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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.

Full Param. Generation
of the Hull Geometry

30-STL & 20-Section-Offsets

30-STL & 20-Section-Offsers

30-STL

30STL

20-Section-Offsets

hamics

>
0]
=
(=]

Q
<

igs and dynamics

To Total Ship Synthesis Model

To Total Ship Synthesis Model

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
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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

11



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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% of side wing weight oft Concentrated Load
of +this view l/— Payload

LU

Roller Boundary

Condition Distributed Loads:

7% of wing/element,
7% of Cobles&Plpes/element,
% of elecnavequip/element

( Concentroted Loadh

Concentrated Looad:
% of side wing weight
oft of this view

Concentrated Loads:
Strut Welght/element + %
of liquids

Concentrated Loads:
Strut Weight/element

Roller Boundary Condition

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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The percentage of these el ementsd weight 1ok al
gravitybés |l ocation.

Figure19 shows the element cresections with their respective outer shells, stiffeners, and ring
stiffeners generated. While each of the elements appear to be the same dimensioak trethe axe
varies. The struts do not have the same dimensions asirigesuperstructureTable 2 shows the

elementégeometry properties which are used to calculate the deflsctmatiors, momens, sheas, and

stresss
- B
r —r—\,\\ /ﬂﬂ—%_\'\'\ T —
L 7 53 -
[ === = —— <= B— === =
—_——————————— = === = —— =

/-—’r""_"_‘ﬁj_—'\'\l\J/ 02_\ ’/—'—_ —'_‘l—\,\l

Figure 19: Forward Struts Element Cross-Sections

Table 2: Forward Struts Element Geometry Outputs

Total Element| Element

Total Ring | gp o [Shell Area4 Ring | o= = ' 20 o Structural| Element Residual
Stiffener | Stiffener Stiffener | Vol. Weight | Buoyancy| Buoyancy
Area Volume | Volume

Area Area (2 Area m® ki ki (kg)

) m?) m) ) | (M) (m) m) (kg) (kg)

Element 1| 2490 | -0.0040| 0.010 | 1.845 |0.061| 0071 |0.013| 0.131 | 5247 | 368.932 | 5399.47 | 5030.54
Element 2| 2.973 | -0.0025| 0014 | 2273 |0073] 0088 |[0017| 0105 | 4.925 | 204.701 0 0

Centroid Centroid
X(m) | Y(m)

Element 3| 3.575 | -0.0033| 0.014 | 2696 |0.087| 0101 |0.020| 0.141 | 6.874 | 396.762 0 0
Element 4| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element 5| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element 6| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element 7| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0.218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element 8| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element o| 8.863 | 0.1902 | 0.007 | 6.370 |0.211| 0218 |0.047| 0.265 | 10.946 | 744.307 0 0
Element 1 3.575 | -0.0033| 0.014 | 2696 |0.087 0.01 |0.020| 0.141 | 6.874 | 396.762 0 0
Element 11 2.973 | -0.0025| 0.014 | 2273 [0.073| 0088 |0.017| 0.105 | 4.925 | 294.701 0 0

Element 14 2.490 | -0.0040| 0.010 | 1.845 |0.061| 0071 |0.013| 0131 | 5247 | 368.932 | 5399.47 | 5030.54

Figure20, Figure21, andFigure22, show the how the substructure deflects, the bending moment
and the shear forces due to the applied loads. Noteltémentdeflection, has been magnified for
visibility, and theelementmoment and shear have been scaled and superimposed aritial frame.

The deflectio magnification is an input t&AMVS module and can be modified easily. Also, the
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superimposition of the element moments and element shears on to the frame is done autofoatically

each frame analyzed

Frame and Final Deflected Frame

L 4 5 8 7 3 3 10
20f
2 ‘: 1
A M Frame
- i 1 W Deflected Frame:
L Magnified by 50
F ; for Visibility
15[
10l
.1
of
! L 1 1 . ! L Meters
2 4 £ 5
Figure 20: Forward Struts Frame and Deflected Frame
Frame and Scaled Moment Frame and Scaled Shear
//—”__——\-\\-\ ‘-'_‘—‘—t_.___‘_‘_-_-_‘_‘_‘_-_
°r 4 5 8 7 3 3 10 5 &
af 1
3 1 M Frame W Frame
of 1 B Moment W Shear
1
1k 1 L
1 1 1
2 4 8 ] 2 4

Figure 21: Forward Struts Frame and Scaled Figure 22: Forward Struts Frame and Scaled
Moment Shear
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Table 3: Forward Struts Global Node Displacement and Reaction Forces

DiSH(I)rizontaI  Vertical : Horizontal Force, F|  Vertical Moment, M, (Nm)
placement, u| Displacement,v| Rot at i on N) Force, £ (N) )
(m) (m)

Global Node 1 -0.00776 0.00000 0.00344 0.00000 58001.5000 0.00000
Global Node 2 -0.00323 -0.00177 0.00187 0.00000 0.00000 0.00000
Global Node 3 -0.00160 -0.00241 0.00158 0.00000 0.00000 0.00000
Global Node 4 0.00000 -0.00303 0.00127 0.00000 0.00000 0.00000
Global Node 5 0.00000 -0.00415 0.00097 0.00000 0.00000 0.00000
Global Node 6 0.00000 -0.00495 0.00061 0.00000 0.00000 0.00000
Global Node 7 0.00000 -0.00533 0.00012 0.00000 0.00000 0.00000
Global Node 8 0.00000 -0.00511 -0.00054 0.00000 0.00000 0.00000
Global Node 9 0.00000 -0.00428 -0.00109 0.00000 0.00000 0.00000
Global Node 10 0.00000 -0.00295 -0.00153 0.00000 0.00000 0.00000
Global Node 11 0.00200 -0.00219 -0.00201 0.00000 0.00000 0.00000
Global Node 12 0.00405 -0.00142 -0.00231 0.00000 0.00000 0.00000
Global Node 13 0.00784 0.00000 -0.00250 0.00000 58001.5000 0.00000

Table 4: Forward Struts Stress and Failure Analysis

Total Bending Shear " " SF*Abs >
Stiffener Ix T((th:‘;l)lx Stressf |Stressz, | A (Pa) SFrAbs( ) > A (Pa) SF ?bs(/( )> z (Pa) z «@ )
(m* (Pa) (Pa)
Element 1| 0.00089 | 0.00762| 1748050 | -98785 |1753620 FALSE  |-5564.7§  FALSE 879590 FALSE
Element 2| 0.00235 | 0.01605| 1735470 | -53198 [1737100 FALSE |[-1629.19 FALSE 869366 FALSE

Element 3| 0.00225 | 0.01805| 2149060 | -51010 2150270  FALSE |-1210.07 FALSE | 1075740 FALSE
Element 4| 0.00069 | 0.02165| 2509480 | -255855|2535300  FALSE  |-25820.0 FALSE | 1280560 FALSE
Element 5| 0.00069 | 0.02165| 3276210 | -223255|3291350  FALSE  |-15143.§ FALSE | 1653250 FALSE
Element 6| 0.00069 | 0.02165| 3922160 | -190656 | 3931410  FALSE |-9245.94 FALSE | 1970330 FALSE
Element 7| 0.00069 | 0.02165| 3922160 | 158056 3928520 FALSE |-6359.07 FALSE | 1967440 FALSE
Element 8| 0.00069 | 0.02165| 3276210 | 190656 3287270  FALSE |-11057.7 FALSE | 1649160 FALSE
Element 9| 0.00069 | 0.02165| 2509480 | 223255 |2529190  FALSE  |-19707.1] FALSE | 1274450 FALSE
Element 1 0.00225 | 0.01805| 2149060 | 51010 (2150270  FALSE |[-1210.07 FALSE | 1075740 FALSE
Element 1] 0.00235 | 0.01605| 1735470 | -53198 [1737100 FALSE |-1629.19 FALSE 869366 FALSE
Element 2| 0.00089 | 0.00762| 1748050 | -98785 [1753620 FALSE |-5564.7§  FALSE 879590 FALSE

Table3 andTable4 are generatd outputs. Table 3 shows the element displacements, rotation,
reaction forces and reaction moments due the loading conditiaide 4 shows the stress, shear stress,
and principal stress calculation results. A safety fa@6) of 6 wasapplied to the principle stresses and
compared with the yield stressesdetermind f t he el ement fail ed. An
the element did not fail due tothe stresses i s i mportant to see that

the reference HY-8WATH substructure frame.

3.3.2 Substructure 2: Aft Struts with Wing-Shaped Superstructure
18
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The aft two strutsubstructure framis set up in a similar way as the forward two strlfggure
23 can used to reference the setup.

Distributed Loacds
Concentrated Lau.dl /% of wing/element Concentrnted Loadl
TurboJet / of Cables&Pipes/element Turko Jet

EREENN llLl_lll

I Roller Boundory
3l Condition

X Concentrated Looads:

Strut Welght/element + %
of liquids
Concentraoted Loads:
Strut Welght/element +
Genset/Batt/Inv
Concentrated Loods:
Strut Weight/element

Roller Boundary Condition

Figure 23: Aft Struts with Elements, Loads, and Boundary Conditions

This substructure was divided in to 10 elements and togethes tharsubstructure frame. Each of the
elements, global nodes, loads, and boundary conditions havdéabedsd and overlaid with the forward

aft struts drawing. Note, the forward two struts have been removed from thiovibetter visualization

The lower struts are defined by one element each. The-seotienal area along the length of the
elementss constant. The upper struts are defined by two elements each since the upper struts are tapered
and the crossectional area changes. The walaped superstructure is defined by four elements. The
element nodes are defined by the changes in-sexgsnal areas and concentrated load locations.

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
appliedas concentrated vertical | oads at the node thr
turbojets have been applied as concentrated loads as placed on the reference vessel andrigjuogvn in
23. A percentage ofreight of the superstructure and cables and pipindp&es as distributed loads over
the span of the superstructure, elemerts Ahe percentage of the weight is determined as a function of
thecent er of gravity. of the el ementsd | ocation

Figure24 - Figure27 andTable5 - Table7 show the same information as describe&igure19

- Figure22 andTable2- Table4 as applied to aft strut substructdir@me
19
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Figure 24: Aft Struts Element Cross-Sections

Table 5: Aft Struts Element Geometry Outputs

Element

Element

CenroidCento il | om0l Shel eSS ) et | Materal | Encosed L ST vy
Area (n?)|Area (n?) (m?) (m?) () ) (kg) (kg) (kg)

element 1 2.490 [-0.0040| 0.010 | 1.845 | 0.061 0.071 | 0.013| 0.131 | 5.247 | 368.932| 5399.47 | 5030.54
element 4 2.973 [-0.0025| 0.014 | 2.273 | 0.073 0.088 | 0.017| 0.105 | 4.925 | 294.701| 0O 0
elementq 3.575 [-0.0033| 0.014 | 2.696 | 0.087 0.01 | 0.020| 0.141 | 6.874 | 396.762| 0O 0
element4 7.415 | 0.1544| 0.007 | 5.162 | 0.176 0.183 | 0.038| 0.523 | 19.809 | 1470.48| 0O 0
elementq 8.863 | 0.1902| 0.007 | 6.370 | 0.211 0.218 | 0.140| 0.795 | 32.838 | 2232.92| 0 0
element§ 8.863 | 0.1902| 0.007 | 6.370 | 0.211 0.218 | 0.140| 0.795 | 32.838 | 2232.92| 0 0
elementq 7-415 | 0.1544| 0.007 | 5.162 | 0.176 0.183 | 0.038| 0523 | 19.809 | 147048 0 0
elementg 3.575 [-0.0033 0.014 | 2.696 | 0.087 0.101 | 0.020| 0141 | 6.874 | 396.762| 0 0
elementd 2.973 [-0.0025 0.014 | 2273 | 0.073 0.088 | 0.017| 0.105 | 4.925 | 294.701| 0 0

clement 1{ 2490 |-0.0040| 0.010 | 1.845 | 0.061 0.071 | 0.013| 0131 | 5.247 | 368.932| 5399.47 | 5030.54
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Figure 25: Aft Struts Frame and Deflected Frame
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Figure 26: Aft Struts Frame and Scaled Moment Figure 27: Aft Struts Frame and Scaled Shear
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Table 6: Aft Struts Global Node Displacement and Reaction Forces

Horizontal Vertical

DispIaE(;r?)ment, u Displa((r;r(]e)ment, v| Rotati on| Horizongild)Force, £ Fo\r/(?giclge?l\l) Moment, M, (Nm)
Global Node 1| 0-00301 0.00000 -0.00293 0.00000 | 91102.3000( 0.0000
Global Node 2| -0-00019 -0.00137 -0.00040 0.00000 0.00000 0.0000
Global Node 3| 0-00034 -0.00148 0.00006 0.00000 0.00000 0.0000
Global Node 4| 0-00000 -0.00141 0.00055 0.00000 0.00000 0.0000
Global Node 5| 0-00000 -0.00343 0.00073 0.00000 0.00000 0.0000
Global Node 6| 0-00000 -0.00450 -0.00009 0.00000 0.00000 0.0000
Global Node 7| 0-00000 -0.00276 -0.00099 0.00000 0.00000 0.0000
Global Node 8| 0-00000 -0.00003 -0.00076 0.00000 0.00000 0.0000
Global Node 9| 0-00057 -0.00020 -0.00026 0.00000 0.00000 0.0000
Global Node 10 0.00067 -0.00020 0.00006 0.00000 0.00000 0.0000
Global Node 111 0.00031 0.00000 0.00034 0.00000 | 91102.3000( 0.0000
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Table 7: Aft Struts Stress and Failure Analysis

Total Bending | Shear " * SF*Abs(t >
Stiffener Ix T(()}ﬂ)lx Stress,, |Stress;t | A (Pa) SF ?bs(/( )> A (Pa) SF ?bs(/( )> t  (Pa) t )
(m®) (Pa) (Pa)
Element 1| 0.00089 | 0.00762 0 158910 | 158910| FALSE |-158910, FALSE 158910 FALSE
Element 2| 0.00235 | 0.01605| 1775350 | 79417 |1778890 FALSE |-3545.49  FALSE 891219 FALSE

Element 3| 0.00225 | 0.01805| 2413080 | 78631 |2415640 FALSE |-2559.50 FALSE | 1209100 FALSE

Element 4| 0.00043 | 0.01366| 1761400 | -616360|1955660 FALSE |-194257] FALSE | 1074960 FALSE

Element 5| 0.00069 | 0.02165| 2632880 | -228448 |2652560 FALSE |-19674.4 FALSE | 1336120 FALSE

Element 6| 0.00069 | 0.02165| 2632880 0 2632880 FALSE 0.00 FALSE |1316440 FALSE
Element7 | 0.00043 | 0.01366| 1761400 | 434054 (1862560 FALSE |-101153 FALSE 981854 FALSE
Element 8| 0.00225 | 0.01805| 2413080 | -78631 |2415640 FALSE |-2559.5 FALSE | 1209100 FALSE
Element 9| 0.00235 | 0.01605| 1775350 | -79417 |1778890 FALSE |-3545.49  FALSE 891219 FALSE
Element 1¢ 0.00089 | 0.00762 0 -158910 | 158910| FALSE  |-158910, FALSE 158910 FALSE

As was the case iMable4, Table7al so only displays AFalsed for
yield stress. The display of eSWATH substractue érame i ndi c
does not fail structurally either.

3.3.3 Substructure 3: Torpedo-ShapedHull

The torpedeshaped hullwas analyzedby the AMVS module under two different loading
conditions. The two loading conditions are buoyancy mode, and flying mode. Buoyancy mode is when
the hydrofoils are retracted and the vessel is stationary or trabaingen 8 25 knots. Flying mode is
when the hydrofoilsr@ deployed and vessel is traveling at 120+ krfeitgure 28 and Figure 34 can te

used to reference the setup.

Aft foll, Struts,
rotating mech, Superstructure,
motor/shaft/prop / Machinery

Fuel Fwd foll
[ _\ | rotating

mech

Pihned/Roller Boundary
Condition

Figure 28. Hull with Elements, Loads,and BCs(Buoyancy Mode)
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For both of these loading conditions the frame was constructed using 20 elements. This frame required
more elements than thehet two substructure frames due the changes in loading conditions across the
length of the substructure and due to the variation in hull shape i.esexigmal shape across the length
of the hull.

In this case, theeference vessdiull was derived lad provided in the form of data points and

used to generateBezier curveFigure29.

Bezier Curve

= Curve Generated

& Provided Data

« Curve Sampled

in
o

Figure 29: Hull Bezier Curve

The blue circles on the curve are the data paibtained from the reference vessel modélke red line is
a Bezier curve generated using the data points and the black dots are where the curve was sampled, at the
midpoint of each element, to obtain ihput radius of the hull crossectiondor each elementThe code
has been setup to generate ellipsaped hull crossectionshowever, the original reference vessel used
circular crosssections as shown irigure30. Note, there are many cressctions shown ifrigure 30.
To show them all, the imagese shown as the same s@eappear to have the same diameter, however,
specific inspection of the-xand yaxis will show that they all have different diameters and are in
accordance with the-gxis values of the black dots (curve sampled) shown in the Bezier (rigugg
29). Additionally, elements 3, 4, 17, and 18 do not have the inner black line representing the ring
stiffener. These elements are the forward and aft boundaries of the hydrofoils and have been designed a
calculated as watertight bulkheads.

After the obtaining the element cressctions the frame is loaded using several distriblotds
The elementare numbered from left to right, stern to bow, and as orientédjime28 andFigure34. In
the buoyancy mode loading condition, all elements are submerged under water and loaded with the
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elements respective upward buoyancy distributed force as determined by thsectmss volume
multiplied by the element length. Elementd hre loaded down with the motor/shaft/prop machinery.
Elements 3 4 are additionally loaded with the aft foil and aft rotating mechanism. In the reference vessel
case, elements-B6 are filled with jet propulsion fuel as permitted by internal elemeitinve
availability. The elements containing fuel is a parametric input. Element8 and 13- 16 are
additionally loaded with the weight of the struts, superstructure, and machinery. Eleme@tsré
loaded as determined by the reaction forces taikd from the aft strut substructure analysis. Similarly,
elements 136 are loaded as determined by the reaction forces calculated from the forward strut
substructure analysis. Lastly, elementsi87are loaded with the fore foil and forwatail rotaing
mechanism.

The flying mode loading condition has been loaded exactly the same, however, the hulls are no
longer submerged under water and therefore the buoyancy force has been removed. Additionally, simple
support boundary conditions have been ledain global nodes 4 and 17, as hydrofoils will support the
whole vessel and provide an upward force.

Table 8: Hull Element Geometry Outputs

. | Total | Ring Shell Area +| Ring | Elément| Element| g i ral Element | Residual

C;'E:Tr]())'d Csrz:;?d Stiffener| Stiffener -rA()rLa;?mh%IIStiffener Areg Vol. wgltﬁr?gl E;:)?:ﬁigd Weight | Buoyancy| Buoyancy

Area (m?)|Area (1?) (m? (m® () () (kg) (kg) (kg)

element 1| 0.212 | 0.0000| 0.002 | 0.059 | 0.008 0.010 | 0.000| 0.007 | 0.096 | 19.1958| 99.228 | 80.0322
element 2| 0.447 | 0.0000| 0.002 | 0.133 | 0.017 0.019 | 0.001| 0.013 | 0.419 | 36.8134| 430.748 | 393.935
element 3| 0.528 | 0.0000| 0.002 | 0.877 | 0.020 0.022 | 0.006| 0.017 | 0.439 | 47.9009| 451.947 | 404.046
element 4| 0.577 | 0.0000 | 0.002 | 1.047 | 0.022 0.024 | 0.008| 0.019 | 0523 | 53.9018| 538.523 | 484.621
element 5| 0.611 | 0.0000| 0.002 | 0.184 | 0.023 0.025 | 0.001| 0.031 | 1.434 | 87.422 | 1475.12 | 391.969
element 6| 0.590 | 0.0000| 0.002 | 0.178 | 0.022 0.024 0.001| 0.030 | 1.339 | 84.6901| 1377.89 | 363.869
element 7| 0.530 | 0.0000| 0.002 | 0.159 | 0.020 0.022 | 0.001| 0027 | 1.084 | 76.7882| 11155 | 288.43
element 8| 0.462 | 0.0000| 0.002 | 0.137 | 0.026 0.028 | 0.001| 0.035 | 0.835 | 97.5478| 859.724 | 193.622
element 9| 0.402 | 0.0000| 0.002 | 0.119 | 0.031 0.033 | 0.001| 0.044 | 0.708 | 122.488| 728.488 | 134.299
element 1¢ 0.365 | 0.0000| 0.002 | 0.107 | 0.028 0.030 | 0.001| 0.040 | 0586 | 111.924| 603.434 | 103.426
element 1| 0.350 | 0.0000| 0.002 | 0.102 | 0.027 0.029 | 0.001| 0.038 | 0.541 | 107.718| 556.931 | 92.1533
element 2| 0.359 | 0.0000| 0.002 | 0.105 | 0.027 0.029 | 0.001| 0.039 | 0567 | 110.129| 583.363 | 98.5453
element 8| 0.395 | 0.0000| 0.002 | 0.116 | 0.030 0.032 | 0.001| 0044 | 0694 | 122.26 | 714.011 | 129.982
element #| 0.471 | 0.0000| 0.002 | 0.140 | 0.027 0.029 | 0.001| 0.039 | 0965 | 110.123| 993.1 | 225.572
element §| 0.571 | 0.0000| 0.002 | 0.172 | 0.022 0.023 | 0.001| 0.032 | 1.398 | 91.0453| 1438.04 | 377.765
element | 0.611 | 0.0000| 0.002 | 0.184 | 0.023 0.025 | 0.001| 0.034 | 1.594 | 96.7783| 1639.89 | 436.055
element 7| 0.569 | 0.0000| 0.002 | 1.016 | 0.021 0.023 | 0.007| 0.019 | 0.497 | 52.1386| 511.507 | 459.368
element 8| 0.520 | 0.0000| 0.002 | 0.850 | 0.020 0.021 0.006| 0.016 | 0.416 | 46.2725| 428.485 | 382.212
element 9| 0.431 | 0.0000| 0.002 | 0.127 | 0.016 0.018 0.001| 0.013 | 0.410 | 37.4358| 422.169 | 384.733
element 2 0.233 | 0.0000| 0.002 | 0.065 | 0.009 0.011 | 0.000| 0.008 | 0.123 | 21.9333| 126.9 | 104.967
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Buoyancy Mode Results

Frame and Final Deflected Frame

Meters

0.0008 -

0.0006

W Frame

W Deflected Frame:
Magnified by 1
for Visibility
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-

Meters

Figure 31: Hull Frame and Deflected Frame

Frame and Scaled Moment Frame and Scaled Shear
m Frame m Frame
m Moment W Shear
Figure 32: Hull Frame and Scaled Moment Figure 33: Hull Frame and ScaledShear
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Table 9: Hull Global Node Displacement and Reaction ForcgBuoyancy Mode)

Horizontal

Vertical

Displacement, u| Displacement,v| Rot at i on | Horizontal Force, £ _ Vertical Moment, M,(Nm)
(m) (m) (N) Force, E(N)
Global Node 1 0 0.00000 -0.00011 0 0 0
Global Node 2 0 0.00007 -0.00011 0 0 0
Global Node 3 0 0.00015 -0.00012 0 0 0
Global Node 4 0 0.00021 -0.00012 0 0 0
Global Node 5 0 0.00027 -0.00012 0 0 0
Global Node 6 0 0.00041 -0.00012 0 0 0
Global Node 7 0 0.00054 -0.00010 0 0 0
Global Node 8 0 0.00065 -0.00008 0 0 0
Global Node 9 0 0.00074 -0.00006 0 0 0
Global Node 14 0 0.00078 -0.00002 0 0 0
Global Node 11| 0 0.00077 0.00004 0 0 0
Global Node 2 0 0.00069 0.00008 0 0 0
Global Nodel2 0 0.00056 0.00010 0 0 0
Global Nodel3 0 0.00043 0.00009 0 0 0
Global Nodel4 0 0.0003 0.000 0 0 0
Global Nodel5 0 0.0002 0.000 0 0 0
Global Nodel6 0 0.0001 0.000 0 0 0
Global Nodel7 0 0.0001 0.000 0 0 0
Global Nodel8 0 0.0001 0.000 0 0 0
Global Nodel9 0 0.0000 0.000 0 0 0
Global Node20 0 0.0000 0.000 0 0 0
Global Node21 0 0.00000 -0.00011 0 0 0
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Table 10: Hull Stress and Failure Analysi§Buoyancy Mode)
Siffonar Ix Total Ix ;?gsdsmg Strsehs('es?rr £ (Pay| STADSE) > | (g | SFADSE) > | ooyl SEADSE )
m | ™ | "ea) | (pa) f f
Element 1| 0.000042| 0.00023| 32752.30 0 32752 FALSE 0.00 FALSE  |16376.20 FALSE
Element 2| 0.000214 | 0.00193| 177903.00 0 177903 FALSE 0.00 FALSE |88951.30 FALSE
Element 3| 0.000303| 0.00312| 200956.00 0 200956| FALSE 0.00 FALSE  (100478.0 FALSE
Element 4| 0.000365 | 0.00403| 166016.00 0 166016 FALSE 0.00 FALSE |83008.10 FALSE
Element 5| 0.000411| 0.00474| 41681.10 0 41681 FALSE 0.00 FALSE |20840.60 FALSE
Element 6| 0.000382| 0.00429| 323929.00 0 323929| FALSE 0.00 FALSE  [161965.0 FALSE
Element 7| 0.000306 | 0.00315| 622459.00 0 622459| FALSE 0.00 FALSE  [311230.0 FALSE
Element 8| 0.000229| 0.00309| 651340.00 0 651340| FALSE 0.00 FALSE  [325670.0 FALSE
Element 9| 0.000171| 0.00273| 799204.00 0 799204| FALSE 0.00 FALSE  [399602.0 FALSE
Element 1¢ 0.000139 | 0.00206| 976961.00 0 976961| FALSE 0.00 FALSE  [488481.0 FALSE
Element 1| 0.000127 | 0.00183| 669588.00 0 669588| FALSE 0.000 FALSE  [334794.0 FALSE
Element12| 0.000133| 0.00196| 43116.90 0 43117 FALSE 0.000 FALSE  |21558.50 FALSE
Element13| 0.000164 | 0.00259| 325543.00 0 325543| FALSE 0.000 FALSE [162772.0 FALSE
Element14| 0.000238| 0.00327|333987.00 0 333987| FALSE 0.000 FALSE [166993.0 FALSE
Element15| 0.000358| 0.0039 | 304773.00 0 304773| FALSE 0.000 FALSE |152386.0 FALSE
Elementi6| 0.000411| 0.0047 | 308032.00 O 308032| FALSE 0.000 FALSE  |154016.0 FALSE
Element17| 0.000354| 0.0039 | 378577.00 0 378577| FALSE 0.000 FALSE |189288.0 FALSE
Element1g| 0.000294| 0.0030 | 435446.00 0 435446 FALSE 0.000 FALSE  [217723.0 FALSE
Element1g| 0.000197 | 0.0017 | 385440.00 0 385440 FALSE 0.000 FALSE  [192720.0 FALSE
Element®| 0.000052| 0.0003 | 179186.00 O 179186 FALSE 0.000 FALSE  |89593.00 FALSE
As was the case iffable4 andTable7, Tablel0al so only displ ays

comp

arison

to the

yield stress.

substructure frame does not fail in buoyancy mode either.
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Figure 34: Hull with Elements, Loads, andBCs (Flying Mode)
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Figure 35: Hull Frame and Deflected Frame
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Figure 36: Hull Frame and Scaled Moment Figure 37: Hull Frame and Scaled Shear
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Table 11 Hull Global Node Displacement and Reaction ForcdElying Mode)

Horizontal Vertical . .
Displacement, u| Displacement,v| Rot at i on | Horizontal Forcef | _ Vertical Moment, M,(Nm)
(m) (m) (N) Force, E(N)
Global Node 1 0 0.021481 0.012019 0 0 0.000000
Global Node 2 0 0.013685 0.012021 0 0 0.000000
Global Node 3 0 0.005888 0.012023 0 0 0.000000
Global Node 4 0 0.000000 0.012026 0 135970 0.000000
Global Nodes 0 -0.005881 0.011976 0 0 0.000000
Global Node 6 0 -0.020028 0.011522 0 0 0.000000
Global Node 7 0 -0.033324 0.010575 0 0 0.000000
Global Node 8 0 -0.045023 0.008865 0 0 0.000000
Global Node 9 0 -0.054481 0.006869 0 0 0.000000
Global Node 14 0 -0.061804 0.004263 0 0 0.000000
Global Node 11| 0 -0.065096 0.000744 0 0 0.000000
Global Node 2 0 -0.063470 -0.003210 0 0 0.000000
Global Nodel2 0 -0.056872 -0.006812 0 0 -0.000003
Global Nodel3 0 -0.046013 -0.009419 0 0 0.000000
Global Nodel4 0 -0.032223 -0.011178 0 0 -0.000004
Global Nodel5 0 -0.016561 -0.012203 0 0 0.000004
Global Nodel6 0 0.000000 -0.012512 0 146277 -0.000020
Global Nodel7 0 0.005991 -0.012507 0 0 -0.000054
Global Nodel8 0 0.011981 -0.012506 0 0 -0.000029
Global Nodel9 0 0.020553 -0.012505 0 0 -0.000003
Global Node20 0 0.029125 -0.012504 0 0 0.000002
Global Node21 0 0.021481 0.012019 0 0 0.000000
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Table 12 Hull Stress and Failure AnalysiqFlying Mode)
Stffonar Ix Total Ix Sli(regsdsmg Strseies?rr £ (Pay| SFADSE) > | gy | SFHADSE) > | ol SEADSE )
m) | ™ | ") | (pa) f f
Element 1| 0.000042|0.000228 0.0 0.00000| © FALSE 0 FALSE 0.00 FALSE
Element 2| 0.0002140.001927 37920.5 | 0.00001| 37921 FALSE 0 FALSE  |18960.20 FALSE
Element 3| 0.000303|0.003117 117249.0| 0.00002 | 117249| FALSE 0 FALSE |58624.60 FALSE
Element 4| 0.000365 |0.004029 8610060.0 -0.00175|8610060  FALSE 0 FALSE | 4305030 FALSE
Element 5| 0.000411|0.00474224757600.( -0.00151|2475760{  FALSE 0 FALSE  |1237880 FALSE
Element 6| 0.000382 |0.00429139689200.( -0.00122(3968920{  FALSE 0 FALSE  [1984460 FALSE
Element 7| 0.000306 | 0.00315059114900.( -0.00104(5911490{  FALSE 0 FALSE  [2955740 FALSE
Element 8| 0.000229 | 0.00308757173700.( -0.00054|5717370{  FALSE 0 FALSE  [2858690 FALSE
Element 9| 0.0001710.00272958118700.( -0.00018(5811870{  FALSE 0 FALSE (2905940 FALSE
Element 1¢ 0.000139 | 0.00206( 70420000.( -0.00009(7042000{  FALSE 0 FALSE (3521000 FALSE
Element 1| 0.000127 |0.00182776147200.( 0.00002 [7614720{ FALSE 0 FALSE  |3807360 FALSE
Element12| 0.000133[0.00195871787100.( 0.00012 (7178710 FALSE 0 FALSE  [3589360 FALSE
Element13| 0.000164 |0.00258857743500.( 0.00019 |5774350{ FALSE 0 FALSE (2887180 FALSE
Element14| 0.000238|0.00326649406800.( 0.00055 [4940680{ FALSE 0 FALSE (2470340 FALSE
Element15| 0.000358|0.00391(39391300.( 0.00095 [3939130{  FALSE 0 FALSE  |1969570 FALSE
Element16| 0.000411 |0.00474(19969700.( 0.00123 |1996970{ FALSE 0 FALSE | 9984850 FALSE
Element17| 0.0003540.003860 218900.0| -0.00013| 218900| FALSE 0 FALSE 109450 FALSE
Element18| 0.000294|0.00297§ 43610.7 | -0.00008| 43611 FALSE 0 FALSE  |21805.30 FALSE
Element19| 0.000197|0.00172¢ 13231.6 | -0.00001| 13232 FALSE 0 FALSE 6615.78 FALSE
Element®| 0.000052|0.00030d 0.001821| -0.00001| 0 FALSE 0 FALSE 0.0009 FALSE

To continue with the trendiablel2al so only di splays fAFalseodo for
yield stress. The display of eSWATH substractue érame i ndi c
does not fail in flying mode.

3.4 Hogging and SaggingSlamming Loading Condition

Slamming loads are much more significant than global bending moment for smaller crafts
(indicatively having lengths less than 50 m). Slamming events happen aship is heaving and
pitching and gortion d the hullemergesandre-enters the water, inducing an extreme pressure on the
vessel 6s-enpy Hoggingand Saggieg conditions describe speaifaveinducedforcesthat act
on a marine vessel. Hogging is when tensile bending stresses occur at the midship upped deck

compression bending stresses occur at the bottom of the.v&ssgding is the opposite of hogging, and
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is whenthere are tensile bending stresseshe bottomand compression bending stresses at the upper
deck[6]. Figure 38 and Figure 39 show the load distribution along the hull beam due to hogging and

sagging forces.

A A A

Figure 39: Sagging[14]

The hoggingand sagging slammindpad condition is and idealized load condition in which the
hydrostatic forces due to waves (hogging/saggamglthe hydrodynamic forces due swammingimpact
pressurehave been combined ®imulate theworstcasescenario theHY2-SWATH may encounter.
Designing with consideration to this load condition will minimize the risk of structural failure. The
hogging and sagging slamming pressures were usemltolate theminimum required hull shell
thicknes in accordance with DNVGL High Speed, Light Craft and Naval Surface Craft Part 3 Chapters
1-3, i.e.usingFigure 38 throughFigure40 andEquationl5 throughEquation20 [14].

Equation15 defines the vertical acceleration as a function of the velocity and significant wave

height. The design shape of the twin hulls is unique and therefore the DNVGL does not have a specific
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formula for calculating the equivalent deadrise angle as required in the vertical acceleration equation.

Therefore deadrise angle of the rounded twin hull was taken to°pth@&0minimum allowed, because it
would result in a larger vertical acceleration aittdnately, a more robust design.
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"O = significant wave height in m
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Equation 15
I =deadrise angle at LCG in degrees
= minimum 10
= maximum 30
o] = waterline breadth at L/2 in m

For twint and multi hull vessels the total breadth of hulls (exclusive tunnels) shall be used
"Q= standard acceleration of gravity = 9.81 /s
Q= hull type factor

= 0.7 for Foil assisted hull or SWATH

The slamming pressure acts over the shaded areajn Figure 38 and Figure 39 and was
calculated in accordance wiguationl6.

k = 0.7 for hogging
k = 0.6 forsagging

Equation 16
Y displacement in tonnes

T = fully loaded draught in m with the craft floating in calm water

The longitudinal extension of the slamming reference aresas calculated usingquationl7.
This |l ength was used to apply a series of pinned
fell within the calculated length.
. 0 .
a - Equation 17
W
@ breadth of slamming reference area
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The slamming pressure was calculated ukiggation18.

‘ &0 y grys VT . Q0 on 18
n P o R a Equation 1

"Q longitudinal distribution factor calculated usiRgure40

by 10
0.8
1 0,6
0,4
0,2
AP 2 L 6 8 FP

Figure 40: Long. Slamming Pressure Distribution Factor for High Speed Modg14]
n = number of hulls, 1 for monohulls, 2 for catamarans
A = design load area for element consideredin m
For plating A shall not be taken greater than2.5s
“Y draught at L/2 in m at normal operation condition at service speed
I = deadrise angle in degrees at transverse section considered (minifpumaxithum 36)

T =deadrise angle in degrees at LCG (minimurh fi@ximum 36)

Equation19 and Equation20 were used to calculate the required minimum hull shell thickness.
As stded previously, the nominal allowable bending stresEdunation19 is defined for specific steel
grades and ifcquation20 is defined for specific aluminum grades with specific consideration taken for
different materials. As the materials investigated in this project are all stronger than the steel and
aluminum grades considered by the DNVGL rules, the strongest steelamgkst aluminum associated
nominal allowable bending stresses were used for this calculation. The titanium used was considered as
Afsteel o in this calculation. These assumptions w

thickness and safer, more design.

0 T_ (mm) Equation 19
Q= correction factor for aspect ratio of plate field
= (1.1-:0.25 s/If
= maximum 1.0 for s/l =0.4

= minimum 0.72 for s/l = 1.0
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Q= (1-0.5 s/r)
= correctionfactor for curved plates
r = radius of curvature in mm
, = nominal allowable bending stress in N/Auoe to lateral pressure

o T_ (mm) Equation 20

Q= correction factor for aspect ratio of plate field

= (1.1-:0.25 s/If

= maximum 1.0 for s/l =0.4

= minimum 0.72 for s/l = 1.0
0= (1-0.5 s/r)

= correction factor for curved plates
r = radius of curvature in m

, = nominal allowable bending stress in N/fuine to lateral pressure
Once the DNVGL rules fotalculating hogging and sagging had been implemented in the AMVS

module the code was run and the resultstierboth hogging and sagging fdnereference vessdiull

have been provided below.

Hogging Mode Results

Aft ‘FOil, S‘truts,
rotating mech, Superstructure,
motor/shoft/prop Machinery
Motor/ Fuel Fwd foll
Shoft/ .- T4 | | | I f _\l l A rotating
Pr*op ? mech
AR L . i SO SR I e e e e T Clas i aa B o218 417 T F—

Pinned Boundory
Conditions

Figure 41: Hull with Elements, Loads, and BCs (Hogging Mode)
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Figure 43: Hull Frame and Scaled Moment Figure 44: Hull Frame and Scaled Shear
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Table 13 Hull Global Node Displacement and Reaction Forces (Hogging Mode)

Horizontal

Vertical

Displacement, u| Displacement,v| Rot at i on| Horizonzzl)Force,,F Fo\r/c?gitl:;?l\l) Moment, M,(Nm)
(m) (m)
GlobalNode 1 0 -0.0296679 -0.00581 0 -1.0391E09 2.09866E10
Global Node 2 0 -0.0259025 -0.0058 0 6.63931E09 -1.0804E08
Global Node 3 0 -0.0221432 -0.00579 0 -7.9259E07 2.03948E07
Global Node 4 0 -0.0193093 -0.00578 0 5.07018E07 3.09439E07
Global Node5 0 -0.0164847 -0.00575 0 1.52015E06 -5.8475E07
Global Node 6 0 -0.00969765 -0.00549 0 4.29538E06 -4.1176E06
Global Node 7 0 -0.00363598 -0.00444 0 -0.00001606 2.6663=06
Global Node 8 0 1.15034E15 -0.00126 0 1264000 1.06977E05
Global Node 9 0 8.69758E15 0.000368 0 -944312 -7.8992E07
Global Node 1 0 4.05185E18 -0.0001 0 266459 ~2.5771E06
Global Node 11 0 -7.0104E19 -9.1E06 0 -99399.7 1.85379E07
Global Node 2 0 9.0332E20 0.000154 0 302849 -3.8431E07
Global Node12 0 0 -0.00059 0 -1027680 -1.2877E07
Global Nodel3 0 -8.0669E20 0.001993 0 1352670 -8.8574E08
Global Nodel4 0 -0.00564058 0.006003 0 3.49537E08 -5.5292E08
Global Nodel5 0 -0.0147814 0.007444 0 -3.1729E07 8.41719E08
Global Nodet6 0 -0.0249682 0.007732 0 1.27446E07 |  1:62081E07
Global Nodel7 0 -0.028677 0.007752 0 251543806 O-54802E07
Global Node18 0 -0.0323916 0.007758 0 1.76208E06 8.13966E07
Global Nodel9 0 -0.037711 0.007761 0 5.65173E07 2.37879E07
Global Node20 0 -0.0430323 0.007763 0 462655608 |  1-26156E08
Global Node21 0 -0.0296679 -0.00581 0 -1.0391E09 2.09866E10
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Table 14: Hull Stress and Failure Analysis (Hogging Mode)
Sﬁ;gggru'nnaﬂx(nﬂ ;ﬁiﬁng Shfaiggfs £ Pay [STAPE)| ¢ (pg) | STAPSED | 1 (g SEARE )
(m*) (Pa)
Element 114 19078£050.00022773] 1.949E07 |9.15483E17/1.94962E07  FALSE 0 FALSE |-9.74E08| FALSE
Element 2lp 00021368 0.00192734 149746 |4.33752E05 149746 | FALSE 0 FALSE | 74873.2| FALSE
Element 30.00030349] 0.0031171§ 463012 |7.06312E05 463012 | FALSE | 0 FALSE | 231506 | FALSE
Element 4 00036533 0.00402859 1368140 |0.00031403 1368140 | FALSE 0 FALSE | 684069 | FALSE
Element 59 00041079 0.0047418¢ 3306030|0.00051197 3306030 | FALSE 0 FALSE | -1653010] FALSE
Element 6p 00038232 0.0042911] 20371800 0.0020820§ 20371800| FALSE 0 FALSE |-1018500 FALSE
Element 79 00030579| 0.00314981 69325100 0.0043832] 69325100| FALSE | 0 FALSE | 34662600 FALSE
Element 8 900022854 0.00308664 27764600 -0.0124066 27764600| FALSE 0 FALSE |13882300 FALSE
Element 90.00017050| 0.0027291¢ 27346300 0.00230971 27346300 FALSE 0 FALSE |136732000 FALSE
Element 1(0,00013855) 0.00205957 4359440 |-0.0011922] -4359440 | FALSE 0 FALSE | 2179720 FALSE
Element 1)g 00012676| 0.00182683 4715320|0.00099123 -4715320| FALSE 0 FALSE | 2357660| FALSE
Element129 00013346| 0.0019579¢ 39589100 -0.0039117{ -39589100| FALSE 0 FALSE |19794600 FALSE
Element13|p.00016397| 0.0025879| 32979900 0.0119958| -32979900| FALSE | 0 FALSE | 16489900 FALSE
Element14|0,00023814] 0.00326553 68804200 -0.0056968 -68804200| FALSE 0 FALSE | 34402100 FALSE
Element15/9 00035757| 0.0039103¢ 23190200 -0.0041588 -23190200| FALSE 0 FALSE | 11595100 FALSE
Element16/9.00041067| 0.0047399| 2440430|-0.0020932] -2440430| FALSE 0 FALSE | 1220220 FALSE
Element17|0,00035421) 0.00385954 864427 |-0.0004957] 864427 | FALSE 0 FALSE | 432213 | FALSE
Element18|n 00029363| 0.00297849 172217 |-0.0003065( 172217 | FALSE 0 FALSE | 86108.3| FALSE
Element19/9.00019705| 0.0017263¢ 52250.9 | -3.877E05| 52250.9 | FALSE 0 FALSE | 261254 | FALSE
Elementd |5 21918E050.00030042| 8.009E06| -4.496E05 [0.00004914] FALSE |-4.1E05 FALSE | 451E05| FALSE
SaggingMode Results
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rotating mech, Supegzggzi%ure,
motor/shaft/prop Mochinery
Motor/ Fuel Fwd foill
Shoft/ e T[] | | /_ _\I | [TT 171 rotating

Prop;_

Condli

Pinned Boundary

tions

38

mech




Figure 45: Hull with Elements, Loads, and BCs (Sagging Mode)
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Figure 47: Hull Frame and Scaled Moment Figure 48: Hull Frame and Scaled Shear
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Table 15: Hull Global Node Displacement and Reaction Forces (Sagging Mode)

DiSH(I)rizontaI vertical : Horizontal Force, F| Vertical Moment, M, (Nm)
placement, u| Displacement,v| Rot at i on N) Force, k (N) )
(m) (m)

GlobalNode 1 0 0 -1.8066E06 0 75.4984 0
Global Node 2 0 -9.1627E23 5.74319E06 0 16636.7 -1.1369E13
Global Node 3 0 1.48702E22 -1.2571E05 0 -127997 6.36646E12
Global Node 4 0 -1.1081E23 3.48987E05 0 717998 3.61524E11
Global Node 5 0 1.9941E21 -0.00011407 0 -1266000 -4.9113E11
Global Node 6 0 -1.7889E19 0.000650104 0 1206830 -1.1532E09
Global Node 7 0 -0.00204783 0.00250757 0 -2.54659E09 5.67525E10
Global Node 8 0 -0.00567774 0.00331261 0 -2.66009E08 1.3657E08
Global Node 9 0 -0.00958135 0.00307102 0 7.44185E08 -5.3678E09
Global Node 10 0 -0.0130605 0.00215496 0 -1.06404E07 3.21565E08
Global Node 11 0 -0.0148667 0.000556584 0 1.33514E09 4.48363E08
Global Node 2 0 -0.0143479 -0.00133412 0 1.23062E06 -7.3477E07
Global Node12 0 -0.0115379 -0.00288172 0 -4.63973g07|  "1.1398E06
Global Nodel3 0 -0.00715244 -0.00353855 0 -2.63282806|  ©-49266E07
Global Nodel4 0 -0.00266696 -0.00292362 0 8.00253E06 -2.8225E06
Global Nodel5 0 -3.3793E15 -0.00072658 0 1159330 -4.3175E06
Global Nodel6 0 -1.1199E15 0.000119496 0 -1220520 -1.9225E07
Global Nodel7 0 4.54845E19 -3.6706E05 0 746962 1.42706E05
Global Node18 0 -4.004E20 1.36893E05 0 -131956 1.12243E06
Global Nodel9 0 0 -6.0633E06 0 13826.4 2.05183807
Global Node20 0 -3.1209E20 2.75456E06 0 -606.882 1.38593E08
Global Node21 0 0 -1.8066E06 0 75.4984 0
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Table 16: Hull Stress and Failure Analysis (Sagging Mode)

Sti;grtlaelr Ix|Total Ix (nf) Srj‘t(ree?sdsmg Sh:ar(g;r)es Kk (Pa) SF*?bS(A )> Kk (Pa) SF*?bSQ( )> T (Pa) SF*AEr)S(T )>
(m) (Pa)

Element 14 19078E05(0.00022773 863.083 | -6.651E06 | 863.083] FALSE |5.7E14 FALSE | 431541 FALSE
Element 2|9 00021368|0.00192731 1893020 |-0.0003209{ 1893020  FALSE 0 FALSE | 946510| FALSE
Element 3900030349/ 0.00311714 1382580 | 0.0018393¢ 1382580  FALSE 0 FALSE | 691200| FALSE
Element 4|9 00036533| 0.0040285§ 32648100 -0.007831|3264810{ FALSE 0 FALSE |1632400(  FALSE
Element 5|0 00041079| 0.0047418¢ 29340600| 0.0084614/2934060( FALSE 0 FALSE |1467030(  FALSE
Element 6|0 00038232| 0.00429111 40202700| -0.00496924020270(  FALSE 0 FALSE |2010140{ FALSE
Element 7|9.00030579 0.00314981 5539350 |-0.0042599{ 5539350 FALSE 0 FALSE | 2769680 "ALSE
Element 8| 9,00022854 0.00308664 15302500/-0.0022946{1530250( FALSE 0 FALSE |7651260 FALSE
Element 99.00017050| 0.0027291¢ 24258500| -0.00087722425850{  FALSE 0 FALSE |1212030  FALSE
Element 10 00013855/ 0.00205957 33666300/-0.0005419¢3366630{  FALSE 0 FALSE |1683320( FALSE
Element 1Llp 00012676/ 0.00182684 36633300/-0.0001175{3663330{  FALSE 0 FALSE |1831670( ALSE
Element12|n 00013346] 0.00195799 33472100 0.000304433347210{  FALSE 0 FALSE |1673600(  FALSE
Element13|9 00016397| 0.0025879| 218792000.00061460[2187920{  FALSE 0 FALSE |1093960( TALSE
Element14|0.00023814| 0.00326553 2343630 | 0.00201429 2343630 FALSE 0 FALSE |11718200 FALSE
Element15|9, 00035757/ 0.0039103¢ 37735100 0.003604213773510{  FALSE 0 FALSE |1886750(  "ALSE
Element16|0,00041067| 0.0047399| 30107600/-0.0092368{3010760{ FALSE 0 FALSE |1505380(  FALSE
Element17)9 00035421] 0.00385954 34445900 0.008179543444590{  FALSE 0 FALSE |1722200  FALSE
Element18|0.00029363|0.00297844 337550 | -0.0022511 1337550  FALSE 0 FALSE | 668776 FALSE
Element19)p. 00019705/ 0.0017263¢ 1910100 |0.00027101/ 1910100 FALSE 0 FALSE | 955048| FALSE
Elementd |5 21918E050.00030042] 1.076E05 | -8.951E05 |9.51E05| FALSE |-8.4E05 FALSE |897E05| FALSE
3.5 Input Variable Range, Data Generation, and Feasibility Constraints

A structural analysis parametric variable input sweep was run for the buoyancy fiyiode

mode hogging and sagging conditiof@r three groups of inputsGroups of parametric inputs refr

variables thafire associated with each other. For example, the material propéagtiasgroup of four

variables: density, yield stress, shear stress, and elastic maddlusust all be modified simultaneously
to describe a single materialhe three groups of paratnic inputs are the material properties, the shell

thickness and the number of stiffeners. These inputs were held constant over the three subdomain frames

analyzed.

The material properties were modified accordingablel17:
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Table 17: Material Property Parametric Inputs
" (kgm?) . (MPa) t  (MPa) E (GPA)
Aluminum 7075- T6; 7075- T651 2810 503 331 71.9
316L Steel 8000 205 370 193
Aluminum 6061- T6; 6061- T651 2700 276 207 68.9
AlS| Type S20910 Stainless Steel, high strength 7890 725 570 200
Titanium Ti- 6 Al - 4 V (Grade 5), Annealed 4430 880 550 1138

All of the materials have been verified as materisded in the marine industrgr published
research papers have deemed them feasible for their application in the marine industry.

Initially, the shell thickness was modified, keeping the shell thickness constant over each element
within all three frame wbdomains, from 4nm to 7mm in 1 mm increments. However, in the flying
mode operational condition, the hull would plastically deform and fail along the midsection line for all
materials testedrigure 35 shows an example of the flying mode condition hull frame, elements, and
deflectioncurve.Based on a ATrued value appearing in the
factor of 6 applied) columns d&fable 12, the hull would fail initially at node 11 due to the stress. To
prevent the hull from failing, several iterations of dh&nging the shell thickness of hull frame midship
elements, where #ghhull crosssectional area is smallestigure 16), determined that elements13
required an additional 8mm shell thickness on top of the variabledh parametriénput shell thickness
and elements 8 and 14 required 3mm additional shell thickidssadditional shell thickness applied to
these elements, remained a constant on top of any variable input change to the hull shell thickness for all
following runs.

Thethird group of variables that were modifieésthe number of stiffeners in each frame with
each number in the sequence corresponding to the specific number of stiffeners in the element, in
accordance with the tables below. These parameter sweep varatwide 60 total runs each of the
low-fidelity FEA structural analysis code for the buoyancy mode and flying mode operational conditions.

Table 18: Stiffener Count Parametric Input
Forward Strut Frame Stiffeners Aft Strut Frame Stiffeners Hull Frame Stiffeners

6/element

Run 1 (8,12,12,6,86,6,6,6,6,12,12, 8) (8,12,12,6,6,6,6,12,12,8) (20 elements)
12/element

Run 2 (16, 24, 24,12,12, 12,12, 12, 12, 24, 24, 16) (16,24, 24,12,12,12,12, 24, 24, 16 (20 elements)
24/element

Run 3 (32, 48, 48, 24, 24, 24, 24, 24, 24, 48, 48, 32) (32, 48, 48, 24, 24, 24, 24, 48, 48, 32 (20 elements)
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After the parameter sweep was completed, feasibility constraints were formulated. The
constraints were derived to miinate infeasible solutions e.g. solutions that result inHW&-SWATH

sinking. The constraints applied have been describ&dbie19 andTable20:

Table 19: Buoyancy Mode Operating Condition Constraints

Buoyancy (initial waterline) > 1.1*weight

Initial waterline provides excess buoyancy.

Constraint ensures vessel does not sink.

Abs(Trim angle) < 0.5°

Reduced drag, increased fuel efficiency and rang

Hull Frame

Max vertical deflection of hull < tat hull

length *x%

Ensure hull vertical deflection does not cause fai

Forward Struts Frame

Max horizontal deflection < forward
starboard strut length *x%

Ensure horizontal deflection of starboard strut do

not cause failure

Max horizontaldeflection <forward port
strut length *x%

Ensure horizontal deflection of port strut does no

cause failure

Max vertical deflection < forward wing
span *x%

Ensure forward portion of the wing superstructurg

vertical deflection does not cause failure

Aft Struts Frame

Max horizontal deflection < aft starboard

strut length *x%

Ensure horizontal deflection of starboard strut do

not cause failure

Max horizontal deflection < aft port strut

length *x%

Ensure horizontal deflection of port strut does no

cause failure

Max vertical deflection < aft wing span

*X%

Ensure aft portion of the wing superstructure

vertical deflection does not cause failure

Where x = 0.25% and 0.20%

Table 20: Flying Mode Operating Condition Constraints

Reference vessel weight 49.0335 MT >
1.05*weight.

Hydrofoils sized and angled for vessel weight.
Reference vessel weight taken at aluminum 707
T6, 6mm shell thickness, run 2 suite of stiffeners

defined in the stiffener table above

Hull Frame
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Max vertical deflection of hull < total hull

length *x%

Ensure hull vertical deflection does not cause fai

Forward Struts Frame

Max horizontal deflection < forward
starboard strut length *x%

Ensure horizontal deflection of starboard strut do

notcause failure

Max horizontal deflection <forward port
strut length *x%

Ensure horizontal deflection of port strut does no

cause failure

Max vertical deflection < forward wing

span *x%

Ensure forward portion of the wing superstructurg

verticaldeflection does not cause failure

Aft Str

uts Frame

Max horizontal deflection < aft starboard

strut length *x%

Ensure horizontal deflection of starboard strut do

not cause failure

Max horizontal deflection < aft port strut
length *x%

Ensurehorizontal deflection of port strut does not
cause f failure

Max vertical deflection < aft wing span

*X%

Ensure aft portion of the wing superstructure
vertical deflection does not cause failure

Where x = 0.35% and 0.30%

Table 21 is similar to Table 19 and Table 20, with the first constraint changed to refine the

feasible solutions based on the DNVGL required hull shell thickness needed to withstand slamming loads.

Table 21: Hogging and Sagging Condition Constraints

DNV minimum hull slamming shell

thickness < Design hull shell thickness

Ensure the designed hull shell thickness is greatq
than the hull shell thickness as required by the D

Hull Frame

Max vertical defletion of hull < total hull
length *x%

Ensure hull vertical deflection does not cause fai

Forward

Struts Frame

Max horizontal deflection < forward

starboard strut length *x%

Ensure horizontal deflection of starboard strut do

not cause failure

Max horizontal deflection <forward port

strut length *x%

Ensure horizontal deflection of port strut does no

cause failure

Max vertical deflection < forward wing

Ensure forward portion of the wing superstructurg
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span *x% vertical deflection does not cseifailure

Aft Struts Frame

6 | Max horizontal deflection < aft starboard| Ensure horizontal deflection of starboard strut do

strut length *x% not cause failure

7 | Max horizontal deflection < aft port strut | Ensure horizontal deflection of patrut does not
length *x% cause f failure

8 | Max vertical deflection < aft wing span | Ensure aft portion of the wing superstructure

*x% vertical deflection does not cause failure

Where x = 0.35% and 0.30%

Histograms of the parameters and constrained parametersnadecto graphically show feasible
results and are discussed in the following sections. The feasible results are displayed in red in the
histograms as a part of the total number of times the parameter was run. Additionally, some variable
sensitivity plotswere generated to help analyze how the variable changes made, as described above,
impact the stresses on the subdomain frariée variable sweep outputs and associated histograms have
been provided in Sectidh- 19, the appendices.

35.1 Buoyancy Mode Results

Upon analysis of thbuoyancyhistogramsSection9, it wasdetermined what parameters impact
the feasibility of the solutions the most. The material type, while potentially offering greater strength, can
significantly impact the vesselbés weight. chSince
iteration, except due to minor changes in shell thickness, the two steel options and titanium will increase
the vessel weight more than the buoyancy the struts anghdmafit The histograms also show that the
4mm shell thickness is the only feasiloption as greater shell thicknesses increase the weight greater
than the buoyancy allows. As discussed above, thendeasible shelplatingthickness option for hull
frame shell thickness means elements 8 and 14 have a shell thickness of 4 mi® and elements 7
13 have a shell thickness of 4 + 8 orrhth total while all other elements are atvn. The histograms
also show that increasing the number of stiffeners too much causes the vessel weight to increase past the
allowable buoyancy. When thdeflection is constrained further from 0.25% to 0.20% the feasible
aluminum options decrease due to the forward strut horizontal deflection exceeding the constrained
allowable amount.

From visual inspection, the sensitivity plo&ection10, show the general trend as shell thickness

increasesor as the number of stiffeners increabe max principle stresses decreases with an exponential
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decay curve trend. Thisend is more apparent with the forward and aft strut frames. The hull frame does

not show as significant of a stress decrease with increase in shell thickness or stiffeners.

3.5.2 Flying Mode Results

The flying mode operational condition histogran®ection12, show similar results as the
buoyancy mode operational condition histograms. The two steel and titanium material options will
increase the vessel weight morerththe buoyancy will allow. Increasing the number of stiffeners too
much will also increase the vessel weight more than the force provided by the hydrofoils will allow. The
histograms also show that the hull frame allowable vertical deflection limitfe#isible solutions as
compared to the allowable deflections of the forward and aft strut frames. When the deflection is
constrained further from 0.35% to 0.30% the feasible aluminum options decrease due to the hull vertical
deflection exceeding the coraitned allowable amount.

From visual inspection, the sensitivity plo8ectionl3, show the general trend as shell thickness
increases, or as stiffener number increases, the max principle stresses decreases with an exponential decay
curve trend. This trend is more apparent with the forward and aft strut frames. The hull frame does not
show as significant of a stress decrease with increase in shell thickness or stiffeners.

3.5.3 Hogging Condition Results

The in the hogging condition with greater applied accelerations, the histo@aot®nl5, show
that the design solutions are constrained the most by the forward port and starboard strut horizontal
deflections. The two aluminum and titanium cases allow more than 0.35% deflection of the total strut
length. When further constrained to 0.3% deflection if the total strut length, there are fewer feasible steel
solutions. The constraint on DNVGL hull required thickness to resist slamming pressure loads also
refines some of the feasible solutions.

As with the buoyancy and flying mode sensitivity plots, the sensitivity pB#stionl6, show the
general trend as shell thickness increases, or as stiffener nuraleasis, the max principle stresses
decreases with an exponential decay curve trend. The significant difference between hogging condition
sensitivity plot and the buoyancy and flying mode sensitivity plots are the magnitude of the stresses. The
stressesare much larger in the hogging condition due to increased acceleration as calculated using
DNVGL rules. This trend is more apparent with the forward and aft strut frames. The hull frame does not

show as significant of a stress decrease with increaselirttsbkness or stiffeners.

354 Sagging Condition Results
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The in the sagging conditiohistograms, Sectiod8, areidentical to the hogging condition
histograms andensitivity plots. The design solutions are constrained the most by the forward port and
starboard strut horizontal deflections. The two aluminum and titanium cases allow more than 0.35%
deflection of the total strut length. When further constrained3&@eflection if the total strut length,
there are fewer feasible steel solutions. The constraint on DNVGL hull required thickness to resist
slamming pressure loads also refines some of the feasible solutions.

As with the buoyancy and flying mode senasiyi plots, the sensitivity plofsSectionl9, show the
general trend as shell thickness increases, or as stiffener number increases, the max principle stresses
decreases with an exponential decay curve trend. The significant difference between sagging condition
sensitivity plot and the buoyancy and flying mode sensitivity plots are the magnitude of the stresses. The
stresses are much larger in the sagging camditiue to increased acceleration as calculated using
DNVGL rules. This trend is more apparent with the forward and aft strut frames. The hull frame does not
show as significant of a stress decrease with increase in shell thickness or stiffeners.

4. Structure Design and Assessment Moduledfgh-Fidelity Method)

The highfidelity model has been initially createtd compare the reference vessel results
generated by the AMVS module to the reference vessel modeled in MAESAR@ure goal, outside
the scope of tls thesis, is toenhance the higfidelity module to be parametrically modifiable for
automation and inclusion in the SBD proceBse HY2SWATH reference vessel, initially modeled in
Rhino, was conwted to MAESTRO.This process is described in Sectibh

4.1 Geometry Mesh Creation

To conduct a 3D FEA on the referene2-SWATH, the model cread in Rhino was
discretized ito a finite element meshSince the ves$dés symmetrical about the center line, half the
model wasconverted to a mesh and imported in to MAESTR@AESTRO allows the half thevesselto
bemodeledand can apply symmetry to the loads and boundary conditions when calculations are run.
The Rhino reference modebnsists of the hull, struts and superstructure sasl drawn using
curves and surfacegCurves and surfaces can not be imported directly in to MAESTRO and MAESTRO
does not currently feature an aumeshing processAllofthemo d el 6 s ext er nal shel |l p
longitudinal stiffeners, ring stiffeners, and water tight bulkheadse cowerted to a combiniation of
triangular and quad meshesThis meshing process wasimarily manually conducted using Rhino
meshing toolsand MAESTRO createBhino meshing scriptsFigure 49 and Figure 50 show the

polysurfaces of the reference H®NVATH and the results of the after the vessel was converted to a
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mesh. Figure 49 shows the shell plating converstion afijure 50 shows the internal structure

conversion.

Polysurfaces Mesh

Figure 49: Shell Plating Conversion to Mesh

Polysurfaces Mesh

Figure 50: Internal Structure Converted to Mesh

ThegeneraRhino meshing processed issummarized irl4 steps:
1. Duplicate the polysurfaces and placeapproriately named layers.
2. Duplicate the polysurfacesbdés borders
3. Use horizontal/vertical planes to split the polysurfgéegure51). Thenumer of planes
and their spacing will determine how fine or coarse the final rdesgitays In areas of

significant curvatrure, more planes should be used.
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Figure 51: Rhino Cutting Planes Example

Delete the polysurfaces, l@ag only the line curves.

Select all the line curves and use the dropdown menu command CiRemt Objec®

Mark Curve Start to create pointghere each line curve has been splitse the select
duplicate command to delete any duplicate line curvepaimds.

Replace each line curve with polylines using the points. These can be individual line
segments, polyline through points (command), or polyline.

Loft straight section surfaces though the polylines that represent the stru€igrlee (

52). This command should be used as much as possible but requires planning and setup

of lines and points with specific attention at structure intersections and discontinuities.

Loft Options >

Style
Straight sections ~
Closed loft

Match start tangent

Match end tangent
[ Split at tangents

Cross-section curve options ——————————
/ Align Curves

(®) Do not simplfy

(O Rebuid with control poirts
O Refit within millmeters

Cancel || Preview | Help

Figure 52: Rhino Loft Example

Select and xplode any polysurfaces. Select all surfaces and use the dropdown menu
command MeskR From NURBS Control Polygon
Join the meshes and use the fdAwel dweldaso mmand.
expectedthe mesh points defining the adjacent mesh edges should be checked to ensure
the points exactly line up. They can be very difficult to see and may requiréngoiom
far to identify the discontinuity The top two images dfigure 53 show how a small
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discontinutity can result in a free edge. The top left is a zoomedeaf)tggction of the
vessel where there is a free edge due to discontinuity and a zoomed in sectionf(right)

how the nodes are not connected. The bottom image shows the maximum zoom required

to see the discontinuity causing a free edge.

Figure 53: Node Discontinuities

10.Us e t he Rhto oheck forGreeceddessree edges where there should not be,
e.g. structure intersections, need to be correstedlill result in errors when reviewing
FEA results

11. Export themesh as a .ply file and import in to MAESTRO.

12. Use the MAESTRO dropdown menu ToBlsRe-Number FeTag command. Then check
for free edge in dropdown menu View ToBIsEdges Tool® Free edges. Note where
and modeling free edges errors occur and any visirapect for free edges where they

should not appear.
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13. Additionally, use the Tool8 Integrity Checlk® Overlapped Elements as well as Tools

O Integrity Check® Warped Quad. Prior to making any Boundary Conditions, Load

it isoemended to correct errors found in steps 12 and

d

, MAESTRO groups, etc.;

Cases
1

RI

MAESTRO.

o

t

n

I mport

e

r

an

no

n Rhi

3

MAESTRO does not.
14. If free edges or other mesh errors are found after setting up boundary conditaiss, |

mistake is made;

wave s efN®advda asc

ect

load cases; they can be corrected in MAESTR®e |

, which can not be

will ensure a point to return to in the event the error is made worse

easily undone.

One of the requirements createan acceptableesh isto ensue that all end nodes of individial

mesh ends are connected to one another, i.e-toausle connection Nodeto-node connection must

occur between all major component interface including hull to struts to superstructure and all their

interfacing interalstrucutural componentsThe MAESTRO Marine website features severatépth

tutorials on preparing a mesh in Rhino and exporting to MAESTRO.

Once the vesssel has bemmverted to amesh it can be exported from Rhino as a .ply file and
imported in to MAESTRO. Figure54 shows the vessel once it has been imported into MAESTRO. The

teal color indicates the mesh is a fa@inted(quad element and the green indicates the mesh is-three

sided(tri) element. When working in MAESTRO, quad elements should primarily be @segrescribed

in the user manual In total, the HY2SWATH has been representedth over 12,000 quad and tri

elements
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Rhi

vice versaFigure55 shows the intersection of the longitudinal stiffeners in the hull that show free edges,
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Corrected Free Edges
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Free Edges at Stiffener Intersection

Once the modealasimported ino MAESTRO, a free edge check command was tanerify the

as indicated by the red outline on the mesh. This free edge should not exist and indicates the stiffeners
are not correty attached to each otherFigure 55 also shows the results of correctly attaching the

stiffenersas the free edge integrity check no longer outlines the mestilesirantersection, in red.

integrity of the model Afigo od
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Similarly, all concave quads, collapsedad elements, and collapsedel@mentswvere checled
for and corrected. The next step is to apply the material properties, structural element thickness, loads

and boundary conditions.
4.2 Material Properties, Loads and Boundary Conditions

In MAESTRO, materialdefinition is accomplished by entering the matepeoperties in the
materials dialog box. Aluminum 707 7075T651 was the only material used in this model and is
consistent with the material used in tieéerence vessel of the AMVS modul€he properties are shown

in Figure56.

Material

M 2 | Type |lsotropic A

Mame Value |
Young's Medulus Ex(MN,/m "2} T.19e+10
Poisson Ratio 0.33
Density(kg/m"3) 2950.5

Yield Stress(MN/m™2) 5.03e+08
Ultimate Tensile Strength(M/m*2) 53.72e+08

Figure 56: Aluminum 7075 Material Properties

In AMVS module, a 5% allowance factor has been applied to the loads as descritadaleith. This
factor is to account for some of the structure not represented in the models such as structural brackets. To
applyan equivalent allowance factor to the structural weigktntaterial density was increased by 5%.
The loadsvere applied to thMIAESTROmodel in a fashion to most similantgplicatethe loads
applied in the AMVS modulith the applied loads equivalent to thos&d ablel. As stated previously,
the applied loads due to structural weight have been applied as calculated in MAES@RIDe not
exactly equal to the structural loadsTiable1. Concentrated forces used in AMVS module were applied
as concentrated forces in the MAESTRO model and can be séeguia 57. Distributed forces used in
AMVS module wereapplied as concentrated forces in the MAESTRO maeddlcan be seen Figure
58.
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Figure 57: Concentrated Forces

" Half vessel shown
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Figure 58: Distributed Forces
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Once the loads have all been defined, load cases were created. A load cased for buoyancy mode,
flying mode, hogging condition, and sagging condition were created, again, as similarly as possible to the
AMV'S module reference vessstenario

In buoyancymode, MAESTRO is able to trim and balance the vessel and no additional boundary
condition restraints need to be applied. flying mode, pins were placed on all of the hull mesh nodes
where the hydrofoils are located. The aft hydrofoil pins restricslaéion in the x y-, and zdirections.

The forward pins restrict translation in thediyection (heave direction) This is the same type of
boundary condition applied in the AMVS modukgure 59, shows the boundary condition restraints at
the nodes where hydrofoils are located. They are shown in pink lines in the figure.

Figure 59: Flying Mode Restraints (Only Hull Shown)

In the hogging and sagging conditions, a series-pizxtranslation pins werplaced over the
length as calculated by the AMVS module reference vedsefiging and saggingcenaris, and in
accordance with DNVGL HSC rulesThe pins were placed along the bottom half of the hull over the
calculated hull. Figure 60 shows the hogging restraints and are colored in pifigure 61 shows the

sagging restraints and are also colored pink.
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Figure 61: Sagging Condition Restraints (Only Hull Shown)

In addition, the hogging and sagging conditions were given and additional acceleration to gravity
as delineated in the DNVGL HSC rules. The additional acceler@ior28.92m/§ wasthe samesthat
whichwas calculated bthe AMVS module.

Once the load cases have been credtedmodelis i b a | ain thelmb@yancy modand the
FEA analysisvasconductedor all load cases createdlhe weight summary report and balance output
for the buoyancy mode has been providedrigure 62 and Figure 63. Figure 62 shows the HY2
SWATHOGs tot al di spl acement (after the vessel has
trim angle is-0.375 deg(by the stern).Figure 63 shows the weight break down by structural modules

created in MAESTRO as well as the weight due to the appliedentrated and distributed loads.
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MASS(kg)
977,943
1226.17
2027 .65
3400.03
686,017

1154 .2

16944
16944

Load ca=se #1 "Buoya:

131.25
170.625
170.625

262.5
2030.89
12393 .6

*#xxInformation
*#[i=zplacement =

#*The following paramneters

Only. Ho effect on FE-Analysi=z*xx
£27529 N, Volume=52.4349 "3
are in the Ship Coordinate system:

#*Center of Buoyancy: =CB= 10411.5 mm, vCB=644.096 mm, =zCBE=0 mm
*_gnter of Grawity: =CG= 10391 mm, vC3E=1827 .82 mm, zCG=0 mm
#*Center of Flotation: xCF= 11748.1 mm, %CF=2252.13 mm., =zCF=0 mm
*#Trim Angle(Deg)=-0. 375233

#Fore Draft Point {mm)={19537 011, 2303.141, 3660.728)

*Aft  Draft Point (mm)={ 3764 859, 2199 847, 5299 583)

#*Fore Draft Point at z=0 {(mm)=(19537.011, 2303.141, 0}

*A4ft  Draft Point at z=0 {(mm)={ 3764.859, 2199 847, 0)
*[istance to origin =-2175.143 mm

#*BMT= 7885 98 mn

*BML= 10048 mm

®It=4 13501=+14 mn"4
x11=5 26866e+14 mmn"4
*CHT=6R702.14 mm
*#GML=8864 .16 mm

Balance Completed

Figure 62: Buoyancy Mode Load Balancing Outputs

Sumnary ot Module Selt Weight

Stopssuperstructure stiffeners

“topssuperstructure shell
stopshull stiffeners
stopsstrut stiffeners

HCG{mm) FOG (mm ) ZOG{mm) Hodule Hame

13214 .7 4464 .36 2748 .63

997671 —L2.7278 4503 .16 #topshull shell

11106.5 258124 4637 .34 stopsstrut shell
12103 4438 .35 2733 41

100326 0.0736272 4500

11427 .3 2853.2 4576.74

11496.9 2947 .51 0 ==>Total

Hodule Weight({Full Ship. Exclude Tank Weight)

11496.9 2947 .51 0 ==3Total Force due to Weight(Full Ship)= 185777
*xxxkxxxxSunnary of MHodule Gross Weight(Ezclude Volume and Bay Set Weight )#kedkeexss
noy"
Sumnary of Hodal Group Weight
Gimm) FCG (mm) ZCG{mn) Hodal Group Hane
8807 42 4658 .13 29765 nodesturbojet
10604 .8 2239.12 4499 nodesligquids
E876.6 2239.12 5313.97 nodesgenset_batt_inwv
17687 .6 3432 .85 —0.000150055 nodespayload
12829 .8 3594 58 1904 .76 ==3Total Weight of Hodal Group Hass
Sumnary of Plate Group Weight
HCGE{mm) FOG{mm ) ZCG{mm) Plate Group Hamne
1366 . 44 0.0165616 4500.02 platesslectric motor
18125 .3 0.000306623 4500 platesforsfoil
1809 .76 0.0277887 4500.03 platesaftfoil
1809 .76 0.0277887 4500.03 platesrotating mech. aft
18125.3 0.000306623 4500 platesrotating mech. fore
16950 .7 4521 51 1360.51 platescablez and pipes fwd
8100 .4 4427 49 3183 .27 platescables and pipes_aft
g100.4 4427 .49 3183.27 platerslec_nav_egquip
8037 .22 £2.5711 4538 .84 platesfuesl revl
8559 46 287 527 4435.93 ==3>Total Weight of Plate Group Hass

*xxxxxxxxx"onbined

MASS(kg)
481394

8627 .01

1265

4251.13

4117 .32
3803.78

537563
¢ 18944)
{ 10025)
{ 24767 35
53756 .3

Weight Sumnarvy (include weight on coincide nodes)®xxExxexxxx

HCG{mm) TOG {mm) ZCG{mm) Hodule Hame
14819 .2 3949 05 1299 .91 stopssuperstructure stiffeners
8884 61 —41 5252 4501 .46 #topshull shell
9645 76 2221.62 4699 34 stopsetrut shell
111263 4489 g5 2843 .43 stopssuperstructure shell
9038. 76 12.8209 4500.98 stopshull stiffensers
9093 .06 2241.7 4770.16 stopsstrut stiffeners
10391 1827.82 1] ==:Total Hodule Weight{Full Ship. Exclude Tank Weight)
——3:>Total Self Weight({Included in Total Hodule Weight)
——>Total Hodal Group Weight(Included in Total Hodule Weight)
——3>Total Flate Group Weight(Included in Total Hodule Weight)
10391 1827 .82 0 ==3Total Force dus to Weight(Full Ship)= E27169K

Figure 63: Buoyancy Weight Summary

Figure64 shows a profile view of the H¥3WATH after it has been balancedfter it has been

balanced, the waterline can be toggled on and off. The figure shows that waterline is just above the lowe

strut s

negative sign on the trim angle indicates the stern is lower than the bow.

top edge As

s t-Ga375edeg (by the stdrnd. uls Maestro, thé e

In the AMVS module, a

negative sign on the trim angle indicates the boeigr than the stern.
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Figure 64: Profile View Showing Waterline

After running the FEA analysis, the results for each load case scenario created can be viewed.
Sections4.3 - 4.6 show the FEA results. The deflections figures show the profile, body, plan, and
perspective iews of the HY2SWATH. Similar to the AMVS module, the deflection results have be
exaggerated or magnified B to allow see the deflections easifihe origin is at the vessel center line,
stern and keel of the vessel. The positivéingction is up, xdirection forward towards the bow, and z

direction towards starboard.
4.3 Buoyancy Mode Results

Figure 65 shows the HY2SWATH displacemenfor buoyancy mode As stated previously, the
displacementesults have be magnified by #&# better visualization The maxy-displacemenbbserved
in the huoyancy mode condition was 38.5hm located atenterlineleading edge of thaving-shaped
superstructure.The maxdisplacementepresents the tot#anslationof a node or element. It does not
necessarily mean that a specific node/element has solplaais that distance but that several nodes and
elements, together, have gradually translated to a final position. That final sum of gradual displacements

is the total displacement.
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Figure 65: MAESTRO Reference ModelDisplacementResults (Buoyancy Mode)

Figure 66 shows the front view and highlights the node locatiorhwiie maxy-direction
displacement.The figure also shows the displacements in themx z directions, as well as the rotations

in all three directions at that node.

ftop/general/superstructure shell

AddPt=1189

FeTag=10693

X=22657.400(mm)

Y= 3914.370(mm)

Z=-0.000{rmm})

Coincides:

Slave:/top/general/superstructure shell AddPt=3226
"\ Slave:/tep/general/superstructure shell AddPt=1129
DX=0.482037 (mm)

DY=34.5073 (mm)]

DZ=0 (mm)

RX=0(RAD)

RY=0(RAD)

RZ=0.00150932(RAD)

[N e

Figure 66 : Max Displacement Node LocationBuoyancy)
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Figure67 shows the HY2ZSWATH Von Mises stregs Von Mises stress is a scalar stress value

obtained using the principle stresses showfdgnation21.

Equation 21

When the Von Mises stress is higher than the material yield strength, then the materialyieldslor
gradient scale on the right side of the figure has been modified to show elements in red if they subject to
failure using a safety factor of @n other words, the elements will display in red if they are 1/6 of the
yield stress or greatefhis color gradient scaling has been used for all the loading conditions in Sections
4.4 - 4.6. The top image of the figure shows thieess on thehell plating of the vessel and the bottom

image of the figure shows tlstress on thimternal structure wh the shell plating hidden
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Figure 67: Von Mises Stress on Shell Plating and Internal Structure (Buoyancy)

The higher stresses are seemhere the struts meet the Hsilperstructureand at the midship
section of the superstructuia between the turbojets amdhere there is less support from the stritke
highest stress i5.36*10 Paand provides a SF &.38 over the yield stress.(8*10° Pa) The highest
stress is seen in the forward strut stiffeners where the stiffener meets tlaadigl circled in red in
Figure 67. Figure 68 provides a zoomeih image of the red circle ifrigure 67 and highlights the

element with the highest Von Mises stress.
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Jtop/general/strut stiffeners
Tri 298

Thickness=6 (mm)
FeTag=12042

Stresses Mid (N/m"2):

Sig = -5.9587E+07

Sig¥ = -1.5984E+07

Tau= 2.6393E+06

SigvM = 5.3615E+07

Figure 68: ZoomedHighest Stress ElementBuoyancy)

Figure69 - Figure 70 show the longitudinal/transverse shear and bending moments for buoyancy
mode. The shear and bending momemet provided as if the vessel has been projected on to the line at
the base of the HY8BWATH. The value of the shear/bending moment has been color coded in
accordance with theolor bar values on the right side of the image. The color bar is scaledhieom
lowest and highest values of shear or bending moment seen in the respective longitudinal or transverse
view. The results have been summarizedable22.

e Fena)

e
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Figure 70: Longitudinal and Transverse Bending Moment (Buoyancy Mode)

Table 22: Shear and Bending Moment Summary Results (Buoyandylode)

Shear (N) Bending Moment (N*mm)
Min Max Min Max
7 7 (] 7
Longitudinal View -4.70:10 4.8710 -2.20°110 6.8810
4 vy ]
Transverse View -9.21"10 8.0210 -8.77°10 2.31%1C
4.4 Flying Mode Results

Figure 71 shows the HYZSWATH displacementfor flying mode. Again, the displacement

results have be magnified B2 for bettervisualization The maxy-deflection observed in thitying

mode condition wasl549 mm located towards the afenter of tie superstructure where the turbojet is

located
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Deflection Magnified by 42 Displacement in mm

Figure 71: MAESTRO Reference Model DsplacementResults (Flying Mode)

Figure 72 showsthe topdown view of the HY2SWATH and highlights the node location with
the max ydirection displacement. The figure also shows the displacements inahd % directions, as

well as the rotations in all three directions at that node.

7 /top/general/superstructure stiffeners
4QQ....EQ‘E'~.-.‘. AddPt=4599
[ S FeTag=3675
7
Y= 4619.530({mm)
Z= 2976.500({mm)
L Coincides:
Aﬁq"-&* Slave:/top/general/superstructure shell AddPt=560
=) Slave:/top/general/superstructure shell AddPt=2327]
DX=1.29537 (mm)
DY¥=-15.4958 (mm)
DZ=0.0299181 (mm)
RX=0.000365349(RAD)
RY=6.75894e-05(RAD)
RZ=-0.000435932(RAD)

Figure 72: Max Displacement Node Location (Flying)
Figure 73 shows the HYZSWATH Von Mises stress. The top image of the figure shows the

shell plating of the vessel and the bottom image of the figure shows the internal structure with the shell
platingpeeled away.
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Figure 73: Von Mises Stress on Shell Plating and Internal Structure (Flying)

The higher stresses are segainwhere the struts meet the Hsllperstructurand at the midship
section of the superstructusehere there is less support from the strdtke highest stress is 1.20%1Ra
and provides a SF of 4.19 over the vyield stress (5.03PH). The highest stress is seen in thl
stiffeners where it meets with the forwastrut stiffeners and is circled in red Figure 73. Figure74
provides a zoomed in image of the red circl€igure73 and highlights the element with the highest Von
Mises stress.This figure also shows a heavily stressed element just forward where the forward hydrofoil

ends and the huihterfaces witttheforwardstructuralgirder of the strut.

66



Tau
SigVM = 1.2015E+08

Figure 74: Zoomed Highest Stress Element (Flying)

4.5 Hogging Condition Results

Figure75 shows the HY2ZSWATH displacementhe hogging conditionAgain, thedisplacement
results have be magnified B2 for better visualization. The maxsplacementbserved inhogging
condition was-54.81 mm locatedtowards the aftenter of the superstructurghere the turbojet is
located This isthe same nodef the max displacemeseen in flying mode.

67



5556401
521E01 I
46E01

41BN

A1TE01

LB

347601

EXEER)
2786401 I
LB

20601
S
LE01
104601

MBI

347600

0.00E400

Deflection Magnified by 42x factdr Displacement in mm

Figure 75: MAESTRO Reference ModelDisplacementResults (Hogging Condition)

Figure 76 shows the toglown view of the HY2ZSWATH and highlights the node location with
the max ydirection displacement. The figure also shows the displacements inahd = directions, as

well as the rotations in all three directions at that node.

Figure 76: Max Displacement Node Location (Hogging)
Figure 77 shows the HYZSWATH Von Mises stress. The top image of the figure shows the

shell plating of the vessel and the bottom image of the figure shows the internal structure with the shell

platingpeeled away.
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