Automated CFD-based optimization of inverted bow shapef a
trimaran ship: Proposing an applicable and efficient optimization
platform

Amin Nazanian?!, Parviz Ghadimi¢

1 Ph.D. Candidate at Dept. of Maritime Engineering, Amirkabir University of Technology, Tehran, Iran

2* Professor at Dept. of Maritime Engineering, Amirkabir University of Technology, Tehran, Iran

*Corresponding Author:
Dr. Parviz Ghadimi
Tell: (+9821) 64543110, Fax+9821) 66412495

E-mail Address: pghadimi@aut.ac.ir

Postal Address
Department of Maritime Technology, Amirkabir University of Technology

Hafez Ave, No 424, P.O. Box 1584313

Tehran, Iran



Abstract

This paperinvestigates thémprovement ofbow region of a trimaran shipull, proposinga
CFD-based automated approachreduce total resistancéwo main goa are pursued; to
create anddevelop a usefubptimization platform for ship hull modificatiorand then
investigae the nfluence ofdifferent inverted bow on hydrodynamicrp@mance of trimaran
ship. A wavepiercing bowtrimaranhull is the baseline desig&hip bowis redesigned by
Arbitrary Shapdeformation ASD) technique that defirsghe input varillesfor optimizaton
process. The objective functiontlse drag forceandthis studyis conducted tacruise speed
To accomplish this tasktwo optimization methodsare sequentially applied A Latin
Hypercube Sampling tool distributes design points amdRBFbased surrogated modisl
construced to investigatesystem behaviorinal optimum designin Designof Experiment
(DOE) study s introducel to direct optimizationSHERPA algorithm. Integration of CFD
solver, geomett parametrization, and optimizer toslmanaged by HEEDS MDO package
with a multkconnection approactOptimization results showuccessful optimizatioalong
with 102% resistanceeduction Comparison between initial and optimized hi#imonstrates
that theproposed optimization platform mébe used for ship hull optimization in industrial
application with significantly reduced computational time and effort.

Keywords: Trimaran hulj Arbitrary Shape Deformation (A); CFD; Optimization Total
resistanceSurrogated model
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1. Introduction

Improving the hydrodynamic performance of marine vehicles has attracted much attention
from the researchersor the sake ofesistancaeductionand designefficient structure An
optimized hull form without buoyancy reductionstieeen developed, and consequence of this
evolution is the introduction & new hydrodynamioptimization processMarinev e hi c |l e 6 s
optimization proces related to the flow around the vehickspecially bow region that has

an i mportant r ol e Therefdrehthe prasént v@osk introdusssa sldésignn ¢ e
optimization solution for reducing the total resistancedfdrahe present platform is applied

on awavepiercing bow trimararmull based orCFD simulation.The optimization process is
carried out on a novel and complex trimaran hull with inverted bow shape for which there is
no sufficient prior knowledge and imfoation.Thishas led to extensive research in the analysis
of the flow characteristicever the past few yeard]. There areextensive investigati@of
trimaran design about resistance and its component. However, limited research has been
devoted tchullform optimization, especially for novel and complex multihull shiest of
theresearchhave been devoted sadehull arrangemermif which major part has been focused

on resistance analyses anckry limited researchhas been conducted oseakeepig
performance Wilson [2] proposed waveanceling idea around trimaran hullform based on
different sidehull configurations. This phenorateadsto constructive interaction to reduce
wavemaking resistance. In addition, Suzuki [3] and Brizollara et al.al4p conducted
numerical and experimental studies on the resistance of trimaran vessaphedpractical
methods to reduci. Ghadimi et al. [5] investigated the effect of sidehull arrangement on
seakeeping of trimaran. The resuillustrated appropate sidehull transversal and longitudinal
distance to improve seakeeping of trimar&towever most of the research havéeen
conducted without an automated cycle of the design sfliaet al. [6] studietheresistance

and seakeeping characteristick a transom stern trimarahey performed parametric
investigationdor different Froude numbers and sidehull arrangement

Another comprehensive study of seakeeping of trimaran slapperformed by Wang et al.

[ 7] . They i nvestigated opti mum positli on of
optimization algorithm and potentiabsed 2.5D solveTheirapproactwasveryefficient, but

the optimization spacgasrestricted to sidehull amgementZong et al. [8] developed a CFD
Based approacfor trimaran hull optimization by combining different disciplines. Ship hull
modification was carried out by sdifending method and combined with CFD solver and
MIGA optimizer algorithmIn addition theyinvestigated the sidehull arrangement with respect
to main hull positionThere are extensive studies about general particulars of trimaran ships
and sdehull configurations [9, 10 However there remainsa lack of CFD-based shape
optimization appéd to trimaran hulls with applicable and efficient optimization platfporm
especiallythe modification of an inverted bow shap€onsequently, a SimulatieBased
Design (SBD) studys conductean a wavepiercing trimaran hulbow. Using a searclhased
optimization algorithmrequiresan automated optimization cycéppliedto control design
variablesfor reaching thdinal optimum valuesHence the automagd optimization approach

is the firstachievementof the present paper. Therefore, using heuristavel SHERPA
algoithm in anautomated platform yields siccessful optimization without user intervention.



An automated optimization platforms composed oflifferent disciplines like CAD/CAM,
Computational Fluid Dynamics (CFDand optimizationalgorithm [11, 13. CFD solvers
predict more accuratelthe calm water resistance than otleralytical or potentiabased
resistance calculation methodis3-15]. Therefore, fluid flow characteristics around trimaran
hull is simulatel by CFD solver in the present effort that calculdhegotal resistance and its
componerg with reliable and accurate resilAnotherimportantstrategyfor numerical ship
optimization is geometry reconstruction. During the optimization process, tiga desiables
are adjusted according to the optimization algorithm, and the design variakieshadeback

to changehehull shapeln order toattainthebest performance of optimization platfgreome
aspect like smoothness, geometry expression wifiew variable andvastdesign space need
to be consideredl, 16, 17]. Researchers develop different applicabésed on platform
integratos. Taharaet al.[18] combineda CAD-basedNAPA software with CFD solver to
optimize a container shifChen et al[19] developed a nonlinear potential flow solver and
utilizing CAD environmentor hullform optimizationOne of the comprehensive siesiof the
geometry modification approaethas applied byBrizzolara et al.20] who conparedthe full
parametric hullform definition and the Free Form Deformation (FFD) techriitarees et al.
and Abt.[21-23] made another complete attempt for ship parametrizatidrey introduced
different types of coupling between CFD and CABlan et al[24] studied how to develop a
parametric geometry in order to describe the hydrodynamic optimization of hull forms.
VasudeV25] studied ship hull optimization by using a midbjective optimization platform.
Two integrated SHIPFLOW software and Nondomina&eding Genetic Algorithm (NSGA

Il) approachwere applied for geometry optimizatiorkim et al. [26] made a connection
between the CAD software Friendslaipdthe SHIPFLOW softwarendinvestigated thship
form optimization.Kim and Yang £7], Huang andYang [28] investigatedthe ship form
optimization based on ship geometry parameter and RBF morph technigioésl
modification was performed by shifting methods and local variation of ship form was
performed by Rddplacenoentt r o | pointés

Recently Zhang et al. 13] by using Latin hypercube sampling method and approximation
approach optimized hullform of a Wigley hull and DTMB5512 model. The passizegion
method was ASD technique thigtalsoused in thecurrentpaper.Diez et al. 9] studied
different hydrodynamic problems for a fast catamaran hull. Thaysiseehastic optimization
methods to improvethe resistance and operability with geometrical and displacement
constrains. The optimization tools consed of KarhunernLoéve expansion of &eeform
deformation, URANSbhased CFD simulations, metamodesd multi-objective particle
swarm. Another similar attemptasmace by Serani et al30] that developed a highidelity
stochastic shape optimization problem. They modified a DTMB5415 nmodalm water and
wavy conditionby combining stochastic shape optimization via desjggice assessment
approachesGuo et al. 1] conducted a comprehensive optimization study of a waterjet
propelled trimaran by using surrogate model and direct NB@ptimization algorithm. Total
resistancethrust and torque othe propulsion system, and the power consumpti@nethe
objectives of Guo et al. investigation thade up &rue optimizationZakerdoost and Ghasemi
[32] studied another hulpropulsion ineraction and optimization of the systeHowever the

propulsionof the mentioned research was single and twin propefar.c hel | 6 s i nt eg



lifting line theory wergespectivelyemployed for optimization of the hefiropeller interaction
system.Coppedé et al.33] investigated a CAEbased optimization tool for improvement of

calm water performance of KCS model. They used FFD method for géopaametrization

and CFD solver for resistance calculationrtRemore, a Gaussian procegsponse stace

method (GPRSM) based on ordinary Kriging modeascreated to speedlp the evaluatioof

the objective functionFeng et al. 34] applieda CAD-based parametric approach to optimize

a supply vessel 6s whasecdnduttemon n multFbljeetiver optimigasioma r ¢ h
problem because of hullform modification at different operational speed

Based on surveydderature,one may conclude thathullform optimization problerhasnot

beenapplied for wavepiercing bow tnmaran hull. Also, a hybrid rathod witha combination

of Latin Hypercube and SHERPA algorithm for a hydrodynamic optimization proldem

carried out in the current study, unlike the previous optimization reseancbptimization

platform connects different software basedtia efficient performance of each discipline,
which pertains to the pringsrardevelomgagf@amblts achi
disciplinary optimization platform by CFD simulation method is the main purpose of the
currentstudy, which can be used in future shape optimization of-fxmbsed geometry

problems.

A design spiral of ship hullforms consists of different aspects and takes an incredibly long time
for ship hull design and optimization. Therefore, an appropridtenation platform should

be fast, flexibleand developablevhich leads to asuccessful optimization.Third part ofthe
optimization cycle is optimization algorithms. Twasentiatraitsthatneed to be considered
for choosing the bestigorithmare eag implementation and capability of global exploration.
Many different optimization algorithefor hydrodynamic problems are appliedecent years
[1,35-37]. Optimizationmethodscan beclassifiedinto two groups gradientfree and gradient
basedmethods Gradientfree methoddike Particle Svarm Optimization (PSQ) Genetic
Algorithm (GA) among othersnly require the values of the objective and constraint functions.
Gradientfree algorithmsexploreall parts of thedesign space arttiere is strong possihy of
finding global minimum compared gradientbased algorithmfd]. Besidesship optimization
problems deal with complex design study that needs géaaath

The present paper offers an automated andcast method for improving hull form of a
complex and novel trimaran, which could be extended to other maritime projects. The
optimization platform and combination of optimizer methods accomplish this task with suitable
computational time that is very importantiremarine industry. For exampline optimization
process, without the proposed plan, takes more dmanyear of run time with a massive
computational effortin contrastthe proposed optimization platform reduces this time to about
48 days. This is @onsideral® saving in terms of timm and costAccordingly, a specific
optimization process has been introduced that provides the neagimeeera convenient and
straightforwardvay with flexible tools ér their optimization problems.

Based on theliscussed scenaribow region of a wawiercing bow trimarans optimized
base on resistance reductidio accomplish thisask,an ASD techniqueis firstly applied for
CAD parametrization. Secondly, IntidlFD si mul ati on i s computed
Later, an optinization cycleis employedby combiningapproximation andlirect solution
optimization technique The defined objective function is drag force aA&D hull control
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pointsarevariables, whicimust be introduced to ti&-D solver. Theepresented optimization
frameworkdeterming these control points fabjective functionimprovementFinally, the
results ofhull form optimization are presented and discus3dwinitial and optimizechulls
arecomparedandthe optimization frameworland itseffectivenessreverified.

2. Problem definition
The goal ofthe present paper is tapplyan optimization procegs optimize the hull form of

a trimaran for drag reductiohe present optimization probleior trimaran hull formcan be
defined adollowing equation

minimize f( X)
. c s (1)
subjectto XI SI R

wheref is the objective function that is total resistance and denbtell; . Also, si R is

the feasible solutions sethile the constraint prohibits feasible design spa@etorof design
variables defing by X in N dimensionand associated with geometry reconstruction in the
optimization processShape modification and change in ship hull geomateyaccomplished

by the consaint in displacement of less than 1%.
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For trimaran ships, the middle body is considesletideremith higher length to generate the
lowestwavemakingresistance. Indeed, for this type of ship, resistance can be an advantage
when the main body hullforns adequately designeth this study, a model of waygercing

bow trimaran ships is studied. The dimensional characteristics of thiarghimodel ( =40

) are shown in Table 1 and the thidienensional view of trimarais displayedn Fig.l. The
shipbébs bow i s i-piercind) @ad theolatenal bodies axe nvadevinethe form of
Wigley hull that has been experimentedARpari et al. B7].

2.1. Optimization Framework

In this section, thentegrated part of aoptimization frameworks introducedoverall structure

of an optimization framework includegometry parameterization, numerical simulation set
up and optimization algorithmn the currentstudy, Arbitrary Shape Deformation (ASD)
technique is used feurface modification to define the local variation of the hull surface during
the optimizatiorprocessThe objective othe presenstudy is the ultimate shape optimization
of thebow region of an invertedow shape of a multihull shipy minimizing its total dragA
RANSEbased CFD solvers conducted in order to calculate total resistamdemerical
simulation is performed by STAR CCM*r software andtwo optimization methodsare
connectedo simulations/ia HEEDS softwareA Latin Hypercube Sampling distributes design
samples baskon efficient responsend a RBF interpolation estimatethe response of the
system. It helps tassesshebest design base on minimum resistafi¢efinal chosen design

is introducel to the SHERPA optimizer as an initial ruithis platform allovg the savingof



previous run history for newnitialization Figure?2 illustratestheflow chart ofthesimulatiort
basedoptimization framework

2.2. Hull form parametrization

Parametrization of ship hull is one of the three optimization process Bt#peent techniques
andtheir detailsareexplained in referencd]. One of the key methods is tA&D technique.
ASD technique defines a control volume outside of the geometry basedmim&technique.
The control volume connediscontrol points in threspace direction. When the control points
are moved, the shape tbie relevant areas are deformefdll parametrization and geometry
reconstruction is implied by Sculptor softwafée domain mesh file is imported to Sculptor
softwareand exported t&FD solverautomatically bythedefined connectiorilhis capability
awidsthetime-consuming fothemesh generation and user interruption in every optimization
step.There are seven design variablieployedn the presenpaper The definition and range
of these desigmariablesare defined imMable 2 Figure 3 shows control point distributionith

a 6x5x5 box.Six sectionsare distributel along xdirection,andin every section5 control
pointsareallocatal along y and z direction.

Figure 3 illustratesASD encapsulation around bow region of trimafanthe chosen control
point defines inrable 2. For examplgellow squaren Fig.3 depicts parameté&x1 that moves
along xdirection The geometry modification ofhe above @ample is shown in Fig(4) for
0.1 m movementAlso, expansion and contraction of section correspondt@ame Dy4 is
depicted in Fig.®).

2.3.Numerical setup

This pape utilizes RANS equation solvdp simulate the trimaran hullforrat a constant
velocity uniform flow. Theship resistance is evaluatday total drag calculation and its
components. The resistance analyses have been carried @uigerspeedf 16 knot (1.3 m/s

for model) Physical model is selected based on StarCCM+ user gd@ielnplicit unsteady
schemewith physical time step 08.02sis usedfor temporal discretization andilizing the
SIMPLE algorithm to couple theelocity andpressureequationsRNG k-U  m oisdseldcted

as the turbulence mode&hich has been extensively used for industrial applications and similar
studies 13, 38]. Simulatiorsareconducted by Dynamic Fluid Body Interaction (DFBI) module

in order to calculate thghip motions The ship is free to move with 2 degrees of freedom of
heave and pitch to account for the sinkage and trim.

2.3.1. Numerical simulation domain

A box shape domaiaroundthe hull represents virtual fluid tanRosition of ship hull in the
virtual fluid domain is selected basedtbe ITTC recommendations as a guideljdé, 42].
The inlet boundaris locatedi n f r o n torward pergrdicufa@nsount of 1 ship length.
The outlet boundargxtendsehindo f s dit pgopénsliculato 2.5 ship lengthsThe topand
bottomboundaryare set td..5and 2.5shiplength, respectivelySide boundary is located 2.5
ship lengths from theutoff symmetry planeTo avoid wave reflectionshé boundaries of
computational domaiare smoothlyextendedNo-slip wall condition is defined to ship hull
surfacesThe gism mesh for hull boundary layer is generatgith 8 layer and growth ratio of
1.2. Inlet velocity boundary condition is specified fibve inlet,top, and bottomboundaries.
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Pressureoutletboundary conditionis appliedfor the outlet boundarygnda symmetry plane
boundary condition is defineat thedomain symmetriplane and side bouady. Figure 5(a)
demonstrategshe numerical computational domain andefined boundariesfor trimaran
resistance calculatiofrurthermore, boundary distance and ship model location in the virtual
towing tank aralepictedn Fig.5(b).

2.3.2. Meshrefinement

The wstructured trimmer mesh is adopted for mesh operafioncapture free surface
elevation and sharp corners of hull, surface and volumetric refineraenépplied tothe
volume meshAs observedn Fig.5(), a volumetric anisotropic refinement zrdirection is
applied near the free surface to maintain good quality of the .nfexiordingly, mesh
refinement pattern arodnthe body is considereid capture Kelvinwaves betterwhich is
shown in Fig.5(c)A mesh studys implemenéd to select appropaie base size dhe mesh
cell. Mesh refining and grid convergenseontinue until the solutions become independent
of the mesh size.

To determine finemesh size with acceptable numerical accuracy and appropriate element
number, mesh convergence studiare carried out based dhe design speed. Mesh
convergence study is conducted changing the value of total resistance, as praseigtéd

First mesh plan of mesh study is selected based on cet%izevl (U 0.125 m) Fourmesh

plans are made accorditgthe refinement ratio of/2 . As shown inFig.6 andTable 3, the
difference between grid 3 and grid 4nist significant anymore Therefore,the full mesh
independence has been reached in grith8s, grid 3is selected as the optimum mesh plan
considering computationalccuracy and its casRelative error is calculated acertainthe
difference between mesh plan resulsgiven by the formulae

Dragfine - Dragfiner

Relative error =
Dragg.. 3)

2.3.3. Uncertainty analysis for mesh study

Mesh convergence study is conducted changing the value of total resistance coefficient. Three
mesh plans are made according to the refinement rati®ofrom the previous section. Mesh

plan 1, mesh plan 2, and mesh plan 3 are grid plan format for the present uncertainty analysis.
Uncertainty analyses have been performed by using Richardson appd@ad) fhat is
recommended by ITTQ44, 45]. Based on ITC recommendations4fl, 45], uncertainty

analysis of iteratior |, grid Ug , time stepU; , and other parametetd  , have been

performed for total numericatlueof Ugy .
U2, =U? ¥Z U7 U¥ ©

For the present effort, other parameters have not been considered and uncertainties of grid
convergence and time step have been combined. This is due to unsteady scheme for numerical



solutions. Therefore, uncertainty analysis of discretizaliby ) is introducedMoreover, the
following formula is obtained:

Uay=UT Yg (5)
The iterative convergence is assessed by using total resistance coefficientchistggythe
last two periods of oscillation that is about 0.88%4(Ss1 is the dragoefficienb s v al ue i n
plan 1)
U -t 3% 5
| 2(§max - émin) . (6)

Mesh plans anduncertainty analysis of simulations for trimaran model are respectively
presented in Table 4 and Table 5. The ratio of changes between simulations of different grid

plan is defined as convergence rati8y):

R.=ey/ 8 %S, §)/(S 9 (7)

Values ofS are outputs of numerical simulation in defined grid plan, which is resistance

coefficient. TheR; (grid convergence factor) is less than 1, which means the convergence of

grid is monotonic. Therefore, grid uncertainty ceestimateby generalized RE (Richardson
Extrapolation[44, 45].

dF;Ezi (8)

where P, andr is the order of accuracy and refinement ratig2(), respectively. The

expression of% is:

In(e,! g)
P. =—y°2 <7
N In(r) ©)
Also, the correction factor can be expressed as:
rfe-1
Cs = 5 (20)
I Cest - 1

Grid verification based on drag coefficient is summarized in Table 6. As the order of accuracy

F; is 4.89, which is sufficiently greater than theoretical valBlg (= 2) andC; =4.45 is

sufficiently greater than 1, the solutions are not in the asymptotic range. The vaiyésof
calculate by the following equation:

_fo6(1-C)" A1 |1C,| @12

11
{2)1-co| 4 [ETRIE XY ()

S
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Uncertainty of the grid and time stély; is calculatel by:

Ugr =Fs |d (12)

According to Eq.5as the numerical simulation uncertaibky is fairly small (1.58%Ss1), it

is feasible to capture the differences ©f between different ship hulls generatég
optimization algorithms in the rest of paper.

2.3.4. Validation and verification DTMB5415

Verification of CFD calculation of ship resistance is performed in this section fomte?

long DTMB5415 model 46, 47]. The computational domain and boundary distance
characteristics are considered identical to previous section. The simulation is implemented at
model speeaf 3.071 m/s that is equal #n=0.41 Details of simulation conditions and the
comparison to experiemt data are summarized in Table 7. Difference between CFD and EFD
resultsis calculate by the below formulae:

D % Difference=( EFD - CFD) / EFD E00 (13

Grid plan 1 is the fine mesh of the study with a difference of 0.94€ imThe above results

and comparison efforts represent the accuracy and reliability of numerical analysis strategy.
The generated waves around@MB5415 hull is showrfor Fn=0.41in Fig.7. To accomplish

the appropriate simulation, uncertainty analysis is performethéopresent work]Jike the

previous section. The iterative convergence is evaluated by using total resistance coefficient
history during thelast two periods of oscillatiorhat is about 0.24% (Di s t he drag
coefficient value of experiment data). Uncertainty analysis of simulations for DTMB5415
model is depicted in Table 8. In addition, grid verification based on drag coefficient is presented

in Table 9. As the order of agracy P, is 4.99, which is sufficiently greater than theoretical

value (P =2) andC; =4.637, and aresufficiently greater than 1t indicaes thasolutions
are not in the asymptotic rangehdreliability of mesh convergence is accomplished because

of small value of simulation uncertaintyy (2.31%D).

2.3.5. RANS governing equation

Finite volume method (FVM) withiSTAR-CCM+ software is used to solveAR'S equatios.
The governing equations of continuity and momentum conservation fordimessional
incompressible flow are expressed as follows:

&:o

MX; (14)
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W B () = %_Fl mtgh

it K xl9? A(“”'“!) (15)

wherep is the mean pressuteis the density ann is the kinematic viscosity of the fluid, while

velocity U; can be decomposed into mean velo&ityand fluctuatingzelocity Ui :
U =0 4 (16)

Economical and efficient turbulence model selection is more crucial for optimipatiblems
thatneeds numerous CFD rur@@onsequentlythe k - e turbulence model is applied because
of less CPU time than other moddReynolds stresensor is calculated by:

ujuj = ¥m i. HU_J 8§+gk (17)

m=C, — (18)

C,, is empirical constanG,,= 0.09) andk s the turbulent kinetic energy agds the turbulent
dissipation rate. Transport equations are solve# (&r. 19) ande (Eq. D):

p(ku. €3 Oky 2

L ( J)z_“éaemﬂo_“uP ¢ (19)
Ht K, e S XKy
u(ku & 6 po i

e wke) _ ud m o pe. o g 20)

More explanation can be found in referent.[

2.3.6. Computational time and platform

Optimization process has been executed in Amirkabir University of Technology (AUT),
Maritime faculty computer centefThe total computational time taken to attain direct
optimization solutions and construction of the surrogate model is 48 day®6n(2.8up to

3.8 GHz Intel®, 16 Gbytes RAM, 8 core with SSD hard drive). All the simulations are
conductedcautomaticallyand the usgustchecked mesh quality every fivens.

2.4. Surrogate model construction

Optimizationprocesscould accelerate by surrogate model implementaBoncogate models
are intended to describe relationships between optimization target and adopted variables. Three
fundamental steps are requiredctnstruct a surrogate model for design study

1- Define sample poirby using Latin Hypercube sampling (LHS)

12



2- Evaluate objective function for generated sample designs by CFD
3- Construct surrogate model RBF method

ThelLatin hypercube sampling (LH$chnique is adopted thstribute40 designpoints in the
design spacéor generating date&Subsequently, the total resistamcealculatel for these hull
forms.All feasible sample desigarepresenédin Fig.8. Consequentlylnputs and outpuisre
prepared to fit a surrogate mode€his acquired model can be developed without significant
expense compared to the cost of acquiring deftar theRBF surrogate model is constructed,

the crossvalidation is performed to examine the accuracy of the mddhe basic idea of the
crossvalidation is topretermitone sample point, and thearrogate model is constructed by
remaining sample points. The difference between exact value of the objective function at the
given sample poins computeddy the CFD toband the approximate valu# the objective
function at the given sample poiatpredictedy theRBF surrogate model his RBF surrogate
model isconstructed with othesubset of training s¢B80]. The constructed model is valifl i
thedifference issmall enoughOtherwise, increase the number of sampling points gpehat

the CFD calculation for new samplé3esides infeasible design indicates as ship hulls that
their displacementhanges more than one percdfigure 9 shows he crossvalidations br

these modelsA parallel data plot is depicted in Fig.that gives a higlevel graphical view

of the relationships between multiple variables and responses at the same time. Thisignables
to identify minimafor compaing the design aspects of difeart sets of designshebest design

set is shown iffrig.10is identified aontinuous blackne.

As evident in Fig.10theresistance of optimum design2.05 N.This designs introducel to

direct optimization process. In order to investigate the effectiveness of variableatwr

plot is shown in Fig. 1Values inthe celreb ased on Pear sondghatcorr el
illustrate the statistical relationship, or associatitketween two continuous variabléEhe

range of oefficient valuess from +1 to-1, where +1 indicates a perfect positive relationship,
while -1 indicates a perfect negative relationship, and no relatiorsgi@pifys by value .0
Coefficient valuebetweent 0.50 and £ 1 represeastrong correlationyhile values between

+ 0.30 and + 0.49 show medium correlatiand valus lie below * 0.29 specify small
correlation.Themostcrucialparameter in this study Bx1, whichchangstheforward region

of the bow. This valueis calculatel to be-0.38 that indicates moderate degree of total drag
influence.Therefore wavepiercing bow shoulthe exteneedin positive xdirectionin order to

reduce the drag'hree important parameters that change the bow dhragg are Dx1,Dx2,

and DxDz1 Results of 3D response surface of RBF surrogate model for these three parameters
arepresengédin Fig.12 It may be notedhat increasén Dx1 and decrease Dx2 as much as
possible causea strong drag reduction. It shou#dso be noticed that displacement constraint
does not allow arbitrary manipuian of hull form. The shape of inverted bow aft@aximum
extensionof Dx1, Dx2 and DxDz1 variables in the optimum directisnshown in Fig.13

Hence, one may conclude thaike angle in the fagfoot region, sharper inverted bow and
appropriate curvextensionyeduce the resistance of this type of bow.
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2.5. Direct optimization SHERPA

The SHERPAoptimization algorithm isa novel searcihased method thahooss the best

attributes okach search meth@doposed byptarCCM[40]. This method proposappropriate

solution simultaneously during tisengleobjective optimizationThedefined input variable is
thesamedefined insection2.2, and initial hullformselects fronthe best outpubf section2.4.

Direct optimization SHERPA algorithm explardifferent designs aimedt minimizing the

total ship resistancélistory diagramof 40 designss shown inFig.14 Optimization process

continues until no significant drag reductiae observed | ni t i al isabas2i0gh 6 s dr .
whilef i nal opt i mi zissddtermifedtpb2®8N | 6 dr ag

3. Results and comparison

After combinationof two different optimization technigsesequentially,final optimum
trimaranhull is achieved. In this sectiph he achi eved s hiopgiha formul | fo
are compared. The geometric parameter changes of the shipehsiiown imTable10andthe
computeddrag reduction for 16, 2@nd 25 knat speed are displayedTable 11 It is observed

that the total resistance decreasealiyut102%, 2.65%and 0.293%respectivelyfor speeds

16, 20 and 25 kngfAlso sea in Fig. 19, which also signifies effect of the new bow toward

the reduction in resistance.

Components affotal resistance are shear and pressure resistance which are compared in Table
12. The value of every drag individually is presented in this table. Contribution of pressure
resistance of the initial hull is 23.66 percent and this changes to 22.8 perdbetdptimized

hull. Although, both shear resistance and pressure resistance decrease for the optimized hull,
reduction of pressure resistance is higher than shear resistance.

Figure 16 displays thecomputed wave patterns of thetial hull andoptimizedhull at speed

of 16 knot Figure 17 showssimilar characteristicas inFig.16, but the difference between
thesetwo plots is the range of-gosition legend. A®bserved the new bow shape die
optimumhull has reduced the bow and should@vesandtheir amplituds, andthese results
leadsto reduction of the total resistandéigure 18 displaysa comparison ofree surface
elevationfor theinitial hull and the optimal hullandFig.19 showsthe comparison of the total
pressure on initial and optizedhull surface. Reduction of pressure values and smoothness of
its distribution can be seen in Fig.®hich ends the decraag of theshipresistance.

The shape of bow regias modified significantly. The forefoot region moves up and rsake
forefoot rake anglel’he nose of bow region become sharpée obtained optimization results
indicaie a bluntness form for wawgiercing bow which has performance that is more
appropriate. Thligh-pressureegion in the bow region has been reducedadlified hullform

as can be obsezd in Fig.19To better understanthefluid flow characteristics near the bow
region a comparison of thaitial and optimized hullforms illustrated in Fig.20A wave
amplitude reduction can be observed in bow reghmcordingly, wave generation and its
propagation into the fielts decreased fothe optimized hull. The amplitude of bow wave
reducesdy about 0.006 m fothemodel.

14



4. Conclusion

In this paper,an optimization processs developed based othe connectios of three
fundamental disciplines. Forebody of a wanrercing bow trimarais optimized for resistance
reduction under calm water conditiodsnovel and complex trimaran hullform with inverted
bow shape is optimized for which there is no sufficient pkisowledge and information.
Accordingly, a CFDbased optimization problens defined for shape modification of a
displacement trimaran hulin the first stepdesign variablesredefined by Arbitrary Shape
Deformation (ASD) box arounithe body and the re@ of geometry reconstructiamexecuted

By using a comprehensive design study ,tpalrametrized geometrg introduced to CFD
solverfor the drag (objective function) evaluation this paper, HEEDS software manager
tool is implemened for the executio of optimization cycle RANS equation withk - e
turbulent modebnd VOF methodreappliedin the conductechumerical simulatiorfsecond
step) The aplied hydrodynamic optimizatiois enhanced by combining two different
optimization technique In thethird step, A Lath Hypercube Sampling distrib@é¢hedesign
samples baskon an efficient responseandsubsequentiyan RBF interpolation estimasdhe
response of the systeeanwhile RBF basd surrogate model approxinestthe best design
and correspondg variables. Final selecteddesignis introducel to SHERPA optimizer as an
initial runfor direct optimizationThe appropriate vals®f eight design variabsareachieved
consideringthe small change of ship displacemeritotal drag reductiorat cruise speedis
determined to b&02%. As a resultthis resistance reductia@ignificantlyreduce thefuel and
operational cost and emission of greenhouse gasesardoSeq. A sharper nose ithe bow
andslightmovement otheforefoot in upward direction are the modifications of inverted bow.
Hence,appropriate curve extension from deck to bluntness of inflatedyimlds a reduction

of the resistanceBecause of deformations bow region, reduction of wave amplitude and
consequently reduction of local pressure can be observed in fore region of the hull.

All applied tools and approaches have been designed based on reduction of computational time
and effort. This study demonstrates considerable advantages over traditional ship design
methodologies andpensnew avenues to leverage inexpensive fpghiformance computing
resources tdring out higher performance and lower cost desighegrefore introductionof

an efficient optimization tool is the main goal of tleeirrentpaper.Comparisonof theinitial

and optimized hull demonstrates the validity of the predosptimization design strategy
Overall, based on the obtained resultse mmay conclude that comlniig the two CFD-based
optimizess and thehull morphing technology is an appropriate tool for fheixbosed geometry
optimization with complex geometrin different hydrodynamic problemdhe proposed
optimization platform can be useful for marine industrial application for hull form
optimization. This attempt can be extended different speed optimization study and
seakeeping objective function, whiare considered &sture studies
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Fig.1. 3D view of the studied trimaran ship.

Fig.2. Flow chart of simulation-based optimization framework
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Fig.3. ASD encapsulation around bow region of trimaran.
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Fig.6. Mesh element number selection
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Fig.9. Cross validations of the surrogate model.
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Fig.10. Parallel data plot for various values of inputs.
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Fig.11. Correlation study between design variables and response.
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