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Oliver Neal Raj

Abstract

This thesis demonstrates that a parametrigaligifiable Advanced Marine Vehicle Structural
(AMVS) module (that can be integrated into a larger framework of marine vehicle analysis modules)
enablesstakeholdersas a groupfo completestructuraly feasile ship designs using the Sgased
Design (SBD) method. The SBD method allows stakeholders to identifgxquhale multiple solutions to
stakeholder equirements and only eliminating the infeasible poorer solutions after all solutions are
completely exploed. SBD offers the and advantage oveaditional 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 coistk andperformance

The fundamental focus for this thesis was on the development of a parametrically modifiable
AMVS module using a lowidelity structural analysis method implemented using a numerical 2D Finite
Element Analysis (FEA) applied to the H®RNVATH. 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 baselifi@ explore the design space, the AMW#dule iswritten to be
parametrically moified through input variableseffectively generating a new vesselusture when an
input is changed AMVS moduleis used to analyzan advancedmarinevessel in its two operating
modes: displacement and fhibrne. AMVS demonstratethe capability to eplore the design space and
evaluatethe structural feasibility of the advance marine vehidsignsthrough consideration ahe
material, stiffener/girder dimensionsstiffener/girderarrangementand machinery/equipment weights

onboard

Keywords:Structural AnalysisSet Based DesigiY2-SWATH, Hydrofoil, Multi-Fidelity,

Advanced Marine Vehicle



Multi-Fidelity Structural Modelingdr Set Based Design (SBD) of Advanced Marine Vehicles
Oliver Neal Raj

General Audiene 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 sta
and validation analyses steps. This thes®monstratethat the Advanced Marine Vehicle Structure
(AMVS) modulecan be used by marine engineering professipivala groupto quickly analyzemany
structural variation®f an advanced marine vehicle withdueezing orlocking in on an earlyand
potentiallysuboptimal designAMVS is intended tde integrateé@ndto work in conjunctiorwith other
marine vehicle modules that, together, shipbuilder engineers can use to anatyapiallesign aspects
of the marine vehicle in thital ship desigrprocess. Together the modules are implemented as a Set
Based Design (SBD) process to explore multipigal advance marine vehiclsolutions to the
stakehol derds requi r ement worsasoldtions later duringemalgss.t e t he i

Keywords:Structural AnalysisSet Based DesigiY2-SWATH, Hydrofoil, Multi-Fidelity,
Advanced Marine Vehicle
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1. Introduction

The complex ship desigmrocessis initiated when a capability gap, or need, within an
organizationor industryis identified It is curently accomplished by a team of designergjineerand
scientistsoften in collaboration with government, industry ahd academiaAn innovative ship design
requires extensive research in the initial design phases to identify a set of requirementsleghigh
describe a desigto fill the identified capability gap. Due to the parametric nature of ship design,
establising requirements and use of traditional design methodologies, such as Spiral and Waterfall, fall
to capture the necessary detaildesign something as complex as a §Bjp The iterative steps in these
methodologies of capturing this detaélsults in schedule delays, cost overruns and design rework
redesign Ships and their numerous systems are too large andi@omapbe adequately designed using
thesesingle point solutionrmethods withat eliminating feasible design optiomery ealy in the design
process. Thearly eliminated designs could bptimal solutionsuttheyare never exploref®]. Due to
project schedule, resource, and amststraintseliminated design options are never returned to for further
investigationand developmerdr vetting On 11 May 2004Representativ®uncan Hunter, Chairman of
the House Armed ServiseCommittees t a tThed lacki of discipline in both the requirements
development process and the systems design and demonstration process age neakiships
unaf f o[B]dPadrly estabished requirements drive up the design and development piraeessl
costas it requires more negotiatiamd rework or redesignio accomplish a final product that meets the
requirements andb fill the capability gags) identified The SBD methamlogy has been shown to
resolve the requiremexdesign dilemma bydentifying aset of feasible design solutions that satisfy the
desiredrequirementsThe feasible solutionarethen systematicallyefinedandrankedto converge on a
preferred desidis), based on tradeff analysis of risk, costguality and intendeaffectivenessof the
design solution options

The fundamental focus for this thesis was on the development of a parametrically
modifiable AMVS module using a lofidelity structural analysis method implemented using a numerical
2D Finite Element Analysis (FEA3pplied to the concept ultidgh-speed Unmanned Surface Vehicle
(USV) Hybrid Hydrofoil SWATH (HY2SWATH). 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 baselind.he 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 otheneneehicle analysis modules
for the total ship design of the HY2WATH. It also validates that there are feasible design choices for

the structural arrangement.



The AMVS module is one of threaodulesbeing created for the H¥8WATH. Figurel shows
that in addition to the structure, the aerodynamics and the syalios/dynamics are considered in the
design process. Parametricathodifiable modules are beingeated by other scientists on the team, at
Massachusetts Institute of Technolod#lT), to consider the aerodynamics and hyshatics/dynamics

of the vesselFigurel shows the division of labor in the HY2AWATH project.
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Figure 1: HY2-SWATH Specialty Groups

Together, thenajor disciplines involved ithe HY2S WA T Hl@ssgnare considered.

1 In displacement mode tHeydrodynamics in calmvater (total resistance), motions and
loads in irregular waves, powering and propulsion, internal arrangements and weight
estimation, intact and damage stabiéitg analyzed

1 In the foikborne mode, the aerodynamics of the emerged sections (e.g. wings,
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).
1.1 High-Speed Vessels

A high speedmarinevessel, as definetby t he I nternational Mar i ti m
International Code of Safety for Higbpeed Craft (HSC)ls fAéa cr aft capabl e of é
equal to or exceeding: 3.7° é‘j( where: = displacementorresponding to the design waterline

2



(@ ) [5p In terms of the volumetric Froude Numb&D, , adisplacemenvessel is

8z 8
consi der edOf fp& and in temnis efrthe length Froude Number, ———— a
vessel i s cond80 dad, edespdridiagstd tie sonchllednhull spegtleHY2-SWATH

design falls in to the highpeed vessel categorging any of these definitionsThis 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 betdigfementhull form typologiesby
their operationalspeed because theydrodynamic characteristicshangebased on thdwull type and
operatingspeeds For examplg at vessel operational speeds greater tharkrifls, hydrodynamic
cavitation needs tbe consideredn order to implement a suitabiesign of any lifting surface In the
context of theHY2-SWATH, thatis meant to reach speed in excessl@® knots this means when
operating the vessel in foilbagmode, the hydrofoilsieed to beptimized and implementiein the form
of supercavitating hydrofoil§4]. Additionally, thephysics ofslamming(and related low order models
used to calculate slamming pressures in practical naval architqutessyires changes basedlmspeed
of the vessel. The slamming pressure and applicable equations implementecdHVi2tS&VATHOG s
design are discussed in detail in SecBoh

1.2 Small Water Plane Area Twin Hull (SWATH)

The HY2-SWATH uses a torpedshaped SWATH hullform. ASWATH is a type of marine
vessel with two hullsalso referred to ademihulls, which are submerged under the surface of water and
provide buoyancyand volume capacity foruel and propulsion systemsThe demihulls can be shaped
optimally for a designed cruise speed and because they are below the surface of the wates, are
affected by wave action thus reducing thrag. Figure 2, illustrates how the geometry of a hull can be

optimized adifferent Froude Numberge. for different vessetiesignedperational speeds
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Figure 2: Unconventional Torpedo-Shaped Hull for SWATH Vessels with
Minimum Drag [7]

Specifically,Figure2 shows hull form®ptimized fordifferentFroude Numbersanging from low speeds
(F, = 0.30 to high speeds (F0.40). Appendedo the hulls areingle or twinstrutswhich rise above the
water andsupport theupper platform

Figure 3, provides a comparison @fettedsurface areabetween a monohull, catamaraanda
SWATH. The monohull has the largest wetwatface area and the SWATH has the smallest wetted
surface area.

MONOHULL CATAMARAN SWATH

Figure 3: Comparison of Different Waterline Areas|[8]

The benefit of smallewaterline area is in themaller wave excitation forceshich ultimately means

lower motion in rough seasHowever, smallewaterlinearea lower the hydrostatic restoring forceso

4



the vessel will have less hydrostatic capability to react to external roll/pitch moments and vertical forces
Figure 3 showvs that a SWATHresemble a catamaran but witladded benefit obetter seakeeping
characteristics in head sea conditiomsen compared witla catamararor equivalent monohul[8].
Traditional SWATH vessels are typically affected by a higher wenaking resistangcecompared to
equivalent catamarans or monohulls. This handicap can be overcome witbhnvemtional hull érms

as first demonstrated by Brizzolary] and asrepresented irFigure 3. Additionally, similar to a
catamaranthe alvantageous seakeeping characteristics can be lost if there are resonant vertical motions
caused by current sea state, speed and hefgingDue to the unique structural geometric design,
SWATHSs are far more complesesselghan conventional catamarans.

1.3 Foil-Supported Vessels

In its foilborne mode, thélY2-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 (&0 knots) to its foilborne mode design speed (120+ knof$le characteristic of having two
operational modes is why the vessel is classified as adhyBwil-supported vessels, i.e. hydrofolil
supported vessels, usémilar design theonas plane wings. However , an airfoil an
purposes the same; to providalift forceto the craft. As a ship increases spdbd hydrofoil lifts the
shipbébs hull (s) out of the water in order to decr
Hydrofoils can be attached to any hull type e.g. monohull, catamaran, SWAT H;lwdcofoils can be
subdivided in to twsulrategoriesfully -submerged hydrofoils and surfapeercing hydrofoils.

1.3.1 Fully -Submerged Hydrofoils

Fully-submerged hydrofoilsgenerally inverted -Bhaped, are fully submergeider waterand
remain fully submerged while the vessel is in foilborne mo#le.discussed in $&on 1.2, because the
hydrofoil remains fully submerged, theiseless drag due to wave making actioitéie majority of fully-
submerged hydrofoile.g. those dealoped by Boeingijs outfitted with flaps, similar to an airplane wing,
which are activated with a control system to stabilize the vessel in heave, pitch, and roll nitgtéons.
active control syst em eardhkretee surfacpiercing slse d 6 e f aiildées sm

stabilization feature.
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Figure 4: Fully-SubmergedBoeingHydrofoil Vessel[6]

Figure4 shows what théully-submerged hydrofallook like on vesselThe vessel contains one
hydrofoil towards the bow of the ship and arentinuoushydrofoil towards the aft of the shipThis
specific arrangement of hydrofoils is known as th
of gravity is located in theft part of the vessel.

1.3.2 Surface-Piercing Hydrofoils

Surfacepiercing hydrofoils,generally \shaped,are shapedo that the main portion of the
hydrofoil is submerged under watgroviding lift, with a small portion of the foil which rises above the
surface when in foilborne modeFigure5 provides an image of @maditional surfacepiercing hydrofoi)
as those developed in Russia and Italy by Rodriquez shipyard



Figure 5: Surface Piercing Hydrofoil Vessel6]

The surfacepiercing hydrofoil § self-stabilizing with respect to the vertical position, heel, and
trim making the surfacpiercing hydrofoil the simpler of the two hydrofoil subcategories to implement
Due to the inclined shape of the hydrofoil, a larger foil area is required talprthe same lift at a given
vessel 6s sp@gled and weight

An in depth analysis was conducted by Prydgmvhich resulted in equipping the HY2WATH
with two sets of deployableupercavitatingsurfacepiercing hydrofoils with negativdihedral angle with
respect to the free surface. This configuration enstivesvessel can be adequately supported and
provides minimized resistance agdod inherent dynamic stabilitas demonstrated in a new study by
Williams and Brizzolar§l8].

1.4 Alternative DesignMethods andProceses

The purpose of design is for the ultimaigecification angrocurement of a prodt; systemor
service for thecustomer. For the procurement of complex products, rendio process is often
implemented to ensure that the customer actually rexeiliat they wanted. There are many different
design processes that provide structured ambtes for making decisionsas the design progresses
instructions, procurement of materiaklstc. all in order to pratte a final product that meets the
C U st oregeireroents

Sectionsl.4.1and 1.4.2briefly 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 serviceSectionl.4.3describes the Set Based Design Method approach to prntlisystem

procurement and the advantagesfiers overthe traditional design methoddn the following sections,

t he

14.1

developmeritesting, andplanning with stakeholdeparticipation and approval.
specifically references softwaresiign, all of thetotal ship design processasa high levehreessentially
the same Any minor variancebetween the design processanbe easily modified anéddapted for ship

design.

devel oped
process is to identify anditigate risks associated with cost, schedued performance to develop

u

The Spiral Model design is an iterative design process that consists of four main Biastisg

from quadrant Iaendmoving clockwise In Figure®6, the four phaseare: design, evaluatifnisk analysis,

se of

Spiral Model Design Method

t heterstavasystem(B) pservicd(s) and/or product(s).

While Figure 6
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Figure 6: Spiral Model Design Process Adaptable to Ship Design9]
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partially operational prototypesr proof of conceptrapidly. Rapid prototyping allows for the
development of improwkrequirements and increased product functionfity The ultimate goal of the
Spiral Model design process is to develop a singledpcisystemand refine the product for increased

functionality as stakeholders generate new and imprdetadledrequirements.

1.4.2 Waterfall Model DesignMethod

The Waterfall Model design method is tegsby-step evolution of typical lifeycle phasesvith
progress flow primarily in one directionSimilar to Figure 6, Figure 7 provides an example of the life
cycle phasesis applied teship software systems development lisiextendable to any product/system
developmentncluding ship hardware designlt shows that iteration is only permitted between adjacent
phasesand productdesign only moves forward to the next phase when the preceding phase has been

reviewed and verified.

Systems
Requirements \

0 \II'|

|II '*
"-\ﬂ Sofware |
Requirements | ™
A \
\ ¥
“_| Preliminary
| Design “\x
A '.
| i
Y
\_| Detailed
Design \
A \
\ ¥
.| Coding and
Debugging ‘\\
A \

\\\_ Integration |
and Testing | ™

Operations and
Maintenance

Figure 7: Waterfall Model Design Procesg9]



The design process is initiated with product/system requirements definition and refinement. Once

requirements have beeaviewed and verifiedvith relevant stakeholdershe next step is to design the

system followed by testigea trialsand deployment The final step is to maintairand servicethe

productor ship as in our case

1.4.3 Set Based Desig(SBD)

SBD is adesign methodology, like the spinalodel design method amndaterfall model design

method all with the intended purpose of producing a produdbr the customer

Unlike the

aforementionedraditional methodologies, whiclidentify a single solutiorthrough continuougerative

refinement,the SBD methodologyimplements the process in revers&his is a major variancesBD

identifies nultiple feasiblesolutionsof the design as a whobind works tceliminate infeasible solutions

or badly dominated solutiorj$3]. Bernsteinthoroughly describes the SBD procés$i De s i g n

in the Aerospace Industry: Looking f@vidence of SeBased Practicés[15] and providedFigure 8

which shows ssimplified diagramof the SBD process

Specialty 1

/ W pecialty 3

Design Space

A /</

independent solutions .' 1

Intersection of HE
I
I

Specnlty 2

@ -

Figure 8: SetBased Design Proced45]
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SBDis summarizedn three stepsr phasesas follows:
1. Explore the design spa€igure8: step (1))
2. Identify overlapping solution set regio(fSigure8: step (2))
3. Refine feasible design regis(Figure8: step (3)i step (5))

The first task of SBD isto explore the design spaceA design space contains all possible
solutionsto the design problem. Thesign space isounded by current and futupetential capabilities.
Once the requirements have been establisitedh define the objectives and capatyilgap(s) the final
product is to fill Variousspecialty groups (functional groups, domains, disciplines) concurrently work to
identify all possible product solutions and alternativesatcomplishthe objectivesto meet the
requirements.The solutions identified within a specialty are known a satugets. The boundaries on
the solution setarerestricted by constraints, physical or governing parameter minimum and maximum
rangesas delineated in the product requirements specificéityaiie client of stakeholderAt this phase,
the goal is to idetify and expand as many possible solutions that will satisfy the product requirements.

As more solutions arilentified the solution sets become larger and begin to overlapotyitr
solutionsets. To develop a feasible ship design solution, all spgc@ddmains must be coordinated and
function harmoniouslyStep two of SBD is to identify the overlapped regiofitie overlapped regions
are known as feasible solutions because they meet a@ftdtesrequirements of each specialty discipline
and couldfeasibly be matured in to a final productdowever, in SBD, the final solution is identified
through elimination of infeasible solutions. At this step, the-o@rlapping solution regions can be
eliminated as a final product musstisfy therequirementgor all solution domains

After step twohas been completed, the remainibajance ighefeasible solutions to each domain
specialty. Step three works to refine the feasible design region. Ttialspgroupswork to add detail
to theremainingdesignsto ensure their continued feasibilify5]. The iterative refinement process is
continued until aiagle design or set of neslominated desigs remain. When there are multiptéten
conflicting, objectives to be accomplished by a prodoutjtiple optimal solutions can be identifiebly
prioritizing and optimizingowards one of the multiple objective©ptimizing towards one of multiple
objectives means thato single solution can simultaneously provide the optimal solutionafor
objectives. Thentradeoffs between objectivesill result in the existence of numerous optimal solutions
capable of adkving the objectives to different degrees. A swtmminated solution refers to one of the
optimal solutions to the set of objectiveBn example of two conflicting objectives is the objective of a
providing a low cost produetersus groduct outfitted wth all theoptional accessories.

Themajor advantages of the SBD process include:

1. Gaining a comprehensive understanding of the design space
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2. Design solution validation and@mproved 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 identdicaif many creative and objective design
solution options, byarious specialty grou and their refinement Refinement througloverlapping
solution setsserves as a form of checks and balandé&® overlapping regions represent converging
solutions validated though scrutiny by differertechnical design methods Refinement though
elimination of infeasible solutionsequires a ttorough understanding of the potential forms and
capabilities a range of product solutions can prowuderder to crosseference the solutions with the
requirementsn order to identifytheir inconsistencie® classifythe desigaas infeasible.

Sincedesigns are only eliminated if infeasible, there is no need to return to eliminated design
options for rework since they have beggtlaredas infeasible. This minimizes impact to schedule, cost
and resourcs. Principally, the process of elimination vimfeasibility, as opposed tsingle solution
selectionallowsflexibility for a variety ofvettedfuture desigrsolutions

The major disadvantages of the SBD process include:

1. Requires a method tuickly generate numerous design variations

2. Method torefine solution options
Each specialty groumvolved in the design of aroduct mustdentify 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 solahs could be in the hundreds or thousands. To identify many designs, a
computer program isreated; inwhich input parameters can be varied to quickly output a ddasgra
whatif analysis The creation of such a computer caonigially takesa greate amount of time in the
earlyphases of the produstdesign. Often, many different computer codes, or modulgsbencreated
to output designsolutionswithin the realm of each specialty groufhe modules are often written for
analysis of the specifiproduct and requirements in question and are not general enough for reuse in the
design of another product with different requirements

Initial refinement through solutioset convergence anéhfeasible solutionremoval may not
immediately converge to angjle final solution. Erther refinement of theemaining validsolutions
optionsmusttake placdo reveal a final solutianThe current literatureesearcton SBDare often vague
anddo not provide a concise direction lbow to conducthe final stagés) ofrefinementSinger et. al[2]
suggestat this point to switch to point design methods; defgriiao s t a k e h prdfedencess aid
expertise Brown et. al.[13] suggesta slight deviation from SBD by conducting raulti-objective
optimizationto establish a Pareto frontier of ndominated solutions.This is a slight deviation from

12



traditional SBD because it seeks to select the besplafions througtspecific objectives as opposed to
seeking to eliminate thpoarer solutions througlspecific objectives.Gretna[l] and Bernsteirjl5] do

not elaborate on an additional refinement; assuming solution set convergence and physically infeasible
solutions elimination will result in a single final stan.

To applythe SBD procesgo HY2-SWATH, the design space exploratiovas tasked tofour
specialty groups(Structures, Aerodynamics, Hydstatics, and Hydrdlynamics) that are worked
concurrently toidentify feasible solution setgs show in Figure9. Each specialty grouprorked to
create parametricallgnodifiable modules thawill be integrated ito a global software manager which
will automate the domaiminimum and maximunparameters
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The domain specialty researfibcus of this thesis isfor the parameit generation structural
module. The structural module inputare easily and automatically varied to generate many structural
designs of the ultrigh-speed hydrofoil SWATH and their associated structural analysis solutions. The

module is described in detail in Sect®and Sectiort.

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

Objectives

AMVS module isessential inlie overall design framewaorkjgure9, of the vesselised to create
the structual layoutof advanced marine vehidgin this casethe HY2SWATH. The AMVS module
also contains an analysis module to as#esstructural integrity of thelY2-SWATH andto determine if
any aspects of the structure faiFor this paperAMVS module was used tanalyze the stresses the
vessel will experience in accordance with the gdssd s o madesaand emvironmemonditions
including di splacement mode, foilborne mode, hogg
requirements are discussed in Secfidh

The AMVS modules parametrically modifiable as a function of designer input variables so that
many geometric variations of tHeY2-SWATH are automaticaly generatedpresentedand analyzed
The AMVS module can beintegratedwith other ship domain analysis modules in a global system
software manager. Collectively, the modules will be usetthénSet Based Design (SBD) methodology

for the total ship design and analysis of this advance marine vehicle
2.1 Operational Requirements

The HY 2-SWATH operatesn two different cruise speeds 08-25 knots and ~120 knots. It is
difficult to optimize a singlehull form configuration of avesselwhich is optimized fortwo extreméy
differentcruisespeeds and thus the vessel operist®ne of two modes: displacement mamtdoilborne
mode. Figure10 shows the vessel with the hydrofoils retracted and in displacement mode as well as the
hydrofoilsdeployed and in foilborne mode.
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Figure 10: Displacement and Foilborne Operating Conditions

In displacement mode, the vesases its two motedriven propellers to cruise at speeds between
8 - 25 knots. Thetorpedashaped twirhulls have been optimally shaped to minimizestesice at cruise
speeds. In its displacement mode, the vessel is capable of operatgstates up to three. significant
wave height of 1.6771 4.08 ft. or 0.5 1.25 m The hoggng, sagging and slamming stresses orH¥ia-
SWATH areconsidered due to these higher sea states.

In foilborne mode, the vessatesits two turbo jet engines to provide thrust and its four super
cavitating hydrofoils and winghaped superstructure to pide lift to raise the hulls out of the water in
order to cruise at 120+ knots. The vess@apable of transportingtaree to fivemetric tonne payload
500 nautical mileat top speed. Additionally, the vesgetapable of accomplishing a 5 day mission.

Both modes of vessel operatiorere considered and analyzed. Specific areas of development
and testingwere necessary in the overall structural design and in the dynamic behavior of the vessel.
Structurally, thev e s s e | 6had talbaightwgight but capable of handling the material stresses and
fatigue inboth operafig modes. T h e twindudls strutdssiperstructureand the hydrofoilsare
designed with sufficient strength, enoughstgpport the weigt of the fully loaded vessah foilborne

mode, yet hydro and aerodynareitoughto minimize drag and resistance.



2.2 Multi -Fidelity Approach

A multi-fidelity model analysis approactvas implemented to analyze the structure of the
reference marine mode\ high-fidelity model offers the advantage of greaterrelationto full-scalesea
trial results while the lowidelity model offers the advantage of reduced computational tirhe.
disadvantage of the higidelity model isthatit is not always possibleotdevelop ssgphisticated high
fidelity modeldue to the lack of specific information requireetting upa detailed modeand complex
mathematical models characterized by long computational timés.is useful to represent the
sophisticated higffidelity model with a simplified, lowefidelity model characterized by sufficient
fidelity to represent the complex geometries and capture local effects but with a shorter computational
time. ASuf ficient fidelityo i s acc o mpdel$andfermulabwhichusi ng
have demonstrated similar behavior to it al e tr i al resul ts. I'n addi
accomplished by modeling all major aspects of the design that may significantly impact the results, as
determined thougbprofessionaldiscussions. Thus, thraulti-fidelity design analysis approach mitigates
expensive and time consumifigl scale trials by using lodidelity analysis to quickly explore the
design space; integrated with hifitielity analysis for increased accayd13].

The fundamentalfocus for this thesis was on the development garametrically modifiable
AMVS module using dow-fidelity structural analysisnethodimplemened using anumerical2D Finite
ElementAnalysis(FEA) applied to theHY2-SWATH. To verify the AMVS module accuracy, lagh-
fidelity structural analysis was implemented in MAESTRO to analyze the referenoee masdeland

provideacomparisorbaseline

2.2.1 Low-Fidelity Physics Structural Analysis Method

This section provides a general background theory on thdidelity physics selected and
implemented in the AMV$®roductmodule. The EulerBernoulli finite elenent methodvas selected for
implementation of the lovidelity structural analysis.EulerBernoulli beamtheory is a special case of
Timoshenko beam theory whidls often used tccalculate the loadarrying andelastic deflection
characteristics ofods, beams orframes The difference betweenuker-Bernoulli beam theory and
Timoshenko beantheory is in theirrespectiveassumptions. EuleéBernoulli assumes plane sections
remain plane i.e. the finite element creggtions are perpendicular the bending liménoshenko beam
theory allows rotation between cressction and bending lineThe EulerBernoulli assumption ivalid
for the analysis of vessel because it covers the case for small deflectiarge deflectionsare not
acceptable in ship design arebult inclearly infeasible solutianwhich are directlyeliminatedfrom the

feasible space



Finite element methods a numerical method, like finite difference methddr solving
differential equations but is more general and powerful in its applicdtidhe finite element method, a
domain is divided into subdomains, called finite elements, and an approximatersid developed over
each elemenfThe division of the domain ia subdomains offers the advantage of accurate representation
of dissimilar material properties and complex geometffé® subdomain capture the local effects
within each elemenand tgether provides an accurate repsentation of the total solutidf0].

AThe three fundamental steps of the finite ele

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 mslatio
among nodal values of the solution over each part.
3. Assembl e the parts and @Otain the solution
There are three inherent sources of error in the finite element solution:
1. Due to the approximation of the domaire. geometric region over which the
equations are solved.
2. Dueto the approximation of the solutiare. use of approximating polynomial
interpolatingfunctions in the element equation derivation.
3. Due to numerical computation e.g. numerical integration and computer-offund
errors.[10]
Figurellshows an ordinaryn-deformed and deformdidameelenent with two nodeghree degrees
of freedom per node, displacements in the x aadiy directions, andshere external concentrated forces
and moments acfThis frame element is the fundamentalement used in this method and is the
superposition of &darelement 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 membgR0].



Figure 11: Frame Element with Degrees of Freedom

The EulerBernoulli frame element equatigria the local element reference framed (denoted by the
subscri pt / saregiven byhe element eduations ,

O o =0 Equation 1
Equationl is the algebraic element wafion of the EuleBernoulli differential equation. The element

stiffness matrix ) and force vectorD are derived using the Hermite cubic interpolation functions

and have the final form as shownEquation2 andEquation4.
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‘O = Elementdasticmodulus
0 = Element crosssectional area
‘O= Element second moment of area

0 = Element length

Equation3 shows theslement nodal degrees of freedom, which follows and corresponds to the ordered
forces and moments listed in the force vectdD { (Equation4). Displacement and force vector
components are visually indicatedrigure1l.

0
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5 v O Equation 3
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0 = Node axial displacement
0 = Nodetransverse displacement
= node rotation angle
"0 0
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& 26y % o
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"Q = distributed transverse element force
"Q = distributed axial element force
G = pure moment

0 = force and moment boundary conditions

Equationl - Equatiordar e r epr esent ed cdondinate Bysterand neust bentrandfermddo ¢ a |
in to a global coordinate system of the entire frafibe local element reference frame equations are

related to a global coordates by a transformation matrix as shov£gquation5.
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The final element matrices in the global reference frame are obtairtegliagion6.
[Y[O [Y Y & [Y O Equation 6

Next, the element matrices are assemlidal a globalmatrix equationbased on a connectivity
matrix describing how the element end noagerface withone another.Finally, boundary conditions

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

2.2.2 High-Fidelity PhysicsStructur al Analysis Method

The highfidelity structural analysis of the referend¢Y2-SWATH was conducted using

MAESTRO. MAESTRO isa commerciaBD modelingsoftwareused tostructurallydesign,analyzeand
evaluate floating structuresA model can be built usgia combination of coarse/fine and quad/triangular
meshesThe 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 théAMVS module; such as hydratatic loads, hydralynamic loads, hogging and sagging

wave condition$16].

3. Structure Design and AssessmefMVS Module (Low-Fidelity
Method)

The EulerBernoullitheory described in Sectiéh2.1was implemented ia MATLAB 2D Finite
Element AnalysigFEA) code written by DrSaadRagalf17]. This code was converted from MATLAB
to Mathematica and adapted and enhancealltov for analysis of the HYZWATH. Modifications

include but not limited tothe addition of code to:



1. Create and element cressctions (described in Sectidr)
a. Calculate element area
b. Calculate element inertias
c. Calculate element volurse
i. Material volume (structutaveight)
ii. Enclosed volume (buoyancy and fuel)
2. Analyze three interdependent framigs various operational conditions (described in
Section3.3)
a. Generataleflection shear and bending moment plots
b. Calculate bending stress, shear stress, and principle stresses
i. Apply a safey factor
ii. Compareprinciple stresses againstaterialyield streses for structure
failure analysis
c. Calculate frame center of gravity and totnter of gravity of the three
interdependent frames
d. Incorporate DNVGL rules (described in SectiA)
Calculate buoyancy and trim the vessel when necessary
Gener#e histograms foassistance in visualization and interpretation of re¢d#scribed
in Section3.5
5. Generaténputvariable sensitivity plotgdescribed in Sectio8.5)

The AMVS moduleis parametricallymodifiable The wholemodulehas been written generically
to allow variedinputs; effectively generatg a new vessel structure agdableanalysis of its associated
structural properties each time inputs are modified and the code is exelbut®érous variations of the
vessel struct@r canbe analyzed as requiréd the design space exploration thie S¢ Based Design
approach.

The AMVS modulesets upa 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. Finallyforce/momenioads and boundary conditions are applied to the structure and the code
calculates stresses and determines whether there is a structural fadatiens3.1, 3.2, and3.3elaborate
on the process with a specific example using the origimaénsions of theeferenceHY2-SWATH, as
degribedi n t h e Desbigneos & Supeftavitating Hydrofoil for Ultkdigh Speed Vessel with
Numer i cal [Met hodso

The HY2-SWATH was divided ito three frames and analyzed in the buoyancy mode, flying
mode, hogging and sagging conditions. The hogging andyisggconditions include analysis of
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slamming fores and are discussed in Sectibdh Once the module was tested using the referelivé
SWATH, several design vables were selected for variation and a vadaweep was conducted to
expand and explorthe design space. After data generation, constraints were applied and the design
space was refined based drarly feasibledesigns The variable sweep, data geatéon andconstraints

are further discussed in Secti8rb.
3.1 Frame and CrossSectional Geometry Definition

Initial setup requireaframe to be generated as a collection of fifriseneelements 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 gesnvetiiations in applied
loads and areas of structural interest. Once an element frame is creafddV®enodulecalculate the
moment of inertia, crossectional area of each element, element strcugight, and element volumes.

Separately, othescientistson theon the HY2SWATH teamrun Computatioal Fluid Dynamic
(CFD) software to create aerodynamically and hydrodynamically feasible vessel geometries forthe wing
shaped superstructure, forward struts, aft struts and togteged twin hullas a component of the
larger ship design framewarkCrosssections of these structures are provided at the determined element
locations. The code is set up to analyze any esesgonal shape provideBigure 12 andFigure 13 are
crosssections of the hull and strut, respively, and are used to aid in the following explanation of
structure creation.

The AMVS moduletakesthe crosssectional element shape (blue line) and generate an outer shell
plating (red line) given a parametrically defined element thickness. Due to the dimenskigarefl3,
the original blue crossection line is overshadowed by the red outer shell line. AMYS module
generate 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 ling) drders,are generated. The ring stiffeners
contribute to the element weighnhd are shaped the same as the element-sectisn they support.
Similar to the stiffeners, the number of ring stiffeners and dimensions, e.g. thickness and depth, of the

ring diffeners can be parametrically specified per element.



Figure 12: Cross Section of Hull

Figure 13: Cross-Section of Strut

Once the crossectional geometry of each elemeavdas completed, the element cressctional
structural area and volume, moment of inertia, structural wedgitt,element buoyancy provided were
calculated. Buoyancy is only provided if the element is submerged in water. These values are then
exported to thestress calculation portion of thaMVS module. The general equationsed are
applicable to any shaped provided aneddescribedelow.

Equaton 7 allows forthecacul ati on of a polygondés area usin
vertices. For curved shapes, as showikigure 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 %) &) i2 Equation 7

n= number of coordinates defining the polygon

Similar toEquaton 7, Equation8 is used to calculate the moment of inertia for any polygon using

the coordinates oftheopl ygonds vertices.

O —B o 0w 0 )(ww W W) Equation 8
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O —B o oo ® )(ow W W)

n= number of coordinates defining the polygon

The material structural volume of the each element was calculatedaegiagon9.

Struc. Vol.=B 0 g O zg QECO G Qa QB e a 8 Equation 9
m = number of stiffeners

n = number of ring stiffeners
3.2 Loads, Boundary Conditions, and Stresses

Once the geometry and associated geometric properties have been calculated, loadsdarg
conditionsare applied The AMVS moduleallows 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 theialemen
element local coordinatesThe specificloadsdue to machinery, electrical cables and piping, fuel, etc.
were calculated and described by Prufé} in the development of referent¢Y2-SWATH, and are
summarized iMablel. Since some of structural values were estimated by Pdinand the dimensions
of the vessel structure gparametemputs in the AMVS module and therefore are subjechngethey

are recalculated by AMVS module. The calculated load values have been nbabdkbih
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Table 1: Loads Applied
) Reference Vessel
Load Quantity Mass (Each, MT) 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 15,4445
Genset 2 0.75 + 5% allowance 7,722.23

Boundary conditions are applied at global nodes and can be changedute 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, reactidorces, 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.

3}

Do ¢ & Q& 0 '@ Q& QZW

" — Equation 10
Oe 0 Q1 0 Qw

T o= Z - § Equation 11

. - - - é t Equation 12
q q

. - - u u t Equation 13
C C

T — 1 Equation 14
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3.3 Reference Vessel Substructure Breakdown

The HY2SWATH vessellarge and complex, to implement thé1VS 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 substructuregenas follows:

1. forward two struts connected via the wisigaped superstructure
2. aft two struts connected via the wisbaped superstructure
3. torpedeshaped deriull
The below figures provide different views of vessel and help to clarify thewessel was

divided irto substructures.

Aft Struts &
Superstructure

Forward Struts &
#  Superstructure

forward two struts
connected via the
wing-shaped
superstructure (red)
2. aft two struts
connected via the
wing-shaped
superstructure (bluc)

Torpedo-Shaped
Demihull

Figure 14: 3D Image of the Whole Reference Vessel Figure 15 Whole Reference VessglLooking Aft)

e —

torpedo-shaped
demi-hull (red)
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Figure 16: Profile View of Reference Vessel

S—

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 interconnecftédure 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 sigetwo substructuregigure 16 shows the profile view of the
vessel and the primary view for analysis of substructure 3, as defined d@figue= 17 is the top view of
the vessel and helps to visualize the vessel.

Through regular discussions of the H®XATH, structural details were progressively
incorporated in to AMVS module callations. To include the structural details and effectively describe
the vessel, the number of elements used in each frame was increased accordingly. 3edtiohs.3
describe the frames and the elemeigiermined necessaigr analysis.

3.3.1 Substructure 1: Forward Struts with Wing-Shaped Superstructure

For the forwad two struts substructure referRamure18 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 togethes éofiame. 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 removeuh this viewto allow for better visualizationThe
lower struts are defined by one element each. The-sexi®nal area along the length of the elements is
constant. The upper struts are defined by two elements each since the upper struts arendpleeed
crosssectional area changes. The waiaped superstructure is defined by six elements. The element
nodes are defined by the changes in esestional areas to create space for the payload.

The frame has been loaded with several concentladeld 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 |l oads at hehe nod
payload is applied as a concentrated load at the center of the wing.Figuma14 - 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 otheti.e. the swept portion of the wirglaped superstructureA percentage of this
structurés 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 percentdghe weight of the elements defining the

superstructure, elements94 have been applied as distributed loads across the span of the superstructure.
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