Job=Administrative_Assistant/Salary  -  taken at 75 percentile 

 
The cost for office space for the management team is assumed to be 5,000 a month for 1000 square feet 
of office space in downtown Vancouver.  This is based on supplied quotes ranging from 3 to 5 thousand 
dollars for a 1000 square foot rental space.  So the annual cost will be assumed to be 60,000 for rent and 
an additional 15,000 per year for incidentals and office supplies. 
The vessels will have an annual operating budgets based on fixed annual costs and costs based on the 
number of weeks the vessel is chartered. For the analysis we will look at a high operating window of 42 
weeks per year and a low operating window of 32 weeks per year.  

13.3.2. Fixed Annual Cost 
The following costs are the fixed annual costs for each catamaran that will stay constant regardless of 
the high or low operating window.  
From the concept of operation, it is known that the required staff aboard the vessel will include a 
captain for navigation of the vessel and a cook/ attendant for looking after the client’s needs as well as 
assisting the captain as required. The finical breakdown for the salary of the crew members was 
obtained by doing market research of salaries for boat captains and boat support staff across North 
America. From the compiled research it was found that a boat captain salary varies due to number of 
years of service, size of the vessel and location, findings can be seen below; 
Table 35 - Average Salaries for Employees 

Years of Service as Ship Captain Average Salary ($) 
0-5 year $             49,000.00 

5-10 year $             96,000.00 
10-20 year $           100,000.00 
20+ year $           103,000.00 

From: http://www.payscale.com/research/US/Job=Ship_Captain/Salary     



Yacht Crew Average Starting Salary Guidelines 70' - 100' 
POSITION Average Salary ($) 
Captain $             90,500.00 

First Officer $             58,200.00 
2nd Mate/Bosun $             41,100.00 

Deckhand $             40,200.00 
Chief Engineer $             50,500.00 

Assistant Engineer $             41,100.00 
Culinary Trained Chef $             57,300.00 

Chef/Cook $             50,450.00 
Chief Steward(ess)/Purser $             41,100.00 

Steward(ess) $             41,100.00 
From: http://www.crewfinders.com/yachtcrewsalaries.shtml  

Ship Captain Average Salary ($) 
Texas $             96,260.00 

Louisiana $             92,330.00 
Washington $             79,520.00 

Oregon $             72,520.00 
 California $             67,530.00 

From: https://www.sokanu.com/careers/ship-captain/salary/ 
From the findings above it was determined for the operation of the vessel it would require a competent 
captain with 5-10 years of experience.  This would lead to a salary in the range of $80,000 – 95,000 a 
year. As for the support staff the average salary will be in the range of $35,000 – 55,000 a year 
depending on their experience. This would bring the total crew salary for a year of operating one of the 
vessels to $115,000 – 150,000 annually.  An annual crew salary of $135,000 per vessel will be used. An 
additional 15% of the salary will be added on for employee benefits. For the economic feasibility 
analysis, the annual crew costs per vessel will be $155,250.   
Maintenance of the vessels will be a significant annual cost in the chartering business. This will include 
repainting the vessel with anti-fouling paint every 2 years, regular and thorough cleaning and replacing 
broken or malfunctioning components, to meet the high standard of cleanliness and functionality from 
our vessels.  For our analysis we will assume a general and conservative maintenance costs of 5% of the 
vessel value for whatever goes wrong, leading to a value of $45,000 per year. We will assume the annual 
costs of painting ever 2 years to be $30,000 per year. Furthermore, we will add an additional $10,000 to 
the annual maintenance cost to replace the sails and rigging every 4 years.  
While the catamarans aren’t being chartered they will need to be in marinas.  To see the price of 
docking a catamaran we looked at the price of docking fees in Nanny Cay’s marina in the British Virgin 
Islands.  At Nanny Cay’s marine, there rates depend on the length of the vessel. There long term rate is 
$12.40 per foot per month, with a 30 percent surcharge for multi hull vessels. This leads to an annual 
storage costs of $10,920 for a 17 metre catamaran. This value will be used per vessel in our analysis. 
From: http://www.jolly-harbour-marina.com/en/marinas-antigua-caribbean/rates.php 



The insurance for a catamaran for charter use is typical 2% of its value. With the construction of each 
vessel estimated to be $897,122 per vessel, we will estimate the annual cost of insurance to be around 
$18,000. The fixed annual costs per vessel are tabulated below.  
Table 36 - Fixed Cost per Vessel 

Fixed Costs Per Vessel 
Vessel Crew $135,000 
Allowance for Benefits (assume 15%) $20,250 
Maintenance Costs (assume 5% vessel price) $44,856 
Bottom Painting (every 2 years) $30,000 
New sails and rigging every 4 years $10,000 
Vessel Moorage (annual) $10,920 
Insurance (estimated at 2%) $18,000 

Subtotal $269,026 
 

13.3.3. Variable Costs per Vessel 
The food and alcohol will be a major expense in the catamaran charter business. People are on vacation, 
spending top dollar and the quality of the food will be indicative of the experience they are looking for.  
To get an idea for the kind of annual budget we would have for food we looked at personal testimonials 
from families who live on sailboats year round and discussed their annual food budgets.  In 2013 
Michael Robinson discussed his annual food and alcohol budget for his wife and family of four. They 
spent $35,670/year sailing around Central America, the Caribbean, North America and Canada. This 
translates to $171/person/week.  For the sake of the analysis we will assume the cost per person on the 
vessel per week to be $250.  While we will be able to get food at a cheaper rate buying ingredients in 
bulk, people will be consuming food and alcohol at a more frivolous rate as they are on vacation. The 
captain and cook/assistant will be included in this analysis, although they will likely be consuming less 
than the guests on the boat.  Leading to an annual cost of $80,000 when the vessel is chartered 32 
weeks of the year and an annual cost of $105,000 when the vessel is chartered 42 weeks of the year.  
The other operating costs we will look at will be the cost of the fuel for the fuel cells. The fuel cells will 
be used as seldom as possible, however when there is not enough wind to propel the vessel via the sails 
or enough charge in the batteries from the solar cells, the fuel cells will be used to charge the batteries 
and thus propel the vessel.  For the analysis the conservative estimation of 30L of fuel per week is used. 
A M10, 10 litre fuel cartridge costs $67. This leads to an annual fuel cost of $6,432 for the 32 week 
operating window and $8442 for the 42 week operating window.  
Table 37 - Variable Vessel Costs 

Variable Costs 
Number of weeks chartered per year 32 42 
Food and Alcohol $80,000 $105,000 
Fuel (for fuel cells 30L/week) $6,432 $8,442 

Subtotal $86,432 $113,442 
 



13.3.4. Summary Table 
The summary of the operating costs can be seen below 
Table 38 - Financial Cost Summary 

Financial Cost Summary 
Purchase Price per Vessel $897,122 
Management Fixed Costs (for all vessels) $377,450 
Fixed Annual Costs per Vessel $269,026 
Variable Annual Costs per Vessel $86,432- $113,442 

 
13.4. Financial Feasibility Analysis 

The financial feasibility of Green Hull Designs Ltd.’s charter company was determined for when we have 
3 to 6 vessels operational in the Caribbean. The analysis was performed comparing vessels operating in 
the 32-week window and the 42-week window.    
To determine the financial feasibility of the Green Hull afloat charter business the typical revenue for a 
high end Caribbean charter company needed to be determined. Market research of high end Caribbean 
charters was done and there was a clear trend between catamaran length and the price of a weekly 
charter costs.  Companies charged more for charters on longer vessels.  The trend between length and 
weekly charter costs can be seen below. The weekly rates were compiled for top quality catamaran 
charters that offered capacity for 8 guests and were manned with 2 crew.  

 
Figure 64 – Catamaran Weekly Revenue from Market Research 
From the line of best fit it was determined that we could charge a weekly rate of $18,720/week on our 
17-meter catamarans, with the accommodation capacity for 8 guests and 2 crew. Now we can estimate 
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the annual charter revenue per vessel will be $600,922 for the 32 week operating window and $788,125 
for the 42 week operating window.  We believe this is a fair assumption for the generated annual 
revenue we can generate with our catamarans.   The estimated profit before any debt service can now 
be determined. The tables below show the amount of annual profit we can expect to generate for each 
annual operating window.   
Table 39 - 32 Week Operating Window Profit before Debt Service 

Number of Vessels 3 4 5 6 
Number of Weeks Chartered per Year 32 32 32 32 
Total Cost per Vessel $481,275 $449,821 $430,948 $418,366 
Estimated Charter Revenue per Vessel $600,922 $600,922 $600,922 $600,922 
Estimated Profit Before Debt Service $358,941 $604,404 $849,868 $1,095,331 

 
Table 40 - 42 Week Operating Window Profit before Debt Service 

Number of Vessels 3 4 5 6 
Number of weeks chartered per year 42 42 42 42 
Total Cost per Vessel $508,285 $476,831 $457,958 $445,376 
Estimated Charter Revenue per Vessel $788,125 $788,125 $788,125 $788,125 
Estimated Profit Before Debt Service $839,519 $1,245,176 $1,650,832 $2,056,489 

 
To build our vessels we will need loans from the bank. For the sake of this analysis we will assume a 
6.5% interest rate loan, compounded monthly with a pay period of 20 years.  The PMT function in excel 
was used to determine the month debt service. The net profit before income tax was determined by 
subtracting the annual debt service from the estimate profit before debt service.  
Table 41 - 32 Week Operating Window Annual Rate of Return 

Number of Vessels 3 4 5 6 
Number of weeks chartered per year 32 32 32 32 
Debt Required for Vessel Purchase $2,691,365 $3,588,487 $4,485,608 $5,382,730 
Monthly Debt Service -$20,066 -$26,755 -$33,443 -$40,132 
Annual Debt Service -$240,793 -$321,058 -$401,322 -$481,586 
Net Profit Before Income Tax (NBIT)  (based on debt repayment period) $118,147 $283,347 $448,546 $613,745 
Annual Rate of Return 4.39% 7.9% 10.0% 11.4% 

 
 
 



 
Table 42 - 42 Week Operating Window Annual Rate of Return 

Number of Vessels 3 4 5 6 
Number of weeks chartered per year 42 42 42 42 
Debt Required for Vessel Purchase $2,691,365 $3,588,487 $4,485,608 $5,382,730 
Monthly Debt Service -$20,066 -$26,755 -$33,443 -$40,132 
Annual Debt Service -$240,793 -$321,058 -$401,322 -$481,586 
Net Profit Before Income Tax (NBIT)  (based on debt repayment period) $598,726 $924,118 $1,249,511 $1,574,903 
Annual Rate of Return 22.25% 25.8% 27.9% 29.3% 

 
Using the net profit before income tax we can determine the fastest possible payback period for each 
case assuming we used all of our profit before income tax to pay back our initial bank loans. Using the 
PMT function and the goal seek function, the following payback periods were determined.    
Table 43 - 32 Week Operation Window Pay Back Period 

Number of Vessels 3 4 5 6 
Number of weeks chartered per year 32 32 32 32 
Payback Period in Months 123.7 90.3 77.8 71.2 

 
Table 44 - 42 Week Operation Window Pay Back Period 

Number of Vessels 3 4 5 6 
Number of weeks chartered per year 42 42 42 42 
Payback Period in Months 43.3 38.4 36.0 34.5 

 
 
 
 
 
 
 
 
 
 



13.4.1. Summary Table 
The financial viability depends on the number of months that the vessel can be chartered and the 
number of vessels that will be constructed. The company starts to experience profitability with 3 vessels 
operating in the low operating window and extremely high profitability with 6 vessels in the high 
operating window.    
Table 45 - 32 Week Operating Window Financial Summaries 

Analysis Assuming Chartering 32 Weeks per Year 
Annual Net Income Before Taxes (3 vessels) $118,147 

Payback Period in Months (3 vessels) 123.7 
Annual Net Income Before Taxes (4 vessels) $283,347 

Payback Period in Months (4 vessels) 90.3 
Annual Net Income Before Taxes (5 vessels) $448,546 

Payback Period in Months (5 vessels) 77.8 
Annual Net Income Before Taxes (6 vessels) $613,745 

Payback Period in Months (6 vessels) 71.2 
 

Table 46 - 42 Week Operating Window Financial Summaries 
Analysis Assuming Chartering 42 Weeks per Year 

Annual Net Income Before Taxes (3 vessels) $598,726 
Payback Period in Months (3 vessels) 43.3 

Annual Net Income Before Taxes (4 vessels) $924,118 
Payback Period in Months (4 vessels) 38.4 

Annual Net Income Before Taxes (5 vessels) $1,249,511 
Payback Period in Months (5 vessels) 36.0 

Annual Net Income Before Taxes (6 vessels) $1,574,903 
Payback Period in Months (6 vessels) 34.5 

 
As you can see from the tables above, the more vessels that can be manufactured, the higher the 
profitability of the company.  The analysis assumes a constant interest rate and a loan repayment period 
of 20 years.  The analysis also assumes that the demand for the vessels will be able to keep the vessels 
chartered for the full 32 or 42 weeks per year.  If we were to assume that we only had enough demand 
for 6 vessels at 32 weeks per year, our profit is approximately 614 thousand per year.  If we were to only 
build 4 vessels but keep them at 42 weeks per year utilization rate our net profit is 924 thousand per 
year.  This example shows how accurate estimation of the market demand is critical to the decision on 
how many vessels to build. The business certainly has potential from large profitability pending further 
market research.  
 



14. CONCLUSIONS 
Green Hull Design Ltd set out to design sailing catamarans for an environmentally conscious Caribbean 
charter. The operation parameters were to operate as a part of a 3 – 6 vessel fleet, operate without 
burning any fuels and designed for single handed sailing with a crew of 2. Furthermore, the vessels are 
capable of motoring at 5 knots for 7 hours and 7 knots for 3 hours without hoisting sails, including 
power demand for all hotel loads, equipped with a fully outfitted galley, entertainment and laundry 
services for guest comfort. The design was completed with a thorough parametric analysis, followed by 
an analysis of hull form, velocity prediction, resistance estimation, structural strength, ship propulsion, 
electrical load, weight estimate, cost estimate and financial viability.  
As this is a conceptual design, there are many aspects that were not fully addressed and that require 
further work. Major tasks required to move forward with the design are outlined below. 

— Seakeeping and maneuvering analysis 
— Market research of the Caribbean charter market to determine how many weeks per year 

vessels would be chartered and how many vessels should be built 
— Perform hull fairing to make the design easier to manufacture 
— Model testing of the hull to verify computer models 
— A more detailed and thorough weight estimation with continuous iteration would need to be 

performed at later points in the design spiral.  Technical risk can arise from an inaccurate weight 
estimate 

— Detailed auxiliary systems such as HVAC, compressed air, and piping will need to be developed 
— Economic analysis of aluminum versus composite material ship construction for larger scale 

production. Detailed structural analysis of a composite design versus an aluminum design would 
need to be compared as well, including optimisation of the scantlings to reduce the lightship 
weight 
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