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Multi -Fidelity Structural Modeling for Set Based Design (SBD) of Advanced Marine Vehicles 

Oliver Neal Raj 

Abstract 

This thesis demonstrates that a parametrically-modifiable Advanced Marine Vehicle Structural 

(AMVS) module (that can be integrated into a larger framework of marine vehicle analysis modules) 

enables stakeholders, as a group, to complete structurally feasible ship designs using the Set-Based 

Design (SBD) method. The SBD method allows stakeholders to identify and explore multiple solutions to 

stakeholder requirements and only eliminating the infeasible poorer solutions after all solutions are 

completely explored. SBD offers the and advantage over traditional design methods such as Waterfall and 

Spiral because traditional methods do not adequately explore the design space to determine if they are 

eliminating more optimal solutions in terms of cost, risk and performance.  

The fundamental focus for this thesis was on the development of a parametrically modifiable 

AMVS module using a low-fidelity structural analysis method implemented using a numerical 2D Finite 

Element Analysis (FEA) applied to the HY2-SWATH. To verify the AMVS module accuracy, a high-

fidelity structural analysis was implemented in MAESTRO to analyze the reference marine vehicle model 

and provide a comparison baseline. To explore the design space, the AMVS module is written to be 

parametrically modified through input variables, effectively generating a new vessel structure when an 

input is changed.  AMVS module is used to analyze an advanced marine vessel in its two operating 

modes: displacement and foil-borne. AMVS demonstrates the capability to explore the design space and 

evaluate the structural feasibility of the advance marine vehicle designs through consideration of the 

material, stiffener/girder dimensions, stiffener/girder arrangement, and machinery/equipment weights 

onboard.  

 

Keywords: Structural Analysis, Set Based Design, HY2-SWATH, Hydrofoil, Multi -Fidelity, 

Advanced Marine Vehicle  

 



 

 

Multi -Fidelity Structural Modeling for Set Based Design (SBD) of Advanced Marine Vehicles 

Oliver Neal Raj 

General Audience Abstract 

In designing large marine products, it is necessary to follow a structured process to ensure the 

final product adequately meets the needs of a stakeholderôs requirements through engineering verification 

and validation analyses steps.  This thesis demonstrates that the Advanced Marine Vehicle Structure 

(AMVS) module can be used by marine engineering professionals, in a group, to quickly analyze many 

structural variations of an advanced marine vehicle without freezing or locking in on an early and 

potentially suboptimal design.  AMVS is intended to be integrated and to work in conjunction with other 

marine vehicle modules that, together, shipbuilder engineers can use to analyze all major design aspects 

of the marine vehicle in the total ship design process.  Together the modules are implemented as a Set-

Based Design (SBD) process to explore multiple total advance marine vehicle solutions to the 

stakeholderôs requirements and to eliminate the infeasible and worse solutions later during analysis. 

 

Keywords: Structural Analysis, Set Based Design, HY2-SWATH, Hydrofoil, Multi -Fidelity, 

Advanced Marine Vehicle  
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1. Introduction  

The complex ship design process is initiated when a capability gap, or need, within an 

organization or industry is identified.  It is currently accomplished by a team of designers, engineers and 

scientists, often in collaboration with government, industry and the academia. An innovative ship design 

requires extensive research in the initial design phases to identify a set of requirements which clearly 

describe a design to fill the identified capability gap.  Due to the parametric nature of ship design, 

establishing requirements and use of traditional design methodologies, such as Spiral and Waterfall, fail 

to capture the necessary detail to design something as complex as a ship [2].  The iterative steps in these 

methodologies of capturing this detail results in schedule delays, cost overruns and design rework or 

redesign.  Ships and their numerous systems are too large and complex to be adequately designed using 

these single point solution methods without eliminating feasible design options very early in the design 

process.  The early eliminated designs could be optimal solutions but they are never explored [2].  Due to 

project schedule, resource, and cost constraints; eliminated design options are never returned to for further 

investigation and development or vetting.  On 11 May 2004, Representative Duncan Hunter, Chairman of 

the House Armed Services Committee stated ñThe lack of discipline in both the requirements 

development process and the systems design and demonstration process are making new ships 

unaffordable.ò[3]  Poorly established requirements drive up the design and development process time and 

cost as it requires more negotiation and re-work or redesign to accomplish a final product that meets the 

requirements and to fill the capability gap(s) identified.  The SBD methodology has been shown to 

resolve the requirement-design dilemma by identifying a set of feasible design solutions that satisfy the 

desired requirements. The feasible solutions are then systematically refined and ranked to converge on a 

preferred design(s), based on trade-off analysis of risk, cost, quality and intended effectiveness of the 

design solution options. 

 The fundamental focus for this thesis was on the development of a parametrically 

modifiable AMVS module using a low-fidelity structural analysis method implemented using a numerical 

2D Finite Element Analysis (FEA) applied to the concept ultra-high-speed Unmanned Surface Vehicle 

(USV) Hybrid Hydrofoil SWATH (HY2-SWATH). To verify the AMVS module accuracy, a high-

fidelity structural analysis was implemented in MAESTRO to analyze the reference marine model and 

provide a comparison baseline. The comparison baseline will provide useful information for future 

refinement and accuracy enhancement of the AMVS module.  This thesis shows that the AMVS module 

can be implemented in the SBD methodology in conjunction with other marine vehicle analysis modules 

for the total ship design of the HY2-SWATH.  It also validates that there are feasible design choices for 

the structural arrangement.   
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The AMVS module is one of three modules being created for the HY2-SWATH.  Figure 1 shows 

that in addition to the structure, the aerodynamics and the hydro-statics/dynamics are considered in the 

design process.  Parametrically-modifiable modules are being created by other scientists on the team, at 

Massachusetts Institute of Technology (MIT), to consider the aerodynamics and hydro-statics/dynamics 

of the vessel. Figure 1 shows the division of labor in the HY2-SWATH project. 

 

 

Figure 1: HY2-SWATH Specialty Groups 

 

Together, the major disciplines involved in the HY2-SWATHôs design are considered.  

¶ In displacement mode the hydrodynamics in calm water (total resistance), motions and 

loads in irregular waves, powering and propulsion, internal arrangements and weight 

estimation, intact and damage stability are analyzed.   

¶ In the foil-borne mode, the aerodynamics of the emerged sections (e.g. struts, wing-

shaped superstructure, turbojets) of the vessel are considered as well as the 

hydrodynamics of the submerged sections of the vessel (e.g. propulsion motors, torpedo-

shaped hulls, and struts). 

 High-Speed Vessels 1.1

A high speed marine vessel, as defined by the International Maritime Organizationôs (IMO) 

International Code of Safety for High-Speed Craft (HSC), is ñéa craft capable of a maximum speed 

equal to or exceeding: 3.7​Ȣ ά
ίϳ  where: ​ = displacement corresponding to the design waterline 
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(ά ).ò[5]  In terms of the volumetric Froude Number, Ὂ  Ȣ  z Ȣ , a displacement vessel is 

considered ñfastò when Ὂ ρȢς and in terms of the length Froude Number, Ὂ  
ᶻ

, a 

vessel is considered ñfastò when Ὂ πȢτ, corresponding to the so called hull speed.  The HY2-SWATH 

design falls in to the high-speed vessel category using any of these definitions.  This has practical design 

implications due to the different requirements set by classification societies with respect to safety and 

structural strength. 

When discussing vessels it is important to differentiate between different hull form typologies by 

their operational speed because the hydrodynamic characteristics change based on the hull type and 

operating speeds.  For example, at vessel operational speeds greater than 50 knots, hydrodynamic 

cavitation needs to be considered in order to implement a suitable design of any lifting surface.  In the 

context of the HY2-SWATH, that is meant to reach speed in excess of 100 knots, this means when 

operating the vessel in foilborne mode, the hydrofoils need to be optimized and implemented in the form 

of super-cavitating hydrofoils [4].  Additionally, the physics of slamming (and related low order models 

used to calculate slamming pressures in practical naval architecture) pressures changes based on the speed 

of the vessel.  The slamming pressure and applicable equations implemented in the HY2-SWATHôs 

design are discussed in detail in Section 3.4. 

 Small Water Plane Area Twin Hull (SWATH)  1.2

The HY2-SWATH uses a torpedo-shaped SWATH hullform. A SWATH is a type of marine 

vessel with two hulls, also referred to as demihulls, which are submerged under the surface of water and 

provide buoyancy and volume capacity for fuel and propulsion systems.  The demihulls can be shaped 

optimally for a designed cruise speed and because they are below the surface of the water, are less 

affected by wave action thus reducing the drag.  Figure 2, illustrates how the geometry of a hull can be 

optimized at different Froude Numbers i.e. for different vessel designed operational speeds.  
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Figure 2: Unconventional Torpedo-Shaped Hull for SWATH Vessels with 

Minimum Drag  [7] 

 

Specifically, Figure 2 shows hull forms optimized for different Froude Numbers ranging from low speeds 

(Fr = 0.30) to high speeds (Fr =0.40).  Appended to the hulls are single or twin struts which rise above the 

water and support the upper platform.  

Figure 3, provides a comparison of wetted-surface areas between a monohull, catamaran, and a 

SWATH.  The monohull has the largest wetted-surface area and the SWATH has the smallest wetted-

surface area. 

 

 

Figure 3: Comparison of Different Waterline Areas [8] 

 

The benefit of smaller waterline area is in the smaller wave excitation forces, which ultimately means 

lower motion in rough seas.  However, smaller waterline areas lower the hydrostatic restoring forces, so 
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the vessel will have less hydrostatic capability to react to external roll/pitch moments and vertical forces. 

Figure 3 shows that a SWATH resembles a catamaran but with added benefit of better seakeeping 

characteristics in head sea conditions when compared with a catamaran or equivalent monohull [8].  

Traditional SWATH vessels are typically affected by a higher wave-making resistance, compared to 

equivalent catamarans or monohulls.  This handicap can be overcome with non-conventional hull forms 

as first demonstrated by Brizzolara [7] and as represented in Figure 3.  Additionally, similar to a 

catamaran, the advantageous seakeeping characteristics can be lost if there are resonant vertical motions 

caused by current sea state, speed and heading [6].  Due to the unique structural geometric design, 

SWATHs are far more complex vessels than conventional catamarans. 

 Foil-Supported Vessels 1.3

In its foilborne mode, the HY2-SWATH engages its hydrofoils to lift the vessel out of the water 

which reduces the drag and allows the vessel to increase its speed from its displacement mode design 

speed (8-20 knots) to its foilborne mode design speed (120+ knots).  The characteristic of having two 

operational modes is why the vessel is classified as a hybrid. Foil-supported vessels, i.e. hydrofoil-

supported vessels, use similar design theory as plane wings.  However, an airfoil and a hydrofoilôs 

purpose is the same; to provide a lift  force to the craft.  As a ship increases speed, the hydrofoil lifts the 

shipôs hull(s) out of the water in order to decrease drag and allow for further increase of vessel speed.  

Hydrofoils can be attached to any hull type e.g. monohull, catamaran, SWATH, etc.  Hydrofoils can be 

subdivided in to two subcategories: fully -submerged hydrofoils and surface-piercing hydrofoils.   

1.3.1 Fully -Submerged Hydrofoils 

Fully-submerged hydrofoils, generally inverted T-shaped, are fully submerged under water and 

remain fully submerged while the vessel is in foilborne mode.  As discussed in Section 1.2, because the 

hydrofoil remains fully submerged, there is less drag due to wave making actions.  The majority of fully-

submerged hydrofoil (e.g. those developed by Boeing) is outfitted with flaps, similar to an airplane wing, 

which are activated with a control system to stabilize the vessel in heave, pitch, and roll motions. The 

active control system makes the vesselôs ride smoother than the surface-piercing hydrofoilôs passive 

stabilization feature.  
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Figure 4: Fully-Submerged Boeing Hydrofoil Vessel [6] 

 

Figure 4 shows what the fully-submerged hydrofoils look like on vessel.  The vessel contains one 

hydrofoil towards the bow of the ship and one continuous hydrofoil towards the aft of the ship.  This 

specific arrangement of hydrofoils is known as the ñcanardò configuration and is suitable when the center 

of gravity is located in the aft part of the vessel. 

1.3.2 Surface-Piercing Hydrofoils 

Surface-piercing hydrofoils, generally V-shaped, are shaped so that the main portion of the 

hydrofoil is submerged under water, providing lift, with a small portion of the foil which rises above the 

surface when in foilborne mode.  Figure 5 provides an image of a traditional surface-piercing hydrofoil, 

as those developed in Russia and Italy by Rodriquez shipyard.  
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Figure 5: Surface Piercing Hydrofoil Vessel [6] 

 

The surface-piercing hydrofoil is self-stabilizing with respect to the vertical position, heel, and 

trim making the surface-piercing hydrofoil the simpler of the two hydrofoil subcategories to implement.  

Due to the inclined shape of the hydrofoil, a larger foil area is required to provide the same lift at a given 

vesselôs speed and weight [6].   

An in depth analysis was conducted by Pruner [4] which resulted in equipping the HY2-SWATH 

with two sets of deployable super-cavitating surface-piercing hydrofoils with negative dihedral angle with 

respect to the free surface.  This configuration ensures the vessel can be adequately supported and 

provides minimized resistance and good inherent dynamic stability, as demonstrated in a new study by 

Williams and Brizzolara [18].  

 Alternative Design Methods and Processes 1.4

The purpose of design is for the ultimate specification and procurement of a product, system or 

service for the customer.  For the procurement of complex products, a formal process is often 

implemented to ensure that the customer actually receives what they wanted.  There are many different 

design processes that provide structured approaches for making decisions as the design progresses, 

instructions, procurement of materials, etc. all in order to produce a final product that meets the 

customerôs requirements.   

Sections 1.4.1 and 1.4.2 briefly describe the Spiral Model Design Method and Waterfall Model 

Design Method, two traditional design methods used to organize the development process of the product, 
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system, or service.  Section 1.4.3 describes the Set Based Design Method approach to product and system 

procurement and the advantages it offers over the traditional design methods.  In the following sections, 

the use of the word ñproductò refers to a system(s), service(s) and/or product(s). 

1.4.1 Spiral Model Design Method 

The Spiral Model design is an iterative design process that consists of four main phases.  Starting 

from quadrant II and moving clockwise.  In Figure 6, the four phases are: design, evaluation/risk analysis, 

development/testing, and planning with stakeholder participation and approval.  While Figure 6 

specifically references software design, all of the total ship design processes at a high level are essentially 

the same.  Any minor variances between the design processes can be easily modified and adapted for ship 

design. 

 

 

Figure 6: Spiral Model Design Process - Adaptable to Ship Design [9] 

 

The process is iteratively repeated, moving radially outward until the final product has been 

developed with cost being proportional to the circleôs radius.  The main concept behind this design 

process is to identify and mitigate risks associated with cost, schedule, and performance to develop 
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partially operational prototypes or proof of concept, rapidly.  Rapid prototyping allows for the 

development of improved requirements and increased product functionality [9].  The ultimate goal of the 

Spiral Model design process is to develop a single product/system and refine the product for increased 

functionality as stakeholders generate new and improved detailed requirements. 

1.4.2 Waterfall Model Design Method 

The Waterfall Model design method is a step-by-step evolution of typical life-cycle phases with 

progress flow primarily in one direction.  Similar to Figure 6, Figure 7 provides an example of the life-

cycle phases as applied to ship software systems development but is extendable to any product/system 

development including ship hardware design.  It shows that iteration is only permitted between adjacent 

phases and product design only moves forward to the next phase when the preceding phase has been 

reviewed and verified. 

 

 

Figure 7: Waterfall Model Design Process [9] 
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The design process is initiated with product/system requirements definition and refinement.  Once 

requirements have been reviewed and verified with relevant stakeholders, the next step is to design the 

system followed by testing/sea trials and deployment.  The final step is to maintain and service the 

product or ship as in our case. 

1.4.3 Set Based Design (SBD) 

SBD is a design methodology, like the spiral model design method and waterfall model design 

method; all with the intended purpose of producing a product for the customer.  Unlike the 

aforementioned traditional methodologies, which identify a single solution through continuous iterative 

refinement, the SBD methodology implements the process in reverse.  This is a major variance. SBD 

identifies multiple feasible solutions of the design as a whole and works to eliminate infeasible solutions 

or badly dominated solutions [13].  Bernstein thoroughly describes the SBD process in ñDesign Methods 

in the Aerospace Industry: Looking for Evidence of Set-Based Practicesò [15] and provided Figure 8 

which shows a simplified diagram of the SBD process.   

 

 

Figure 8: Set-Based Design Process [15] 
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SBD is summarized in three steps or phases as follows: 

1. Explore the design space (Figure 8: step (1)) 

2. Identify overlapping solution set regions (Figure 8: step (2)) 

3. Refine feasible design regions (Figure 8: step (3) ï step (5)) 

The first task of SBD is to explore the design space.  A design space contains all possible 

solutions to the design problem.  The design space is bounded by current and future-potential capabilities. 

Once the requirements have been established which define the objectives and capability gap(s) the final 

product is to fill. Various specialty groups (functional groups, domains, disciplines) concurrently work to 

identify all possible product solutions and alternatives to accomplish the objectives to meet the 

requirements.  The solutions identified within a specialty are known a solution sets.  The boundaries on 

the solution sets are restricted by constraints, physical or governing parameter minimum and maximum 

ranges as delineated in the product requirements specification by the client of stakeholder.  At this phase, 

the goal is to identify and expand as many possible solutions that will satisfy the product requirements. 

As more solutions are identified, the solution sets become larger and begin to overlap with other 

solution sets.  To develop a feasible ship design solution, all specialty domains must be coordinated and 

function harmoniously. Step two of SBD is to identify the overlapped regions.  The overlapped regions 

are known as feasible solutions because they meet all the stated requirements of each specialty discipline 

and could feasibly be matured in to a final product.  However, in SBD, the final solution is identified 

through elimination of infeasible solutions.  At this step, the non-overlapping solution regions can be 

eliminated as a final product must satisfy the requirements for all solution domains.  

After step two has been completed, the remaining balance is the feasible solutions to each domain 

specialty.  Step three works to refine the feasible design region.  The specialty groups work to add detail 

to the remaining designs to ensure their continued feasibility [15]. The iterative refinement process is 

continued until a single design or set of non-dominated designs remain.  When there are multiple, often 

conflicting, objectives to be accomplished by a product, multiple optimal solutions can be identified by 

prioritizing and optimizing towards one of the multiple objectives.  Optimizing towards one of multiple 

objectives means that no single solution can simultaneously provide the optimal solution for all 

objectives.  Then trade-offs between objectives will  result in the existence of numerous optimal solutions 

capable of achieving the objectives to different degrees. A non-dominated solution refers to one of the 

optimal solutions to the set of objectives.  An example of two conflicting objectives is the objective of a 

providing a low cost product versus a product outfitted with all the optional accessories. 

The major advantages of the SBD process include: 

1. Gaining a comprehensive understanding of the design space 
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2. Design solution validation and improved quality through converging (overlapping) 

specialty group solution sets 

3. Mitigation of design rework  

4. Flexibility in solution options 

The SBD process requires the investigation and identification of many creative and objective design 

solution options, by various specialty groups, and their refinement.  Refinement through overlapping 

solution sets serves as a form of checks and balances. The overlapping regions represent converging 

solutions, validated though scrutiny by different technical design methods.  Refinement though 

elimination of infeasible solutions requires a thorough understanding of the potential forms and 

capabilities a range of product solutions can provide in order to cross-reference the solutions with the 

requirements in order to identify their inconsistencies to classify the designs as infeasible.   

Since designs are only eliminated if infeasible, there is no need to return to eliminated design 

options for rework since they have been declared as infeasible.  This minimizes impact to schedule, cost 

and resources.  Principally, the process of elimination via infeasibility, as opposed to single solution 

selection, allows flexibility  for a variety of vetted future design solutions.   

The major disadvantages of the SBD process include: 

1. Requires a method to quickly generate numerous design variations 

2. Method to refine solution options 

Each specialty group involved in the design of a product must identify a range of design solutions to 

adequately explore the design space and ensure overlap with other specialty group solution sets.  Often 

the number of design solutions could be in the hundreds or thousands.  To identify many designs, a 

computer program is created; in which input parameters can be varied to quickly output a design i.e. a 

what-if analysis.  The creation of such a computer code initially takes a greater amount of time in the 

early phases of the productôs design.  Often, many different computer codes, or modules, may be created 

to output design solutions within the realm of each specialty group. The modules are often written for 

analysis of the specific product and requirements in question and are not general enough for reuse in the 

design of another product with different requirements. 

Initial refinement through solution set convergence and infeasible solution removal may not 

immediately converge to a single final solution.  Further refinement of the remaining valid solutions 

options must take place to reveal a final solution.  The current literature research on SBD are often vague 

and do not provide a concise direction on how to conduct the final stage(s) of refinement. Singer et. al. [2] 

suggest at this point to switch to point design methods; deferring to stakeholdersô preferences and 

expertise. Brown et. al. [13] suggest a slight deviation from SBD by conducting a multi-objective 

optimization to establish a Pareto frontier of non-dominated solutions.  This is a slight deviation from 
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traditional SBD because it seeks to select the best of solutions through specific objectives as opposed to 

seeking to eliminate the poorer solutions through specific objectives.  Gretna [1] and Bernstein [15] do 

not elaborate on an additional refinement; assuming solution set convergence and physically infeasible 

solutions elimination will result in a single final solution. 

To apply the SBD process to HY2-SWATH, the design space exploration was tasked to four 

specialty groups (Structures, Aerodynamics, Hydro-statics, and Hydro-dynamics) that are worked 

concurrently to identify feasible solution sets, as shown in Figure 9.  Each specialty group worked to 

create parametrically-modifiable modules that will be integrated into a global software manager which 

will automate the domain minimum and maximum parameters. 

 



 

14 

 

 

Figure 9: HY2-SWATH Specialty Groups 
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The domain specialty research focus of this thesis is for the parametric generation structural 

module.  The structural module inputs are easily and automatically varied to generate many structural 

designs of the ultra-high-speed hydrofoil SWATH and their associated structural analysis solutions.  The 

module is described in detail in Section 3 and Section 4. 

2. Advanced Marine Vehicle Structural (AMVS) Modules Scope and 

Objectives 

AMVS module is essential in the overall design framework, Figure 9, of the vessel used to create 

the structural layout of advanced marine vehicles; in this case, the HY2-SWATH.  The AMVS module 

also contains an analysis module to assess the structural integrity of the HY2-SWATH and to determine if 

any aspects of the structure fails. For this paper, AMVS module was used to analyze the stresses the 

vessel will experience in accordance with the vesselôs operating modes and environment conditions 

including displacement mode, foilborne mode, hogging, sagging, and slamming. The vesselôs operational 

requirements are discussed in Section 2.1. 

The AMVS module is parametrically modifiable as a function of designer input variables so that 

many geometric variations of the HY2-SWATH are automatically generated, presented, and analyzed.  

The AMVS module can be integrated with other ship domain analysis modules in a global system 

software manager. Collectively, the modules will be used in the Set Based Design (SBD) methodology 

for the total ship design and analysis of this advance marine vehicle.  

 Operational Requirements 2.1

The HY2-SWATH operates in two different cruise speeds of ~8-25 knots and ~120+ knots.  It is 

difficult to optimize a single hull form configuration of a vessel which is optimized for two extremely 

different cruise speeds and thus the vessel operates in one of two modes: displacement mode or foilborne 

mode.  Figure 10 shows the vessel with the hydrofoils retracted and in displacement mode as well as the 

hydrofoils deployed and in foilborne mode. 
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Figure 10: Displacement and Foilborne Operating Conditions 

 

In displacement mode, the vessel uses its two motor-driven propellers to cruise at speeds between 

8 - 25 knots. The torpedo-shaped twin hulls have been optimally shaped to minimize resistance at cruise 

speeds. In its displacement mode, the vessel is capable of operating in sea states up to three i.e. significant 

wave heights of 1.67 ï 4.08 ft. or 0.5 ï 1.25 m. The hogging, sagging and slamming stresses on the HY2-

SWATH are considered due to these higher sea states. 

In foilborne mode, the vessel uses its two turbo jet engines to provide thrust and its four super-

cavitating hydrofoils and wing-shaped superstructure to provide lift to raise the hulls out of the water in 

order to cruise at 120+ knots.  The vessel is capable of transporting a three to five metric tonne payload, 

500 nautical miles at top speed.  Additionally, the vessel is capable of accomplishing a 5 day mission. 

Both modes of vessel operation were considered and analyzed.  Specific areas of development 

and testing were necessary in the overall structural design and in the dynamic behavior of the vessel.  

Structurally, the vesselôs design had to be lightweight but capable of handling the material stresses and 

fatigue in both operating modes.  The vesselôs twin hulls, struts, superstructure, and the hydrofoils are 

designed with sufficient strength, enough to support the weight of the fully loaded vessel in foilborne 

mode, yet hydro and aerodynamic enough to minimize drag and resistance.   
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 Multi -Fidelity  Approach 2.2

A multi-fidelity model analysis approach was implemented to analyze the structure of the 

reference marine model. A high-fidelity model offers the advantage of greater correlation to full-scale sea 

trial results while the low-fidelity model offers the advantage of reduced computational time. The 

disadvantage of the high-fidelity model is that it is not always possible to develop a sophisticated high-

fidelity model due to the lack of specific information required setting up a detailed model and complex 

mathematical models characterized by long computational times.  It is useful to represent the 

sophisticated high-fidelity model with a simplified, lower-fidelity model characterized by sufficient 

fidelity to represent the complex geometries and capture local effects but with a shorter computational 

time.  ñSufficient fidelityò is accomplished by using simplified mathematical models and formulas which 

have demonstrated similar behavior to full-scale trial results.  In addition, ñsufficient fidelityò is 

accomplished by modeling all major aspects of the design that may significantly impact the results, as 

determined though professional discussions.  Thus, the multi-fidelity design analysis approach mitigates 

expensive and time consuming-full scale trials by using low-fidelity analysis to quickly explore the 

design space; integrated with high-fidelity analysis for increased accuracy [13]. 

The fundamental focus for this thesis was on the development of a parametrically modifiable 

AMVS module using a low-fidelity structural analysis method implemented using a numerical 2D Finite 

Element Analysis (FEA) applied to the HY2-SWATH. To verify the AMVS module accuracy, a high-

fidelity structural analysis was implemented in MAESTRO to analyze the reference marine model and 

provide a comparison baseline. 

2.2.1 Low-Fidelity Physics Structural Analysis Method 

This section provides a general background theory on the low-fidelity physics selected and 

implemented in the AMVS product module.  The Euler-Bernoulli finite element method was selected for 

implementation of the low-fidelity structural analysis.  Euler-Bernoulli beam theory is a special case of 

Timoshenko beam theory which is often used to calculate the load-carrying and elastic deflection 

characteristics of rods, beams or frames.  The difference between Euler-Bernoulli beam theory and 

Timoshenko beam theory is in their respective assumptions.  Euler-Bernoulli assumes plane sections 

remain plane i.e. the finite element cross-sections are perpendicular the bending line.  Timoshenko beam 

theory allows rotation between cross-section and bending line.  The Euler-Bernoulli assumption is valid 

for the analysis of vessel because it covers the case for small deflections.  Large deflections are not 

acceptable in ship design and result in clearly infeasible solutions which are directly eliminated from the 

feasible space. 
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Finite element method is a numerical method, like finite difference method, for solving 

differential equations but is more general and powerful in its application. In the finite element method, a 

domain is divided into subdomains, called finite elements, and an approximate solution is developed over 

each element. The division of the domain into subdomains offers the advantage of accurate representation 

of dissimilar material properties and complex geometries. The sub-domain captures the local effects 

within each element, and together, provides an accurate representation of the total solution [10].   

ñThe three fundamental steps of the finite element methodé are: 

1. Divide the whole domain into parts (both to represent the geometry and the 

solution of the problem). 

2. Over each part, seek an approximation to the solution as a linear combination of 

nodal values and approximation functions, and derive the algebraic relations 

among nodal values of the solution over each part. 

3. Assemble the parts and obtain the solution to the whole.ò [10] 

There are three inherent sources of error in the finite element solution: 

1. Due to the approximation of the domain, i.e. geometric region over which the 

equations are solved. 

2. Due to the approximation of the solution i.e. use of approximating polynomial 

interpolating functions in the element equation derivation. 

3. Due to numerical computation e.g. numerical integration and computer round-off 

errors. [10] 

Figure 11 shows an ordinary un-deformed and deformed frame element with two nodes, three degrees 

of freedom per node, displacements in the x and y-axis directions, and where external concentrated forces 

and moments act. This frame element is the fundamental element used in this method and is the 

superposition of a bar element and a beam element.  Thus, the frame element takes on the characteristics 

of both the bar and beam element, allowing for axial and transverse forces and bending moments to be 

developed in the members [10]. 
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Figure 11: Frame Element with Degrees of Freedom 

 

The Euler-Bernoulli frame element equations, in the local element reference framed (denoted by the 

subscript/superscript ñeò), are given by the element equations: 

 

[ὑ ῳӶ  = Ὂ  Equation 1 

 

Equation 1 is the algebraic element equation of the Euler-Bernoulli differential equation.  The element 

stiffness matrix [ὑ  and force vector {Ὂ  are derived using the Hermite cubic interpolation functions 

and have the final form as shown in Equation 2 and Equation 4. 
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Ὁ = Element elastic modulus 

ὃ = Element cross-sectional area 

Ὅ = Element second moment of area 

ὒ= Element length 

 

Equation 3 shows the element nodal degrees of freedom, which follows and corresponds to the ordered 

forces and moments listed in the force vector {Ὂ  (Equation 4).  Displacement and force vector 

components are visually indicated in Figure 11. 

 

{Ў  = 

ở

Ở
Ở
ờ

ό
ὺ
 
ό
ὺ
 Ợ

ỡ
ỡ
Ỡ

 
Equation 3 

 

ό = Node axial displacement 

ὺ = Node transverse displacement 

 = node rotation angle 
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 Equation 4 

Ὢ  = distributed transverse element force  

Ὢ  = distributed axial element force 

ά  = pure moment  

ὗ = force and moment boundary conditions 

 

Equation 1 - Equation 4 are represented in the elementôs local coordinate system and must be transformed 

in to a global coordinate system of the entire frame. The local element reference frame equations are 

related to a global coordinates by a transformation matrix as show in Equation 5. 
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The final element matrices in the global reference frame are obtained by Equation 6. 

 

[Ὕ  [ὑ [Ὕ Ὕ ῳӶ  [Ὕ Ὂ  Equation 6 

 

Next, the element matrices are assembled into a global matrix equation based on a connectivity 

matrix describing how the element end nodes interface with one another.  Finally, boundary conditions 

are applied and the resulting equations are solved for the unknown nodal displacements and forces.  

2.2.2 High-Fidelity Physics Structur al Analysis Method 

The high-fidelity structural analysis of the reference HY2-SWATH was conducted using 

MAESTRO.  MAESTRO is a commercial 3D modeling software used to structurally design, analyze and 

evaluate floating structures.  A model can be built using a combination of coarse/fine and quad/triangular 

meshes. The software calculates the displacements and stresses on a model using the FEA method and 

evaluates the structural failure modes using different methodologies including: 

1. ALPS/ULSAP 

2. ALPS/HULL (hull girder ultimate strength) 

3. ABS High Speed Naval Craft (HSNC) and Offshore Buckling Guide 

4. US Navy NVR criteria 

MAESTRO can also be set up to analyzes many difference loading scenarios, including the loading cases 

analyzed in the AMVS module; such as hydro-static loads, hydro-dynamic loads, hogging and sagging 

wave conditions [16]. 

3. Structure Design and Assessment AMVS Module (Low-Fidelity 

Method) 

The Euler-Bernoulli theory described in Section 2.2.1 was implemented in a MATLAB  2D Finite 

Element Analysis (FEA) code written by Dr. Saad Ragab [17].   This code was converted from MATLAB 

to Mathematica and adapted and enhanced to allow for analysis of the HY2-SWATH.  Modifications 

include, but not limited to, the addition of code to: 
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1. Create and element cross-sections (described in Section 3.1) 

a. Calculate element area 

b. Calculate element inertias 

c. Calculate element volumes 

i. Material volume (structural weight) 

ii. Enclosed volume (buoyancy and fuel) 

2. Analyze three interdependent frames in various operational conditions (described in 

Section 3.3)  

a. Generate deflection, shear and bending moment plots 

b. Calculate bending stress, shear stress, and principle stresses 

i. Apply a safety factor 

ii. Compare principle stresses against material yield stresses for structure 

failure analysis 

c. Calculate frame center of gravity and total center of gravity of the three 

interdependent frames 

d. Incorporate DNVGL rules (described in Section 3.4) 

3. Calculate buoyancy and trim the vessel when necessary 

4. Generate histograms for assistance in visualization and interpretation of results (described 

in Section 3.5) 

5. Generate input variable sensitivity plots (described in Section 3.5) 

The AMVS module is parametrically modifiable. The whole module has been written generically 

to allow varied inputs; effectively generating a new vessel structure and enable analysis of its associated 

structural properties each time inputs are modified and the code is executed.  Numerous variations of the 

vessel structure can be analyzed as required in the design space exploration of the Set Based Design 

approach. 

The AMVS module sets up a frame structure, subdivided into a collection of finite elements. It 

then determines and calculates the geometry and associated geometric properties of each element cross-

section.  Finally, force/moment loads and boundary conditions are applied to the structure and the code 

calculates stresses and determines whether there is a structural failure.  Sections 3.1, 3.2, and 3.3 elaborate 

on the process with a specific example using the original dimensions of the reference HY2-SWATH, as 

described in the thesis ñDesign of a Supercavitating Hydrofoil for Ultra-High Speed Vessel with 

Numerical Methodsò [4]. 

The HY2-SWATH was divided into three frames and analyzed in the buoyancy mode, flying 

mode, hogging and sagging conditions.  The hogging and sagging conditions include analysis of 
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slamming forces and are discussed in Section 3.4.  Once the module was tested using the reference HY2-

SWATH, several design variables were selected for variation and a variable sweep was conducted to 

expand and explore the design space.  After data generation, constraints were applied and the design 

space was refined based on clearly feasible designs.  The variable sweep, data generation and constraints 

are further discussed in Section 3.5. 

 Frame and Cross-Sectional Geometry Definition 3.1

Initial setup requires a frame to be generated as a collection of finite frame elements connected at 

the end nodes via a connectivity matrix.  The number of elements per frame can be varied with more 

elements being used in areas of dissimilar material properties, element geometries, variations in applied 

loads and areas of structural interest.  Once an element frame is created, the AMVS module calculates the 

moment of inertia, cross-sectional area of each element, element structural weight, and element volumes. 

Separately, other scientists on the on the HY2-SWATH team run Computational Fluid Dynamic 

(CFD) software to create aerodynamically and hydrodynamically feasible vessel geometries for the wing-

shaped superstructure, forward struts, aft struts and torpedo-shaped twin hulls as a component of the 

larger ship design framework.  Cross-sections of these structures are provided at the determined element 

locations.  The code is set up to analyze any cross-sectional shape provided. Figure 12 and Figure 13 are 

cross-sections of the hull and strut, respectively, and are used to aid in the following explanation of 

structure creation.  

The AMVS module takes the cross-sectional element shape (blue line) and generate an outer shell 

plating (red line) given a parametrically defined element thickness.  Due to the dimensions of Figure 13, 

the original blue cross-section line is overshadowed by the red outer shell line. Then AMVS module 

generates internal stiffeners.  The number of stiffeners per element can be specified as well as the 

dimensions, e.g. height and thickness, of each individual stiffener within an element. To conclude element 

geometry generation, internal ring stiffeners (black line), i.e. girders, are generated.  The ring stiffeners 

contribute to the element weight and are shaped the same as the element cross-section they support. 

Similar to the stiffeners, the number of ring stiffeners and dimensions, e.g. thickness and depth, of the 

ring stiffeners can be parametrically specified per element. 
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Figure 12: Cross-Section of Hull 

 

Figure 13: Cross-Section of Strut 

 

Once the cross-sectional geometry of each element was completed, the element cross-sectional 

structural area and volume, moment of inertia, structural weight, and element buoyancy provided were 

calculated.  Buoyancy is only provided if the element is submerged in water.  These values are then 

exported to the stress calculation portion of the AMVS module.  The general equations used are 

applicable to any shaped provided and are described below. 

Equation 7 allows for the calculation of a polygonôs area using the coordinates of the polygonôs 

vertices.  For curved shapes, as shown in Figure 12 and Figure 13, a sufficient number of data points 

needs to be used to define the shape vertices to provide sufficient polygon area accuracy. 

 

Polygon Area = ὥὦί 
В

  Equation 7 

n= number of coordinates defining the polygon 

 

Similar to Equation 7, Equation 8 is used to calculate the moment of inertia for any polygon using 

the coordinates of the polygonôs vertices. 

 

Ὅ В ώ ώώ ώ )( ὼώ ὼ ώ) Equation 8 
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Ὅ В ὼ ὼὼ ὼ )( ὼώ ὼ ώ) 

n= number of coordinates defining the polygon 

 

The material structural volume of the each element was calculated using Equation 9.   

 

Struc. Vol. = В ὃ Ȣ ὃ ὰzὩὲὫὸὬ έὪ ὩὰὩάὩὲὸВ ὠέὰ Ȣ Equation 9 

m = number of stiffeners 

n = number of ring stiffeners 

 Loads, Boundary Conditions, and Stresses 3.2

Once the geometry and associated geometric properties have been calculated, loads and boundary 

conditions are applied.  The AMVS module allows for concentrated forces, applied in global coordinate 

system in the horizontal and vertical directions, and pure moments to be applied to element end nodes.  

Uniform distributed loads can be applied to elements with the load applied transversely to the element in 

element local coordinates.  The specific loads due to machinery, electrical cables and piping, fuel, etc. 

were calculated and described by Pruner [4] in the development of reference HY2-SWATH, and are 

summarized in Table 1.  Since some of structural values were estimated by Pruner [4], and the dimensions 

of the vessel structure are parameter inputs in the AMVS module and therefore are subject to change, they 

are recalculated by AMVS module.  The calculated load values have been noted in Table 1. 
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Table 1: Loads Applied 

Load Quantity Mass (Each, MT) 
Reference Vessel 

Weight (Each, N) 

Electric Motor 
2 0.255 + 5% allowance 2,316.67 

Payload 
1 5 49,030 

Wing-Superstructure 
1 Calc. + 5% allowance 76,262.8 

Cables and Pipes 
1 0.65+ 5% allowance 6,692.6 

Struts 
1 Calc. + 5% allowance 43,672.6 

Hull 
2 Calc. + 5% allowance 15,799.75 

Fore foil 
2 1.535 + 5% allowance 15,804.8 

Aft foil  
2 1.57 + 5% allowance 16,165.2 

Rotating Mech. Fore 
2 0.125 +5% allowance 1,287.04 

Rotating Mech. Aft 
2 0.125 + 5% allowance 1,287.04 

Elec. Nav. Equip. 
1 0.5 + 5% allowance 5,148.15 

Liquids 
1 0.3 + 5% allowance 2,941.8 

Fuel 
1 Calculated 157,502.0 

Gas Turbines 
2 1.5 + 5% allowance 15,444.5 

Genset 
2 0.75 + 5% allowance 7,722.23 

 

Boundary conditions are applied at global nodes and can be changed to include pinned ends, 

clamped ends, and rollers in the global x and z directions.  Finally, all the geometric properties, loads, and 

boundary conditions are assembled in to a matrix using the finite element method and nodal 

displacements, rotations, reaction forces, reaction moments, bending stress, shear stress, principal 

stresses, and element failure determination are calculated.  The formulas used to calculate the stresses 

have been summarized in the below. 

 

„  
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 Reference Vessel Substructure Breakdown 3.3

The HY2-SWATH vessel large and complex, to implement the AMVS module and obtain an 

accurate representation of the vessel, the vessel was divided into three interdependent substructures.  

When the substructures are analyzed together, an accurate structure analysis of the whole vessel is 

obtained.  The three substructures were as follows: 

1. forward two struts connected via the wing-shaped superstructure 

2. aft two struts connected via the wing-shaped superstructure 

3. torpedo-shaped demi-hull 

The below figures provide different views of vessel and help to clarify how the vessel was 

divided into substructures.  

 

 

 

Figure 14: 3D Image of the Whole Reference Vessel Figure 15: Whole Reference Vessel (Looking Aft ) 
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Figure 16: Profile View of Reference Vessel 

 

Figure 17: Top View of the Reference Vessel 

 

Figure 14 shows the whole vessel with several lines which trace out, red lines, the three different 

substructures and how they are interconnected.  Figure 15 shows the forward view of the whole vessel, 

looking aft, and shows substructures 1 and 2, as defined above, highlighted in red and blue.  This is the 

primary view used for the analysis of these two substructures. Figure 16 shows the profile view of the 

vessel and the primary view for analysis of substructure 3, as defined above.  Figure 17 is the top view of 

the vessel and helps to visualize the vessel. 

Through regular discussions of the HY2-SWATH, structural details were progressively 

incorporated in to AMVS module calculations.  To include the structural details and effectively describe 

the vessel, the number of elements used in each frame was increased accordingly.  Sections 3.3.1 - 3.3.3 

describe the frames and the elements determined necessary for analysis.   

3.3.1 Substructure 1: Forward Struts with  Wing-Shaped Superstructure 

For the forward two struts substructure refer to Figure 18 for reference.   
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Figure 18: Forward Struts with Elements, Loads, and Boundary Conditions 

 

This substructure was divided in to 12 elements and together forms a frame.  Each of the elements, global 

nodes, loads, and boundary conditions have been labeled and overlaid with the forward two struts 

drawing. Note, the aft two struts have been removed from this view to allow for better visualization. The 

lower struts are defined by one element each.  The cross-sectional area along the length of the elements is 

constant.  The upper struts are defined by two elements each since the upper struts are tapered and the 

cross-sectional area changes.  The wing-shaped superstructure is defined by six elements.  The element 

nodes are defined by the changes in cross-sectional areas to create space for the payload.   

The frame has been loaded with several concentrated loads and a distributed load.  The weight of 

each element is calculated based on the geometry properties.  The weight of the strut elements have been 

applied as concentrated vertical loads at the node through which the entire elementôs weight will act.  The 

payload is applied as a concentrated load at the center of the wing.  From Figure 14 - Figure 17, it can be 

seen that there is a part of the superstructure that runs aft of the forward struts and connects to the aft 

struts to each other, i.e. the swept portion of the wing-shaped superstructure.  A percentage of this 

structureôs weight has been applied as concentrated loads at nodes 4 and 10, where the struts meet the 

superstructure.  The percentage of the wing weight is determined as a function of the position of center of 

gravity of these elements in substructure 2.  A percentage of the weight of the elements defining the 

superstructure, elements 4-9, have been applied as distributed loads across the span of the superstructure.  
































































































































































































