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ABSTRACT

In the contextof Computational Fluid Dynamic (CFDgpplication inship hydrodynamic fieldt is well
known that the numegal simulations of planing craf@e significantly less reliable rathelisplacement
hulls. For this reason it is important to pamin a comprehensive approach to the verification and validation
(V&V ) methodologiesand procedurem order to obtain higiyuality results of CFD simulations of planing
hulls.

In the first stage of this work, an assessment of the accuracy and effedisédéferent simulations setups
and techniques for planing craft is performed, paying particular attention to the different techniques of
moving mesh, such as the single moving grid, overset/chimera grid, and morphing mesh, and to the problems
related tathe airwater interface models, such as thanerical ventilatiorof the hull bottom

In the second stagée results of the V&V studfor four different hull modelsare reported at four Froude
numbers fr). The Unsteady Reynolds Average Navier Stof¢RANS) code resultsare validated using
benchmarkexperimental data obtained for threarpedhulls, characterized by systematic variatiohthe
slendernesgatio (L/B) and for one monohedral hull with comparablB.

Grid independence, iterationjme-step and statisticalconvergence analysis for response variables
(resistance coefficients, wetted surfaces, and dynamic trim amgegsdrformedusing the main uncertainty
estimation methods available in the literature. The same procedigespeatedfor the wave profiles
analysis

The resultof this work showthatis possible to improve theeliability of the numerical simulationf the
planing craft reducing the errors and uncertaintetated to the predictions of resistance, running attitude
and wae patternlt should be note thahéerror hasa significant hull geometry dependenéjoreover he
results of the V&V study highlight thahe sources of erroigvestigatedhave differenimportanceon the
numerical error andincertainty and thenodelling of thephysics of theplaning craft is a critical point to

improve the reliability of the numerical simulation.

Keywords: CFD, planing craft simulation, verification & validation, overset g(ld)RANS simulations,

ship hydrodynamics
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Theproblem of theverification and validation processes of CFD simulation of planing hulls

1

INTRODUCTION

Nowadays the Computational Fluid Dynamics (CFD) is widely used in all engineering field. HolWever t
application of CFD modeling as an engineering tool can be justifigdon the bais of its accuracy and the

level of confidence in its result3he CFD development was initially focused on new functionality and
improved understanding without the need to make very precise statements relating to confidence levels.
Howeverengineering idustryusuallyworks within limitations ofthe current state of knowledges longthe
confidence limits are knowrHence the ssessment of uncertaintly experimental data, for example, is a
well-established practice, and the relevant techniques fornogart e ver y engi neer 6s basi
In the CFD analysisa widespread practice is compute the solutiona single simulation, neglecting the
analysis of the reliability of the resultslowever this practice does not result in an accurate analysis.
Therebre all practcal CFD models are known only atcertain level of accuracy and thdiakility of the

CFD analysisreduces when uncertaities and errors are neglectédnce it is recognized that errors and
uncertainty are unavoidable aspects of CFD mogelinis necessary to establish aigus procedures to
guantify the level of confidencef the results. These procedures dreverification and validatiofV&V)
processesThe process of verification involves quantification of the errors and the protesdidation

involves quantification of the input uncertainty and physical model uncertainty.

As for the other engineering fielddie CFD for ship hydrodynamicé just over 20 yearbas surpassed all
expectations in reachingignificant progress andambilities The hull resistance predictiors the oldest
application of CFDin ship hydrodynamicandin these yearsnany simulations are carried out for a wide

range of applicationand conditions. Other than drag, sinkage and trim, local flow fields asicbundary

layer and wake, and wave patterns are also prediCi#fitrent geometries including tankers, container
ships, surface combatan&)d small vessels are studied at a range of very small toHarge

The accuracyof hull resistancesimulationsimproved significantly over the last 20 years. A statistical
analysis, as reported in Stern et[a], shows that in the 2010 Gothenbukyorkshop[2], [3] the average

error of the results of all resistance test simulatitn2.1% rather than 4.% which was the average error
evaluatedduring the GothenburgWorkshop 2005Furthermore the uncertainty related to the simulation is
around the 4.0%.His improvemenisreachelf or t he di spl acement or ficonve
The results of the maii&V works available in literatur@ssentiallyon ficonventionad hul | s @mr e r e

AppendixF.
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A preliminary assessment of the V&V procedures was conducted on the displacemeint paltscular, on
a surface combatant shipigure 1 (a), and a SWATH hullFigure 1 (b). The results of thee preliminary
studies arshowedin theV&V state of art reported in Appendix

(a) (b)
Figure 1 (a) Visualizations oBSurfaceCombatantShip, source: De Luca et al4] ; and (b) SWATH hull

source: Begovic et aJ5]

Theerrors of the results mentioned abpkiewever; areot applicable tdhe planing hull or in generéd the

high speed craft (HSC). For this reason the ITTC in the last CFD Committee Report stat@d- o r
unconventional ships such as nulitills, planing boats, and neeoncept hulls, it is atile harder to assess

the state of the matters due to scarcity of relevant publications. [..] They found that mean prediction error of
less than 10% could be achieved compared to the rsodéd and fullscale test result$4]0

For planing craft the largest errors in the resistance evaluations are related to the errors in the evaluation of
dynamic trim. This interpretation is based on the observed magnitudes of the errors of the numerically
predicted trim and on the wethown relationship between dynamic trim and resistance at high speed,

Rr =L tg U+ Ry. In this equation, given by Sottd8], Uis the dynamic trimRy is the viscous resistance of

the bare hull andl t gslihe resistance induced to the lift. This equation is valid for totally planing crafts but

it also effectively describes the dependency of the trim on the resistance components, also for HSC not
totally planing. Moreover it is worth noting that, in the small trim angle raRgalso is influenced by the

trim because of the significant variations bé twetted surfacesherefore an incorrect quantification of the

trim results in errors in both of the resistance components. The difficulty in identifying the dynamic trim is
strictly dueto the difficulties in identifying the center of pressure, or, gahe the pressure distribution on

the hull bottom. The identification of pressure distribuiaffected significantly by the edge effects and by

the percentage of hydrodynamic lift to sustain the hull. Both of these are strongly relatedlemdeaess

ratio (L/B) and to the deadrise ang.(

These considerations highlight the adequacy of performing a V&V study, using models of hulls that have
geometric differences that are essentially due to vargtibtheL/B and theb.

The purpose of this studgdeedaims to reach a quantitatievduation of the reliability of theesults of the
resistance test simulations pfaning hull using te CFD and in particular th@J)RANS basedcodes
Specifically, the purpose is to carry out an estimation of the modeling and numerical lirflitlR#NS

methodsand obtain also, compatibly with the results, a direction to follow therefore improvinggotthels
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2

THE VERIFICATION AND VALIDATION PROCESS

In this chaptema detailed analysiseportsof the different verification and validation methodologieshvan
emphasis on the procedures used in the field of Computational Fluid Dynamics BDRD@rmore dferent

verification methodologiearereviewed and their shortcomings and criticismnsdiscussed.

1. Introduction

The significant increase of the use@#D in engineering applications leads inevitably to a need to establis
the accuracy tahe numerical results. This goal can be achietahks tothe verification and validation
(V&V) processes. These processespectively providéne numerical and moded errors.

A widely known methodvhich performauncertaintyquantification systems the probabilistic method, such

as theMonte Carlo (MC) method. However, the main limitations of ghebabilisticmethod are associated

to time cost anccomputationakffort.

To date,performing model runs for realistic hydrodynamics problems that require the solution of complex
flow fields is prohibitively expensive.

This is one of the motivations for the research of alternative methods and procedures.

2. Sources oferror and uncertainty

It is important to distinguish between errors and uncertainties associated with the modeling and simulation
process. These terms are commonly used interchangeably in the scientific literature, and can be defined in
many forms dependingnothe application. For CFD simulations, the definition given by Oberkampf and
Blottner[8] is adopted. They define uncertainty as a potential deficiency in any phase or activity of modeling
and simulation process that is dueattack of knowledge and error is defined as a recognizable deficiency in
any phase or activity of modeling and simulation thaioisdue to a lack of knowledge.
They alsadivide group sources of error and uncertaintyiwe categories:

1. Physical modelig
Representation errors
Discretization and solution errors

Computer rounebff error.

a > wDn

Programming errors
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In Figure 2 the position of the errorsan observéin a simulation workflow.The five categories of error
listed above can be grouped into two key psses that characterize thienulationworkflow and determine
the two main macrgroups of sources of error and uncertainty: the physical modeling process and

discretization solution process

Reality of interest (truth): Experiment “as run”

Modeling 6rnodel .
assumptions
Simulation imputs Sinput
. roperties, etc.
6, Experimental {prop )
eImors Numerical solution -
of equations '
Simulation
model

Comparison error:
E=S-D L Simulation result, S
Validation uncertainty,
u

Experimental data, D

val

E= 6modf‘l +(6inpul * 6num _61))

Figure 2 Smulationworkflow with sources of error

The physical modeling process is classified as a soureer@f anduncertainty according to the definition

given by Oberkampf and BlottngB]. The physical modeilg uncertainties arise from mathematical
assumption and approximations of the physical problem (such as geometry, mathematical equation,
coordinate transformation, boundary conditions,ivaitter interface, and turbulence models) and
incorporation of previos data (such as fluid properties) into the model.

The discretization and solution process are classified as sources ofaedrarncertaintythat can be
guantified and reduced using available methods in the literature. Discretization (or numericadyisesor

from the numerical solution of the mathematical equations (such as discretization, artificial dissipation,
iterative and grid convergence, lack of conservation of mass, momentum, and energy, internal and external
boundary necontinuity and computeoundoff), as mentioned in Stern et §8].

According toStern et al. [7], the approximation used in numerical simulations will result inlgrnehich is

the difference between a simulation vaiend the truthT. However, the true values of simulation quantities

are rarely knownOnly the experimental dafa and the relative erral, can be knownas inFigure?2.

An uncertaintyU is an estimate of an error such that the intertakantains the true value &f at the 95%
confidence level. And so th& is the sum of modeling and numerical errors, as reportedeiriollowing

equation.
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ds =S -T %/M 8 D
The above formula can ve-expressed for theimulation uncertaintgs follow
Us=Ug Y 0

WhereUs is the simulation uncertaintysy, and Usy are respectively the simulation modeling uncertainty

and simulation numerical uncertainty.

3. Uncertainty analysismethods

Before dealing with the detailed analysis of the calculation techniques of simulation uncertainty and error, it
is appropriate t@address brief digression on thevailablemethods for the unciintiesestimation.
The two main approaches for the uncertaintjgantificationare deterministic (or neprobabilistic) and

probabilistic methods.

4. Deterministic methods

In the deterministic approach, uncertainties are often represented by the widgsb@unds of model
parameters and inputs. The maximum error bounds of model outputs must then be necessarily computed
since the probability structure of the model inputs or parameters are not taken into account.

Furthermore the propagating error usingeterministic approaches is based on the assumption that each
model input interval contains its entire uncertainty. This assumption may not always be the case. For
example, an estimate of the standard deviation of available experimental data may breplessil{ly much

less) than the width of the uncertainty model input intervaé maindeterministic methodfor uncertainty
analysisareinterval analysis and propagation of error ngisensitivity @rivatives.

In interval analysis the value of a varialidereplaced by a pair of numbers representing the maximum and
minimum values that the variable is expected to take. Interval arithmetic rules are then used to perform
mathematical operations with the interval numbers.

The other method is thegpagation 6error using sensitivity analysi#t has been in use for many years in

the literature (e.g. Green et f0]). The purpos®f sensitivity analysis is to estimate the rate of change in
model outputs with respect to changesiiodel inputs. Furthermore, it can also be used to assess the relative
contributions of the model inputs and parameters uncertainty to the model outputs uncertainty. The desired
method of choice depends upon the type of sensitivity measureefjaised acuracy, and computational

cost.
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In the CFD community, the desired choice for sensitivity analysis is the local gradient approximation. The

estimate of the model sensitivity is given by gradients or partial derivatives at a local point in the temporal

and spatial domain. Ik is a set ofm parameterskg, ko, - - -, k), andu is a vector ofn output variables
(Uy, Uy, - - -, Uy), then the sensitivityS, is given by
« _ U,
S = 3
| |J-kj ( )

Where(; is the error associated with parameigrthen a deterministic approximation to the output error,

Qu;, is given by
ai=la(s) « @

Wherei=1,2, - ~,nandj=1,2,- -, m
An example in CFDf this technique is presented in the worlPefletieret al.[11].
There are several methods for computing sensitivity derivatives. The desired method of choice depends upon
the difficulty of implementation and accuracy of the results. The main approaches for computing sensitivity
derivatives are:

1 Finite Difference,

1 Complex Variable Formulation,

9 Discrete Adjoint Method.
More details of these approaches were report&irz12].

5. Probabilistic methods

The pobabilisic methods can be divided into statistical and-statisticalmethods.

i Statistical methods use a large number of values of the input variables to calwtatepeatedly
for the outputones. A sampling method is used to generate the input values from a distribution.
Statistics, such as the mean and variancehefoutput values can then be calculated. The classic
example of a statistical method is the Monte Carlo methddwever hese methods are
computationally expensive.

1 Nonstatistical methods use an analytical treatment of the uncertainty and are much less
computationally &pensive. Examples of these methods are the moment (or perturbation) method and

stochastic differential equah method
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In the probabilistic approach, uncertainty is represented by the probability of the random event. Furthermore,
probabilstic analysis is the prevalent choice for uncertainty analysis of physical systems when estimates of
the probability distribution of uncertain model inputs are available.

Uncertainties associated with model inputs can be quantified by probability dismikyuand an estimate of

the moded eutput probability distribution can be obtained. Note that this praxessstsof two stages.

The first stage involves the determination of the probabilistic distribution of the model inputs and
parameters, and mod&rmulation. Probability distributions of model inputs are estimated via statistical
techniques that use available data ormpaiesentative number of samples.

The second stage involves the propagation of uncertainty through models. Thaimaifi uncertanty
propagation is to compute the probability distribution of model outputs. The output probability distribution
can then be used to estimate statistical parameters of interest (e.g., mean and variance of model outputs).
The main techniques for propagugi uncertainty through modetsan be grouped in two maegmoups

statistical and norstatisticalmethods.

a. Statistical methods

All of the statistical methods are based on sampling methods.ahmglisgbased methods involv&nning

a model at a set of sated points, and using the model results at the sampling points in order to relate the
model inputs and outputs.

The advantage of these methods is that the model equations or existing code is treated as a b&ackdoox (
modification of the model equans or code is requiredfor this reason, sometimes, these methods are
called Nonlntrusive methods

Widely used sampling based methods are: Monte Carlo (MC), Latin Hypercube Sampling @ArdS)

StoclasticCollocation (SC) These methods are discusselbiwe

MC Methods

The MC is a statistical method. The main advantage of the MC methods is that the model equations or
existing codearetreated as a black box. The simplest of all MC methods, referred to as standard (or basic)
MC, involves the sampling ofnput random variables from their known or assurpesbability density
function(PDF), and computing deterministic model output for each of the sample input values.

The procedure for the basic MC method involves three steps: for each input variablef ¥adee® is
generatd by randomly sampling the known or assuniFfor each st of random input data, executiag
deterministic mathematical model acoimbinethe output data use the statistics of the output data set (mean,
variance, skewness, kurtosis;.g to define its probability density function.

It is important to note that while tidC method converges to the exact stochastic solution as the number of
samples goes to infinity, the convergence of the mean error estimate is slow because tltk dstaiadian

of the mean scales inversely with the square root of the number of samples. Hence thousands or millions of

data samples may be required to get the required acciBame this method requires a large number of
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sampl e or mo d e itabler for masnputationally sintemsivet prolslams. The time and resources
required by this method may be prohibitively expensive for realistic hydrodynamics problems

The MC method has been applied to some very small CFD simulatitmghe aimto demonstra the
method, as in Walters and Huy4&].

In order to reduce the computational effort, modifications of the basic MC method have been developed.
These efficiency improvements are known as variance reduction techniques. @re robdified MC
methods is the LHS. It is popular because it is easy to implement and reduce the computation time while still

providing the required accuracy in the particular situations described below.
Latin Hypercube Sampling (LHS)

Substantial computiainal efficiency over the basic MC method is accomplished by the use of the modified
MC method. The number of necessary solutions is reduced imeldgied MC method compared to the

basic MC method by efficient sampling from the input probability distiGinu One such widely used
modified MC method is the LHS developed by McKa#].

In this method, the range for each input uncertain parameter of a model is divided irdgerlapping

intervals on the basis of equal probapilThus, only one value from each interval is selected at random with
respect to the PDF in the interval. Note that the LHS method has a smaller vén@mebe standard MC
method. Hence, the convergence of LHS method is much faster than the stan@ar8imte the whole
parameter space, consisting of all the uncertain parameters, is partitioned into cells of equal probability,
random samples are generated from all the ranges of possible values. Consequently, this feature gives insight
about the extremeasf the probability distributions of the outputs. Note that this feature is not contained in the
basic MC method, where there may be cases that do not include the extremes of the random sampling.
However, the drawback of the LHS method is that the numbesamples for realistic hydrodynamic

problems could still be too large and expensive.

StochasticCollocation (SC)

Another uncertainty quantification method ig tBtochastic Colleation(SC). This method was developed in

order to overcome the drawback tetMC methods ants based on a polynomial approximation of the
response.

The SC methods a widely used example, which is based on sampling Gauss quadrature points and using
Lagrangian polynomial interpolation in probability space. However, due to tbetwsed grid of the
guadrature points in multiple random dimensions, the spectral convergence of the SC method reduces
significantly with an increasing number of uncertaintias shown irFigure 3. More information on this

methal is available inWitteveenet al.([15], [16])
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Figure 3 Examples ofliscretizationby the MC and SC methodsource Witteveeretal. [16]

b. Non-statistical methods
Moment Methods

Uncertainty analysis in CFD simulation using moment methods &ppeared in the literatuia the last
twenty yearqe.g. Huysg17]). Moment methds involve using the truncated Taylor series expanded about
the expected value of the inputs. For example,4fu (3) is expanded about mean valuequds), the first

order moment approximation of the Taylor series is
u(x, 30=U(_1,X_2)X%( LA 7%(( . (5)

Note that firstorder first moment (FOFM) approximation is the deterministic valutueted at the mean of

the input (3). The firstorder second moment (FOSM) method requires the conputaff sensitivity
derivatives.to estimate the variance (second nem) of the output is equal to the variance of the input
parameter multiplied by the square of the first sensitivity derivative evaluated at the mean value of the input
For cases involving relatively large variations in the input random variables, irt@aseacy of the model

output statistics is obtained using higher order moment formulas. This requires the estimation of higher order
derivatives which may be impractical in terms of the accuracy and implementation of the method, and the

computational remurces required.
Spectral Methods

Spectral methodsotherwise known as polynomialh&os expansions,used to model and propagate
uncertainty in stochastic computational simulations by several researchers, e.g. Ghanem anfil&panos

Xiu and Karniadaki$19], and Patterson et &20].

An important concept of spectral representation of uncertainty is that one may decompose a random function
(or variable) into separable @eininistic and stochastic components. Each variable in the equations of the

mathematical model, such as pressure or velocity, is expanded into an infinite series using Hermite
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polynomials. In theory the series is infinite, but for practical problems it beugruncated to a finite series.

The first term in the series represents the mean value of the variable. The second term represents the
Gaussian random fluctuations around the mean value. The third and higher terms repres@aussian

random fluctudaons. In this way the randoiehavioris decomposed into a finite nhumber of orthogonal
modes of fluctuation.

This concept is similar to the modes of vibration of a mechanical system which occur at particular points in

the frequency spectrum.

6. Solution verification methodology in ship hydrodynamics

In ship hydrodynamic field the uncertainty quantification is based on the deterministic method, and in
particular orsensitivity cerivatives

In the following paragraphsan overview of the overall verifidion and validation approaclused in ship
hydrodynamicss provided, icluding methodology and procedures. Stern ef%land ITTC uncertainty
analysis in CFJ21] should be consulted for detailpdesentation and discussions

As aforementioned,adution verification is the process to estimbkg,. Solution verification is mathematical
activities, with no consideration of the agreement of the numerical model results with physical data from
experimats (which is the concern of validation).

The Ugy is estimatedby the solution verification process. The most important numerical errors and
uncertainties are due to use of iterative solution methods and specification of various input parameters such
as patial and timestep sizes and other parameters (e.g. artificial dissipation). The errors and uncertainties
are highly dependent on the specific application (geometry and conditions).

The errors due to specification of input parameters are decomposeatrimtaontributions from iteration
numbert, grid sizels, time stepls, and other parameteiis, which gives the following expressions for the

simulation humerical erroefuation6), and uncertaintygquation?).

J

o= ¢ +0 +sd + d=@d+ (6)
j=1
J

Ui =U? Y V% UL UE U2 @)

j=1

According to Stern et a[9] and ITTC uncertainty analysis in CHR1], it is possible to estimate the sign

and the magnitude of the simulation numerical errdrenvconditions permit. This complete estimation of

the error is called corrected error and, obviously, is possible to compute the uncertainty in this estimation,
called corrected uncertainty sy. Consider the corrected case, error estiniaggand simulation numerical

uncertaintycan bedivided asequations8 and9.
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7. Verification procedures

The verification process for many common input parameters (e.g. grid spacingstejpand artificial
dissipation) are conducted usitige multiple solutionsmethod In order to do this it is hecessary to use a
minimum of three solutionsm(= 3) which have been uniformly refined with an incremeok such that

defines a constant refinemeatio ry

e (10)

= D%
D>(km—1

ITTC Guidelineg21] recommend for the industrial application refinement ratipl et ween a2 and
Next a convergence ratig was defined to give information about convergedivergence of a solution.
This is achievedby considering the solution changa;sfor the input parametét between three solutions

rangingf r o mSptomediumS,and coars&, in order to determinB.

921k23<2 '%
e32k=3<3 '52 (11)
F?k:ezlk/ g

According to the ITTC guidelineR1] and the extended versions reported in some worksSteg et al.
[22], four different cases d®k, may acur:

1. Monotonic convergencd <R, <,

2. Oscillatory convergencelR, <0, |R | <1;

3. Monotonic divergenceR, >1;

4. Oscillatory divergenceR, <0, |R|>1.
In the Case 1 the generalized Richardson Extrapolation (RE) is used to assess the undeaathty error
estimatel and the corrected uncertairity’, asshownin the next paragraphs.
For oscillatoryconvergenceGase 2 Uy is estimated Y determining the errdretween the minimun) and

maximum &) values of the oscillatiorEquation12 is valid onlyin the asymptotic regime.



THE VERIFICATION AND VALIDATION PROCESS

=E(SJ -ﬁ)‘ (12)

Oscillatory convergence could be erroneously recognized instead of Cas@&.1Tberefore it is often
necessary to investigate more than three solutions to get a sensible assessment ofithe error
In the case of monotonic or oscillatory divergence (casasd34), it is not possible to temate errors or

uncertainties.

a. Generalized Richardson Extrapolation (RE) method

As stated above, in case of monotonic convergéimegeneralized RE wsausedto determine the erral
with respect to refinement ratigand ordetof-accuracy The RE method as indicated by Roj23], is based

on the series expansion of the discretization ea®below reported.

Ge=S -§ F D..+g R (13)

Wherelire is theerror evaluated by generalized RE mettmpd the coefficient of thé” order error term and

Sis the exact solutiorgenerally not known.

The assumptions that are required for usifigare that the solutions are smoadimd the higher order terms

in the discretization error series expansion are small, and uniform meshes are used. The second assumption
regarding the higheorderterms ardrue in the asymptotic rangegxis sufficiently smallsothat the lower

order Brms in the expansiamtdominate.

The REmethodcan be generalized 1" - order of accuracy with solutions on a fine valeex) and a

coarse valuegpy,), which are different by a factor of. The discretization error equations can be written as

S=S+q ¥ @ ¥

(14)
1
s=3+9(r B dr At
Neglecting the higheorder terms, these two equations can be solveg,forgive
$=3 +“?p—si (15)
k

Whichis generally af{+1) i orderaccurate estimate. Again, it should be emphasized thatles onthe

assumption that the solutions are asymptatic, the observed order of accuracy matches the formal order).
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b. Observed order of accuracy

When the exact solution is not known (which is generally the case for solution verificatioapas
mentionedat least three numerical solutions are required in order to calculate the observed order of accuracy
(p). Consideing a p" - order accurate scheme with numerical solutions on a fine veyg),(a medium

value (px), and a coarse valug). For thecase of a constany, it is possible to write:

Dx, =8 Dx, =, R Dx, =7 R (16)

The three discretization error equations can be written as

S=%+q ¥ & ¥
5=% +q(r B d[r A5 (17)
s=s+(r B der xd)

Neglecting the higheorderterms, these three equations can be used to solpgtigive.

_In(s-8)

pk - In (rk) (18)

Note that here the observed order of accuracy is calculated and does not need to be assuthddBas
For the case of neoconstant grid refinement faars, moreinformation for this case can be foumdStern et
al.[9].

8. Methods for uncertainty estimation

When the monotonic convergence is readhigtly, andp can beevaluateddy different solution verification

methods. Thgeneral form of the uncertainty evaluation can be written as shown in eqi@tion
U =Fseer— (19

The various solution verification methods differ in f@cedure for determining treafety factor Es) and

Pxk-
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a. The Grid Convergence hdex (GCI) method

A method for the uncertainties estimation using generalized RE is the GCI m@éthiedapproach was
proposed by Roache[24], [25]), where the error estimation based ®E methodis multiplied by aFs to
bound the simulation error for the uncorrected case (equajoend corrected case (equatial).

Uy = Fs| g | (20

Uk = (Fs '1)‘dR|;;‘ (21)

The exact value for factor of safety is somewhat ambiguouscHeo@commends for careful grid studies
(tree or more grids) a fixed percentage of the error estimate (e24025kg), andthereforeFs=1.25. Unlike

the othermethod, in the GCI the uncertainty of the error is estimated regardless of how close solutions are
to the asymptotic range. There are different variants of the GCI method such as th&Gk;IGCkL and

GClor, etc, more details are reported 8tern et al[1]. The choice ofFs in the different GCI methods

requires user judgnent calls, for which no single guideline is currently available.

b. The Correction Factor (CF) method

Anothermethod for uncertainty estimation is the Correction Factor (@&thod The correction factois a
variable factor of safetyQ,) andis used to include the effect of highander terms neglected earligry the
GCI method) TheCy is defined as follows:

b
_h-1

Py
-1

K (22)

With py, as estimation of ththeoreticalrder of accuracyThe errot is defined byreplacingFs with Cy.

o

_ a &,
dk =C, Q,Ek :Ckaepk 1 (23
¢hc” -

The correctionCy makes a single term estimate which roughly accounts girehiorder terms. Depending

how close the errol is to the asymptotic rangeC(Y 1) , the expression to asse
different forms, according to the revised formulatidelivered by Wilson et al[26]. Howewer the
uncertainty is alwaysalculatedby the sum of the absolute value of the improved error estimate and the
absolute value of the amount of the coti@t, as reported in equatio2d and 25 for the uncorrected and

corrected case.
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c. The Modified GCI method

As reported inStern et al[1], the GCI and CF methods have two deficiencies. The dimstis that the
uncertainty estimates fqi>py, are unreasonablpw in comparison to those with the same distance to the
asymptotic range fao.<py. The seconaneis that there is no statistical evidence for what confidence level
the GCI and CF methods can actually achieve.

For these reasorn$ing and Sterrj27] developeda compeehensivereview of the GCI methodl'heytried to
removethe two deficiencies previously indicated for the GCI and CF methods. The best error estimate is

used to construct the uncertainty for uncorrected cpeation 26).

’ BgF.P+Fy(L -P) e O R 1
k — 1

26
i &FsP+Fo(P 4) \gRg\ P b 29

WhereP is equal to the ratio between predicted and theoratichdr of accuracyR=py/pw); F2=2.45, F5=

1.6 andF5=14.8 are recommended values based on statistical analysis.

d. Least Square Root (LSR) GCI Method

Another review of the GCI methodas proposed byEca and Hoekstr&[28] and[29]). This approach is
based on a Least Squares Root (LSR) method applied on then&@bd The LSR method is used t
minimize the square root of the squa the residuals of equati@7, in other words the method is used to

find values ofS), g andp, which minimize the function

f(S 9 9)=J§i($ {s ) (27)

Whereny is the number of the grids available.
Theminimum off (S, g, px) is found by setting its derivatives with respec&aj, andpx equal to zero. The

standard deviation of the fiUg) is given by:
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al(s-(s ) (29)

Using theS, g, andpy, it is possible to calculate thiRe using directlythe equation 1,3and,obviously, when

ng= 3 theUs is equal to zeroThe error estimation were performed by the generalized RE method, when the
monotonic convergence was achieved.

FurthermoreEca and Hoekstradve tried to overcome the drawbacb the other procedures above
mentioned and, in particular, have observed that the classification appaaeldd onRy, is not as
straightforward, because the data may exhibit s¢atigparticular in the hydrodynamics fielthdeedthe

cases are classified byetlestimated order of accurapy instead ofR.. The convergence condition is given

as follows:

f  p. >0: monotonic convergence
f  p. <0: monotonic divergence

1 p. <O: oscillatory divergence

i Otherwise oscillatory convergence.
Wherep,' is the estimated order of accuracy evaludtgthe equation 2dsingS ;= 18,,- Sb , i nsSt ead
The only condition which allows an error estimation based on Rie monotonic convergence.
In other cases one ntusely on alternative uncertainty quantification, which is based on the maximum
difference between all the solutions availalakg)(
If pc is between 1 and 2 the GCI was applied withRhequal to 1.25. Ifp<1, Uxe tends to become over
conservative ando was taken the minimum 6§z andag;.
For superconvergencei.e. p higher than the theoretical order acuracy (), the values ofirg are not
reliable. In most of these cases, the observed sugerergence is not real and it is merely a consempieh
the numerical shortcomings affecting gimationof py.
If more than 3 grids are available, this is easily identified from the very strong dependenom diie data
points selected. Therefore, in case of suqavergence therror estimation vth generalizedRE method
was performeadvith py replaced by its theoretical value.
It is possible to summarize tipeoposedorocedure for the estimation of the numerical uncertainty, as follows

for monotonic convergence:

T U, =12%. Y for 0.95¢ p, <2.05
1 U,=min(1.25 Y,1.25 [),for p, <0.95;
1 U, =max(1.2%,. ¥ ,1.25[),for p, >2.05.

If monotonic convergence is not observed:

1 U,=3D,
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More detailedabout this method are repaften Eca and Hoekstra [28], [29]) and the criticisms of this
approachare highlighted in Tao and Ste30].

9. Verification procedure for iterative convergence

The veriication process for iterative convergence cannot be perfobgedsing the multiple solutions
method, as for many others input parameters (e.g. grid spacingstémand artificial dissipation)ethods
for estimation of iterative errors and uncertaigtiean bebasedon graphical, as discussed below or
theoretical approaches and are dependent on the type of iterative convergence:

1. Oscillatory.

2. Convergent.

3. Mixed oscillatory/convergent.
For the oscillatory convergencease(Casel), the deviation of the veable from its mean value provides

estimates of the iterative uncertainty based on the range of the magpamd minimumS_ values.
11
U =3 -%) (29)

For the convergentase(Case2), a curvefit of an exponential function can be usedetimateU, or G, and
U, as the difference between the value and the exponential function from a curve fit for large iteration
number(Sp)

U, =[S -§ (30)
a =S -§ (31)
For the mixed convergent/oscillatorgase(Case3), the amplitale of the solution envelope decreases as the

iteration number increases, the solution envelope is used to define the maljmanch minimumS_ values
in thei™ iteration, and to estimaté, or ij andU,".

d =5 (S 9§ (32)

10. Solution validation

Solution validation is a process for assessing simulation modeling unceftinty using benchmark
experimental dat® and, when conditions permit, estimating the sign and magnitude of the modeling error

USM itself.
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E=D -S ‘#D (-gll sd (33)

Up =U3 Y3, )

For validation purpose the comparison eriérbetween the benchmark experimental dBtsand the
simulation resultS is deermined in order to assess mig uncertaintyUsy, whereE is the comparison
error,Up is the diference between an experimental data and the trutbl@aigithe validation uncertainty.

To determine whatever a value has been valid&ésicompared wittJy,.

When|E| < Uy, the combination of all of the errors ihandSis smaller thartdy, and validéion is achieved

at theUy interval. The level of confidence in the CFD model is indicated by the magnitude of the validation
uncertainty.

If |E|> Uy, the combination of all errors in both the simulation and in the experimental data is greater than
the vdidation uncertainty. Then validation has not been achieved for this validation uncertainty level.

In the case thatl, << |E|, thelsy highlights the need to improve the simulation modeling.
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3

PHYSICAL MODEL OF PLANING HULL

This chapterdelineateshe baic functioning of the planing hullsn order to describevhich the critical
issuesare for the CFD simulation®f planing hulls In addition a detailed literature overview on the
applicationof CFD codes and in particular of RANSased methodon simuldion of planing hullsis

reported.

1. Resistance model ofthe planing hulls

A brief introduction of the classical models may be useful to describleettaviorof hulls, with a special

focus on the partial or total hydrodynarsigstainecdulls.

The nature othe forces operating in the flow around hulls is quite articulated. Ships are actually means of
transportdbn balanced between two fluidsd, exactly because of this separation between théluws;
resistances due to forces of different nature anergged.

There are three maictingforces: viscous, inertial and gravitational. In order to simplify the complexity of

the physical model, the forces due to the surface tension are not taken into account here.

When evaluatingheresistance, usuallye resolution of the effects is operatddhe resolution of resistances

into different parts leads necessarily to some mistakes in terms of mutual inter&dtores of a different
nature.First, there should be a resolution of resistance into two partimponent linked to viscosity
phenomena, causing viscous resistance and a second one linked to gravitational phecansing wave
resistanceThe forces with a visags nature depend, obviously, t¢ime viscosityand densityas well as on the

shape othe ship, as any other component of resistance.

The wave drag is linked to the energy dispelled by the pressure gradients active close to the free surface and
is released through the wave systems generated on the surface.

Despite the pressure acting ¢ thull surfaceit is responsible of one of the component of the resistance; it

is, potentially, an important toolhich reducs bothmain components of the resistance. Conforming the
bottom of the hull to assure a significant angle of incidence of #tervon all the speed range, the pressure

on the bottom triggeroff a virtuous circle that increase the lift with speed.thsspeed increasethe lift

takes the place of the buoyancy and the underwater volume and wetted surface decrease. The main
consguences of these variations are the reduction of both components of the resistance that are strongly

dependent on the dimensions of the wetted surface on which tangential and perpendicular stresses work.
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As above mentioned, the dynamic of the planing sriafstrongly dependent on the angle of incidence of the
water on the hull bottopthat is determined not onlyy speed, but also by the hull form as seen by the water,
i.e.the trim under speed.

The heavy influence of the trim on the resistance is higtdidy by the dynamic of a flat péasailing on a
liquid surface.The flat plate by definition has no volume atiekreforeit is in a purely hydrodynamic
equilibrium: if Wis the weight of the platd, the hydrodynamic liftR, the vertical component of thetegral

of the pressuregndR;, the longitudinakkomponent of the integral dfie pressureshen:
R =L W (34)

As mentioned for the general case, forces with a viscous nature act on the plate, alongside with forces linked
to pressres initiated by the plate sailing on the free surface. By using the simplified model of the flat plate,
the viscous forces are turned into pure friction for€gstangent to the plate and turn the resultant of the
pressure range into a component orthea to the plate. This, in addition to the fact that the plate is intended

to be fully lifted by hydrodynamic pressures, leads us to the Sottorf formula repoft@dvith reference to

Figure4.

R=Wig + (35)

The Sottorf formula clearly shows the effects of the longitudinal trim on the resistance due to the lift. It
should also be considered that Recomponent depends on the size of the wetted surface; the srhaller t
trim, the higher it will be.

R, PRESSURE DISTRIBUTION

LEVEL WATER
SURFACE

86=SPRAY THICKNESS

SPRAY ROOT

STAGNATION LINE

Figure 4 Forces applied omtheflat plate



The problem of the verification and validation processes of CFD simulation of plaulisg

The Figure 4 shows the spray root and the pressure distribution resulting from it. Themestted area
designates that portion of the west area over which water pressure is exerted and excludes the forward
thrown spray sheet. The wetted area used in this
ar e a pgéomatncdlly, includes the wetted amdahebottomhull aft of the stagetion line.

When shifting from an indefinite plate to a plate with definite size, a transversal pressure gradient due to the
continuity and the congruency of the same on the edges of the plate is determined on its bottom. These
gradients are re®nsible of the thredimensional nature of the flow. In a kinematic perspective this leads to

a divergent streamline, shown in the followiRigure5.

Figure 5 Transversal flowon the flat plate

The simplified mode] in spite of the differences between the flat plate and a real hull bottom, is strictly
correspond to the actual physics of planing hyll§ the craft is totally hydralynamically sustained.
Nevertheless, the Sottorf formula does not ffatie influence of hull form on the resistance. In particular, it

has to take into account the two main geometrical characteristics influencingeti@npena: the slenderness

ratio and the deadrise angles. These elements influence the divergence wdaimdirses and, consequently,

the pressure distribution on the hull bottom. Both of these increase the divergence of the streamlines by the
increasing of the transvergadessure gradient

Referring to the above explained considerations on the dimensibe @fetted surface and on the different

roles that its parts play (pressure and gparr@as), thé&igure6 showsthe streamlineshe shapgand position

of the various parf the wetted surface

2 Flow direction

N\

\ /
v

\ N
\ S
Pressure Area Spray Area ¥ . [?ray Edge
Stagnation line

Figure 6 The projected area of a planning hudburce Savitsky[31]
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The pressure area is limited by wetted chine length, wetted keel length and stagnation line and it is the part of
hull for which all hydrodynamic equations foftlidrag and center of pressure are applicable. The spray area

is forward of stagnation line. This area is the part of the hull bottom still in contact with water delimited by
the stagnation line and the spray edgeth areas can be easily identifiedamonohedral hull reported in

Figure7 (a).

SPRAY EDGE

WHISKER SPRAY BLISTERS

(b)

Figure 7 (a) The projected area of a planing huslource Begovic et al[32]; (b) Blisters spray visualization

Capuring accuratelythe dynamic of the planing huls a challenge for CFD simulationBurthermore, ri
addition to the difficultiesfor the RANS basedcodesin determining the actual pressure distribution
(extremely high gradients in small sizéf) has to considerthe complexityimit for the RANS solver to
evaluatethe spray sheet zonfn the hull and the blisterspray (around the hull) Figure 7 (b). These

mattes will be examined inthe Chapters.

2. CFD application on planing hul: literature overview

The evaluation of planing hull performance by CFD mettsidgedrecently andstill todaythere are some
significate levels of criticalityn the use of CFD software feuchevaluation in particular in termsf the
running attitule.

One of the first applicationsf CFD in this hydrodynamic fields conducted by Caponnel83]: in this
application, a RANS solveas used to investigate a planing hull in which the displacement and center of
gravity are unknown. Different hull positions were testel combination of three trim angles and three
sinkagess performed for each speed. Then, interpolatamsed to specify the running attitude of the vessel.
Azcueta[34] uses commercial software (COMET) to simulatethe planing hull The steady state flow
computations efficiently cread@ complete resistance curve in one tirfeom zero to maximum speed of
ship - instead of doing the computations for only one speed at a tihneedynamic trim, dynamic sinkage

and resistance alspe computed for the entifer-range.
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Subramanian et a[35] investigated the pressure and resistance characteristics of achimgigplaning

craft They used two hull fons, i.e., one with a propeller tunnel and one without, and they compared the
results with the towing tank test.

Brizzolara and Serr{86] investigated the accuracy BANS codes in the prediction of planing surfaces.
They useda wedgeshaped planing hull to analyze simulations in which the running trim asglaried
systematically. They compared their results with the available experimental data, as well as to the results
achieved by Savitsk}7] and Shuford38]. The capability of numerical methods to provide accurate results
for planing surfaces was confirmed by the results that were obtdieedan average of 1% error in
predicting the total resistance an&baror in predicting the total lift.

The importance of dynamic equilibrium calculations in predicting a vessel perforisaaeressed by all of

the authors mentioned above. Brizzolara and Vi8] paid particular attentionot this problem by
developing an external Java/C++ routine to change the position of the hull during tetmmary time

step iterations to converge faster and better on the hydrodynamic equilibrium of the hull, thereby avoiding
the unrealistic forcesatised by the initial impulsive acceleration.

Su et al[40] used an unsteady RANS solver and predicted the resistance and running attitude of a planing
vessel at very high speeds, and they found an average errofoivbhen thg compaing the numerical and
experimental results.

Ozdemir et al[41] analyzed a high speed craft with different turbulent models. They investigated the effects
of turbulent models on solution and compared the experimesgaltrwith the result obtained from CFD
analyses.

In Ghadimi et al[42] RANS solver is implemented to model the motion of a planing hull in calm water with
k-0 turbulent model anthe steady state solution of a planing hull is investigatedegdbrtsthat numerical
settings are inadequat determinghe performance of plamg hull at very high speed condition.

In Fu et al.[43] the results from a collaborative research effort involving the different CFD codes were
presented and discussed in which they examined the hydrodynamic forces, monkntsedsures,
accelerations, motions, and the multiphase free surface flow field generated by a planing craft at high speed
(Fr=1.8-2.1) in calm water and waves. A comparison of numerical data and experimental data for
prismatic hull forms in a still water condition indicated that, at lghthe trim was undepredicted and the
resistance ovepredicted.

In Kansadamy et a[44] a V&V full scale analysis was conducted for two higeed semplaning foit
assisted catamarans, and the comparison of the resistances showed that the error was in the rége of 9.6
15.5% and the comparison of thénts indicated that the error was in the rangeddfl to 0.8%.

Yousefy et al[45] conducted a comprehensive study on the existing numerical techniquearfioig craft

and they used several different commercialilableCFD software programs to determine the flow field
around the planing hull.

Mousaviraad et al46] carried outa daning hull validation studies usingne hull model ofthe historical

benchmarlexperiments of Fridsm@7]. The smulation conditions include calm water in deep and shallow



PHYSICAL MODEL OF PLANING HULL

conditions withfixed and free to sinkage and trim motions, as well as regular and irregular head waves in
deep watefree to heave and pitch motions. For simulaioncalm deep water frée sinkage and trim, grid
studes shovedthat refined grid density on the hull, especially over the spray root area, chines, and transom
stern are necessary for accurate solutions. Detailed verification and validation studassiedeoutfor one
speedFr = 0.89) with satisfactory results since monotonic convergence and validagaachreved for total
resistance and trim (not for sinkagEpr resistance, validation is achievedrat interval ofUg = 3.8%Swith
E=0.97%D. For trim validation is achiede at the interval ofUg=6.38%S with E=5.1%D. The

comparisorerrorfor resistancend trim aregeported irthe Figure8.

25.0
%E | |
2004 e CE
15.0 4 B — L
10048 Y - e
Resistancé
SR — o Trim
0.0 3 3 Fr
0.50 1.00 1.50 2.00

Figure 8 Comparison erros for wholeFr-rangeand forthefinestgrid used(16.9 10 cells), source

Mousaviraad et al[44]

Furthermore the authors highlighted tktia¢ nonaccurate resolution dhe tail of the main spragrea was a
cause of the simulation errors asd, avery high grid resolutioms required to aceately capture the details

of the spray flow

This overview evidencesthat for planing hull simulations estimating performance is still affettgd
relatively high error percentagesurthermore the importance of dynamic equilibrium alaitons in vessel
performance prediction has been addressed by all of theeauthors. The procedure usebdanged over

the years, according of the improvements in simulation techniques and computing capability, starting from
the resolution of the flovaround the hull with systematic variations of the model's position and attitude, and
going to the dynamic simulation of the planing hull by moving mesh approach.

Then planinghull performance is the most sensitive to hull posi(iorparticular respect tthe displacement
hull), making the additional equilibrium calculations essential. This prolestudiedn the current work by

using theDynamic Fluid Body Interaction (DFBI) approach coupled with differeating meshechniques
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BENCHMARK EXPERIMEN TAL DATA

As explained in the introductiofgr planning craft the largest errors in the resistance evaluations are related

to the errors in the computing of pressure distribution on the bottom. This affects the dynamic trim and,
consequently, the horizomtaomponent of the lift (pressure resistanétg ) and the viscous resistance
through the errors imhe wetted surfaceevaluation Contrary to what happens on an indefinite plate, the
difficulties in the identification of the pressure distribution aretly related with the8D nature of the flow

due to the transversal pressure gradient working on a redliglidottom whose widthsifinite. This

gradient is directly proptional to the slenderness rafloB) and depends on the deadrise aifig)e

To take into account these elements, the V&V study reported irwthils was performed to compare the
numerical and experimental data of four models: three of the Naples Systematic Series (NSS) and one of the

DIN Series. Allof these modelare presented heunder.

1. The Naples warped hard chine systematic series (NSS)

The models of the NS8&re chosen to highlight the influence of théB on the reliability of the numerical
procedure. The NSS is composed of five models, four of which derived from the pdré@tihushown in
Figure 9. The derived hulls are obtained scaling depth and breadth by the same reduction factors, with the
aim of maintaining the homothetic forms of all of the transversal sections. These transformationsdncreas
theL/B.

Figure 9 Transversal and longitudinal sectionstbé C1 model

The three models chosen for the V&V procediwe, C1, C3, and C5arecharacterized by the minimum,

average and maximum valuesldB. Table1 shows the main dimensions of the models.
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Tablel Main data of the five models of NSS

Model C1 C2 C3 C4 C5
Loa(m) 2611 2611 2611 2.611 2.611
Lw. (M) 2.400 2.400 2.400 2.400 2.400
Bw (M) 0.743 0660 0581 0.497 0.413

e(kg) 106.07 96.82 86.23 63.13 43.62
Sws(mM) 170 150 1.38 1.18 0.960
((deg) 0.0 00 00 00 00

L/B 345 3.89 445 519 6.25

L/ns 511 527 548 6.08 6.87

“
W e g

Figure 10 The fve models of NSS

To assurghe high quaty of the benchmarklata émallUp valueg, thel TTC6s r ec o[@Theendat i

followed in orderto maintain the highest quality of the experimental procedures.

Figure 11 Towing Tank of Naval diviisn of DII

The testsare performed in the towing tank at the Naval Division of EHE of the Universita degli Studi di
Napol.i fi F €he main danensidns of the towing taake length 136.0n, width 9.0m, and epth
4.5m.
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The modelsare tested, @Reynolds numberR@ > 3.5x 10°, without turbulence stimulators, and thayg
restrained to avoid the effects of surge, sway, yaw and roll; they could undergo pitch and heave. The towing

force was applied horizontally at the towing points, the cooreénat which are shown ifiable2.

Table2 Towing point positions for the three models tha analyzed; 1 is the distance between the towing
point and the base line; Ts the longitudinal position equ#b the longitudinal position of center of

buoyancy (LCB).

Model C1 C3 C5

Ta(m) 0191 0.154 0.134
T.(m)  0.945 0.945 0.945

All of the measurement@resampled at 5081z. Resistance, trim, and sinkage analyzed in both the time

and in frequency donmato assure the validity of each test. Moreover, before each test, the residual waves
are measured to minimize noise and to make the tests comparable among all models.

The total error was eval ud38]ewhicharecenomerdis anagiterionofor thel T C 6
estimation of the total error of thetal resistance coefficienCf) This method allows an evaluation of the
propagation of the error due to the measurements of resistance, temperature, speed, and gédheetries o
models[39]. The procedure shows that the error is influenced mostly by the quality of the measurement of
the load cell and, with less effect, by the estimations of the wetted surface. The total estimateieerrors

+ 0.1N on resistance measuremenf).@i5degree on trim, £.001m/s on speed and +0.@&4 on weights.

The detailed analysi of these errors that was done on models with comparable dimensisreported in

De Luca and Pengd0].

The friction resistance coefficientf) was evaluatedccordingtda he | TTC 657 friction |

_ 0075
FE 7 (36)

(log(Re)- 2

TheRewas evaluated using the dynamic wetted keel lerigth &s above indicated.

LV
n

Re=

37)

Findly, wave elevationsre measured by two capacitive probes (stiltomparison tahe earth). The data
logger was syntwonized with the motion of the modiel orderto identify its actual position in respect to the
wave pattern. Probe measuremearts sanpled at 10(Hz. The tests of wave cutse performed on the C1
Model displacing10607kg. The wave heightsre measured a¥ =4.00, 500, 6.00, and 700m/s
(Fr=0.824,1.031, 1.237, and 1.448spectively), at 125 and 1625 m from thecentreline of the hull
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2. The systematic serie®f DIN (SSDIN)

The hull forms of theNSSmodelsarestrongly characterized by the warp of the bottam, the reduction of

b from the bow to the stern)lo complete the V&V study monohedral hultan be tested, in ordeto
evaluatethe influence ob on the generation of the transversal gradiergreSsureThe monohedral model

of the Systematic Series DIN (SSIN) wasanalyzed. This choice is significant also for the lower deadrise
angle of the DIN model (1deginsteadof 23 deg, the mean value of NSS mode&)me effects of the
different bottom hull forms are shown in Appendix E.

Begovic andBertorello[32] developedhe SSDIN of hard chine planing hull forntlat is composed of four
mockls: hree warped and one monohediBthe profiles of themodels are reported iRigure 12 and the
modek particulars are given imable3.

The models have the same transversal section withdeg deadse angle at 0.2k from the stern. Warped
models had deadrise angle linearly varying along the hull lefigdham of the experimental program is the
evaluation of the effect of deadrise angle variation along the hull length on hydrodynamic resisfamice an
seakeeping. The models have clear polycarbonate bottom to allow flow visualization aradeas@ited
surface assessment.

Resistance tests were performed for speed coeffi€gntanging from0.56 t0 3.92 and for two load
coefficient valuesC. = 0.428and0.392
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K)" MOIRD | |\)‘1?'
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K/J'w B j I\//‘ i
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Figure 12 The profiles of SystematicSeriesDIN models source Begovicet al.[24]
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Table3 Main dataof theSSDIN modelssource Begovicet al.[24]

Model MONO WARP 1 WARP 2 WARP 3
Loa (M) 1.900 1.900 1.900 1.900
B (m) 0.424 0.424 0.424 0.424
Tap (M) 0.096 0.106 0.110 0.108
qa (N) 319.697 320.383 319.697 318.520
LCG (m) 0.697 0.660 0,609 0.586
U(deg) 1.660 1.660 1,660 1.660
@ (N) 286.354 287.531 287,433 289.885
Fr 0.7881 1.464 0.788i 1.464 0.788i 1.464 0.788i 1.464
Cv 0.564i 3.660 0.564i 3.660 0.564i 3.660 0.564i 3.660
b 16.70 14.31i 23.75 11.59i 30.11 9.09i 35.75
L/B 4.48 4.48 4.48 4.48
L/n 3 6.00 5.99 6.00 6.00
L/ 13 6.22 6.21 6.21 6.20
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NUMERICAL METHODS

In this chaptethe main aspects of the mathematical model of the CFD @pdekescribedand in particular
the commercial code GBdapco Star CCM+which isused to represent the phyai model occurring in the
typical hydrodynamics problemicusng on the resistance test simulatioinplaning hull.

After the outline of thggoverning equations of tHeow solver, aspects of the spatial and time discretization,
the rigid body motion dwer, the coupling with the flow simulatipmnd the dynaic meshare treated in

detail. All topics exposedare relevant for the consideration made in the following chapters.

1. Governing Equations

The governing equations for the fluid flow are twntinuity andNavieri Stokes(NS) equationsFlows in
the laminar regime are completely described by these set of equations and for simple cases the continuity and
NS equations can be solved analytically. More complex dlean be tackled numerically with CFD
technigues such as the Finite Volume Method (FVM) without additional approximations.
However many flows of engineering significance, and in particulahiiphydrodynamic field, are turbulent.
Fluid engineers need access to viable tools capable of repngstna effect of turbulenc&he analysis of
the physics of turbulence and its modeling in CiEbeyond the scopef the current workinformation
about this topic is available in many texts, e. g. in Versteeg and MalalafeRgiais important to note that
the turbulence causes the appearance in the flow of eddies with a wide range of length and time scales that
interact in a dynamically complex way. There are many numerical methods to capture the effects due to the
turbuence. The methods can be grouped into the following three categories:

9 Turbulence models for RANS equatidie$fect of turbulence on mean flow properties);

9 Large Eddy Simulation (LES)ntermediate form of turbulence calculations);

9 Direct Navier Stokes (DN) (compute the mean flow and all turbulent velocity fluctuations).
For the most engineering purposes it is unnecessary to resolve the details of the turbulent fluctuations. CFD
users are almost always satisfied with information about-évegaged propees of the flow (e.g. mean
velocities, mean pressure, mean stresses, etc.). Therefore, the vast majority of the turbulent flow computation
in theship hydrodynamic field has been andll continuein the next yearto be carried out with procedures

based o the RANS equations.
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In the RANS method the solver is applied to the following group of equations which expressagbe
continuityandthe NSwith a Reynolds tim@average approach. The RANS equations can be expressed, in the

typical hydrodynamic applitns,asan incompressible flow dsllows

G

B
5% @

(38)

— ——
~

=-® #VD FD§,

WhereV is the Reynolds averaged flow velocity vectBris the average pressure fiekdjs the dynamic
viscosity, Tre is the tensor of Reynolds stresses 8ads the vector bmomentum sources.
The component of g, is computed using the selected turbulence model, in agreement with the Boussinesq

hypothesis:

AT\
1= f%‘l;v' % % kr (39)
¢H =

Wheresg, is the turbulent viscosity is the turbulent kinetic energ¥here are dot of turbulence models that
can be used to close the hydrodynamic fenmbin the RANS methodin particular in the hydrodynamic
field, the widely usedturbulencemodels are those twequationmodels, such as thek S B3] and the
Realizable kU .

Finally, in order to discretize the physical model, the RANS solvieased orthe FVM.

2. Spatial discretization schemes

The convection and diffusion terms in equat@Bare discretized using different numerical schemes that
estimae the face values of the flow variables. Most often, diffusion termdisceetized by using a Central
Differencing(CD) scheme where the face values are calculated by interpolation between the closest cells. In
order to discretize the convection ternig flow direction has to be taken into account.

The easiestway is to let the face value between two cells be equal to the value of the first upstream cell
which is done in the first order upwindleme. In the second order upwind scheme, the face value i
calculated from the two closest upwind cells.

It is usually recommended to start a numerical solution process with lower order schemes, such as the first
order upwind scheme, since they are very stable. However, the low accuracy of these schemgdccan lea
high degree of unphysical diffusion in the solution, known as numerical diffusion.

The second order upwind scheme is often considered as a suitable discretization scheme since it exhibits a

good balance between numerical accuracy and stability.
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3. The Finite Volume Method (FVM)

The FVM is a numerical method of discretizing a continuBastial Differential Ejuation (PDE), into a set

of algebraic equations. The first step of the discretization is to divide the computational domain into a finite
number & volumes, forming what is called a mesh or a grid. Next, the PDE is integrated in each volume by
using the divergence theorem, yielding an algebraic equation for each cell. In theergbiss cellaveraged

values of the flow variables are stored incaled nodes. This implies that the spatial resolution of the
solution is limited by the cell size since the flow variables do not vary inside a cell. The FVM is
conservative, meaning that the flux leaving a cell through one of its boundaries is etpeaflta entering

the adjacent cell through the same boundary. This property makes it advantageous for problems in fluid
dynamics.

All the CFD models that use fully thremensional viscous formulations are typically of the FVM
formulation, which need th computational domain to be discretized into a finite number of three
dimensional volumes. The solution mesh may be created using either a structured or unstructured approach.
The structured approach requires a 1:1 mapping of grid points in the domsirudtired mesh thus greatly
simplifies mesh generation for complex geometries, and allows higher quality meshes to be created which
result in greater numerical accuracy and faster computation times. The pros and cons of the two different

mesh typesvere simmarizedn Table4.

Figure 13 Example of structured (green) and unstructured (blue) mesh

The structured mesh is the fastest and uses the least amount of memory for a given number of cells. Multi
pat or multiregion meshes with a conformal mesh interface are allowed. Theustrdigheshing model
employs in ® cases the hexahedral cell shape in order to build the core mesh-AddRido Star CCM+,

the Delaunay method is used to construct the mesichvtieratively inserts points into the domain, forming
high-quality hexahedral in the process. The resulting mesh strictly conforms to the triangulation of the
surface at the domain boundary, so the quality of the original surface mesh must be goadeta gasd

guality volume mesh.

The unstructured meshes provide a balanced solution for complex mesh generation problems. They are
relatively easy and efficient to build, requiring no more surface preparation than the equivalent hexahedral

mesh. They alsgontain approximately five times fewer cells than a hexahedral mesh for a given starting
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surface. Multiregion meshes with a conformal mesh interface are allowed. The unstructured meshing model
generally utilizes an arbitrary tetrahedral cell shape iera build the core mesh.
The CDAdapco Star CCM<todehas the distinction of use the polyhedrdl sbape for unstructured mesh.

Table4 Pros and cons of the structured and unstructured meshdgpeceCD-Ad apco Us B4 6s Gui

Structured Unstructured

Geometric Flexibility less greater
Adaptability of grid less greater
Suitability to the calculation of viscous flows  greater less

(cells with a high aspect ratio)

Deformable Grid less greater
Amount of Memory Required greater less
CPU Power Required greater less

4. Pressurevelocity coupling method

The RANS equationsontain one continuity equation antrde momentum equations, if ® Jystem is
considered. There are four unknown variables ies¢hequations, the pressure and the three velocity
components. The problem is that there is no equation for the pressure, so the continuity equation must be
used as an indirect equation for the pressure. This is achieved by using a prelesiise couplng, which

can be either segregated or coupled. The properties of these two groups of algorithms will be described
briefly; a more thorough explanation has been given by Versteeg and Malald468kera

The semiimplicit methodfor pressure linked equations (SIMPLE) is a segregated algorithm that solves each
equation separately. This model solves the flow equations (one for each component of velocity, and one for
pressure) in a segregated, or uncoupled, manner. The linkage betweeenomentum and continuity
equations is achieved with a predietmrrrector approach. First, a pressure is assumed and the velocities are
calculated from the momentum equations. If the continuity equation is not satisfied by these velocities, the
pressee is modified and the velocities are calculated again.

The complete formulation can be described with a SIMBlEe algorithm. Thismodel has its roots in
constantdensity flows. Although it can handle mildly compressible flows and low Rayleigh numtealna
convection flow, but it is not suitable for shecpturing, high Mach number, and high Raylemgimber

applications.
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5. Temporal discretization schemes

For transient problems, the transport equation must also be discretized in time. This is doagrainigt
the PDE overtia addiiom® the $patigl digcratization. In order to solve this integrated
equation, the cell values of the flow variables must be evaluated at a certain time.

Implicit time integration means that the flow variabkre evaluated at the future tinte,d Since these are

not known in the current time step, implicit time integration requires iteration. In comparison to explicit time
integration, where the flow variables are evaluated at the current time so tharteraavoided, implicit

time integration is more computationally expensive. On the other hand, implicit time integration is
unconditionally stable, meaning that it imlsle for all time step size3he implicit unsteady model is the

only unsteady modelvailable with the SIMPLE segregated flow algorithm. The unsteady model is required
in simulations with:

1 Time-varying boundary conditions;

1  Moving mesh problems;

1 Free surface problems;

M Transient heat transfer.

In the implicit unsteady approach, each tistep involves some number of inner iterations to converge the
solution for that given instant of time. The number of inner iterations in thestiepeis harder to quantify.
Generally, this number is determined by observing the effect that it has on r&soitBer time steps
generally mean that the solution is changing less from one time step to the next; fewer inner iterations are
then required.

The Courant Friedrichs Lewy (CFL) number is a helpful indication for selecting the time step size: for time
acarate simulations, the CFL number should be one on average in the zone of the interest. This value
implies that the fluid moves by about one cell per time step.

There is an optimal balance of tirsep size and number of inner iterations for a given pnolaled desired
transient accuracgFigure 14). If the convergence of iterations is slow, the tistep is too large and there

are significant temporal discretization errors. Generally is better to reduce the time step thanrto perfo

much iteration within a large time step.
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6. The Free Surface Models

As above mentioned, fathip hydrodynamic problems a peculiarity is the presence of watestndace. For

simulation of viscous fresurface flow, several different theoretical models exist. Since large differences in

the treatment of the water surface exist. A popular classification of water surface models is reported in
Wackers et al[55].

1

Fitting method, where the grid is deformed and feeface boundary conditions are applied to a
boundary of the grid. These methods are usually solved in an iterative process, where alternately the flow
field is computed and the grid is deformed to match the curnapiesof the wave surface.

Interface Capturing methods with reconstruction. For these methods the grid is not necessarily deformed;
the interface is defined as a surface that cuts through the grid. Initially, this surface was defined by
convecting marker grticles on the surface with the flow field. Later, variants of the volume of fluid
(VOF) method used the convected value of the water volume fraction in cells to determine the surface
location. The latest addition to these methods islékelset methodwhere the plane is defined by a
convected continuous function.

Interface Capturing methods without reconstruction. For these methods, like the original VOF method as
formulated by Hirt and Nicholfs6], a volume fraction eqtian determines the amount of each fluid in

the cells and local fluid properties are set as a mixture of the tweflpigtgoroperties according to this
volume fraction. No attempt is made to reconstruct the interface; instead it appears as a numerical

discontinuity in the volume fraction.

The comparison of the different frsairface simulation techniques available in the existing CFD cardes

reported in the report of Gothenburg 2010 worksf&pas shown irrigure 15. The VOF method is by far

most popular choice. Lewskt method is slightly popular and formed the second largest group

(5 codes17%). Only 3 othe 33 existing code$9%) usedthefree-surface fitting methods.

Gothenburg 2010 - Free Surface Models

Surface
None Fitting
9% 9%

Level-Set
17%

Figure 15 Gothenburg Workshop 2010free surface models in the widely used CFD cosi@stce
Bohm[57]
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a. VOF discretization schemes

As above mentioned, the VOF method is the widely usedsinigface schemend the CDAdapco Star

CCM+ uses this method. The VOF employs the concept of an equivalent fluid. This approach assumes that
the (two) fluid phases share the same velocity and pressure fields thereby allowing them to be solved with
the same set of governirgjuations describing momentum and mass transport as in a single phase flow. The

volume fraction of thei™ phase describes to which level the cell is filled with the respective fluid.

(40)

j\)
1]
<|<

The VOF approach is suitable, when the grid is fine enough to resolve the interface between two immiscible
fluids and it is a simle multiphase modelThe free surface is then defined as the isosurface at which the
volume fractions take the value of Ods shown irFigurel16. It is important to note, that this location is not

at the control volumeenterbut rather interpolated to the geometrical value.

Owarer= 0.5 (Free Surface)

Figure 16 Visualization of air and waterolume fractiols and relatedree-surface source: CBAdapco
User 6sb4ui de

To simulate wave dynamics, oh@s solved an equatioonrfthe filled fraction of each contrololume in
addition to the equations for conservation of mass and momentum. Assuming incompressible flow, the

transport equation of volume fractions is described bydlh@wving conservation agation.

&fﬁidv+ AV -y) nds & (1)

\%

The physical properties of the equivalent fluid within a control volume are then calculated as functions of the

physical properties of the phases and their volume fractions.
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Strict conservation of mass is crucial, but this is easily obtained within this method as long as it is guaranteed
that equatior?2 is fulfilled.

The critical issue for this kind of methods is the discretization of the convective terrrordewterms like

for instancefirst order upwind are known to smear the interface and introduce artificial mixing of the two
fluids. Therefore higher order schemes are preferred. The goal is to derive schemes which are able to keep
the interface sharp and produce a monofmodile over the interface. All of these schemes are based on the

Normalized Variable Diagram (NVD) and the ConventBoundedness Criterion (CBC)

b. Normalized Variable Diagram (NVD)

The NVD provides a framework for the development of convective schemeb whtéombination with the

CBC guarantees boundedness of the solution. In context of the NVD, boundedness allows to create
convection schemes which are both stable and acciatelementary schemes have certain advantages and
disadvantages. Pure upwirsthemes are stable but diffusive. The central differencing scheme is more
accurate but introduces propagating dispersion why may lead to unphysical oscillations in large regions of
the solution. Therefore, practical schemes are often designed as a blEngimgnd, downwind and central
differencing schemes to obtain the desired properties. The advafittgeNVD is its simplicityFor a 1 D

case the NVD takes the following form.

The Figure 17 shows three cells in the vicinityf @ cell facef, across which the velocity is known. The
nodal wvariabl e p adoue,sddrasenting tha downwindg central,ind upwind positions
relative to each other.

o % %

v
o o --; o
Py Pe Pp

Figure 17 Upwind, downwind, and cermtk cells that are used in the analysis
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The normalized variablar(t) in the vicinity of facef is defined as:

xrty=200- 8

(43
ap - @
And the normalized face value:
a
x =24 (44)
dap- @
With this definition any differencing schenmes i ng only nodal values may poi n
be written as
x = x( X (45)

To avoid that the sog¢huatsi otno obsec illo caatlegayn gbnddunnydse dc abl e, t
atactag (46)

If this criterion is satisfied for every point in the solution domain, then no unphysical oscillations will occur,
for example, the phase volume fraction cannot become negative, or larger than unity.
According to the CBC, a numerical approximatiorsaé bounded,fiare achieved the following conditions:

f  For 003 O1 thebounded region lies above the li®e= 3 and belows; = 1.

&4 Llyj
1 ; DD

0.5

CD/

! Forsz OO0 andse > 1,3 = 3¢.

0 05 1 &

Figure 18 The NVD with the linear schemes: Central Differencing (CD) anéasi Upwind Differencing
(LUD): the shaded area shawhe zone for which the CBCuvialid.
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Observing thd-igurel8, it has to be noted that, with exception of UD, none of these linear schemes (CD and
LUD) fulfil the boundedness tterion. So it can be concluded that the linear schemes either lack stability or
accuracy. The need for boundedness, stability and accuracy consequently led to the desire to combine the
advantages of the different linear schemes. This led to the develbphmemlinear schemes.

Lower order numerical schemes are bounded but will smear out the interface due to numerical diffusion
while higher order schemes are more accurate but less stable.

A combination of higher and lower order schemes is often usethliK&®IC and the Compressive schemes

used in CBAdapco STAR CCM+ and in most commercial and not CFD codes. More details about the

different Interface Capturing schenes® availablén Wackers et a[55].

c. HRIC scheme

The HighResolution Interface Capturing (HRIC) scheme is designed to mimic the convective transport of
immiscible fluid components, resulting in a scheme that is suited for tracking sharp interfaces, that is an
important quality of an immiscible phase mixture @xample, air and water).

The HRICschemebased on the Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM)
introduced by Ubbink58] and developed by Muzaferija and PgB®@], uses a combination of upwind and
downwind interpolation. Its aim is to combine the compressive properties afotilewind differencing
scheme with the stability of the@wind scheme. The blending of the schemes in each cell is a function of the
volume fractim distribution over the neighboring cells. The value of the flow variable is then corrected by
the local value of the CFL number.

The bounded downwind scheme is formulated as:

[ if x<O

. :?2)(0 if0¢ x ¢0.5
i if 0.5¢ x. ¢1

~

[ xc if1¢ x

(47)

Since the amount of one fluid convected tlylowa cell face shall be less or equal than amount available in
the donor cell, the calculated valueapis corrected with respect to the local CFL number. The correction
takes the form of equation below reported and effectively controls the blendingepetdRIC and UD
scheme with two limiting Courant numbers GFand CFL, which normally takes values of 0.5 and 1.0

respectively.
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Effectively, this correction implies that the HRIC scheme is used for a local CFL smalteth#haCFl.

limiter and UD scheme for CFL equal or greater than the GiRhiter. Between those values a hing of

both schemes is usedhis correction is applied to improve robustness and stability when large time
variation of the free surface shap@igsent and the time step is too big to resolve it.

The HRIC scheme is the currently most successful advection schemes and widely used in many CFD codes.
Nevertheless various authors, including Andrilion and Alessanfi@jiand Ferziger and Peri61], have

found that the local CFL dependency scheme can cause the spread of the free surface interface, and this
could be the main cause of the artificial mixing of air and water. This problem is ngmkmalvn as

Numerical Ventilation (NV).

7. The Numerical Ventilation problem

For the typicalship hydrodynamic problems the NV problem in the VOF method causes that all the forces
evaluated irthese cells are not correctdtbr example, as shown Kigure 19, if in a cell on the bottom of

the hull the VOF values is equal to 0.5 instead of the physic value of 1.0 (fully water) the viscosity in this
region will be just an half of the water viscosity plus an half of the air viscositysauridr the shear force
calculated in this cell will be just an half of the real one; the same happens for buoyancy and for all the other
calculated values. That could lead to important divergence problems on the hull bottom. Indeed the VOF
method fills themesh cells cut by the free surface, with a fraction of water (between 0% and 100%) and the
complement of air, so that, those cells have a hybrid fluid obtained by a relative mixture of the two fluids, air
and water, with material proprieties, density aistosity, that correspond to the weighted average of filling
ratio of each fluid in the cell. The transport equation, then, diffuses the mixture from partially filled cells to

the contiguous ones, bringing the flow mixture betbe entirehull bottom.

Violtirme Fraction of Air
.00 0 20000 40000 060000 0.580000 ﬂlﬂﬂ
<

KT

Figure 19 Example of omerical ventilatiorproblemon the bottom of the planing hull
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This problem can be reducelardugh a very high refinement of cells around the free surface in the spray
region in order to minimize a ngwhyscal inclusion of air under thieull; however the mesh improvements
not resolve it at aks indicated by Federif$2].

In this work different ways of solution of the NV problene investigatedsuch aghe artificial supprssion

of the abnormal mixing of air and water on the hull bottom, simil@rlwhat proposed by Viola et.463],

and themodify of HRIC schemeéhrough the removal of thiecal CFL dependency, as proposed in Bohm
[57].

8. The Rigid body motion

The 6 Degrees of Freedom-[BOF) models solve for the rigidody motion of an object exposed to fluid
forces. The @©OF body is created with a Dynamic Fluid Body Interaction (DFBI) motion. This approach is
suiteble for the hydrodynamic simulations that required capability to capture the changing of position of
position of the hull during the simulation.

The model DFBI is used to simulate the motion of a rigid body in response to pressure and shear forces that
thefluid exerts on the body. The code calculates the resultant force and moment acting on the body due to all
influences, and solves the governing equations of rigid body motion to find the new position of the rigid

body relative to the body local coordinatestem, as reportedinG®d apco UspB4):6s Gui de

m— = f
dt

dw . _
| —+w a1 w iF
dt

(49

Where:

1 mis the mass of the body.

1 fis the resultantfathe forces acting on the body.

1 visthe speed of theenterof mass.

1 listhe &nsa of the moments of inertia.

1 mis the angular velocity.

1 = is the moment of the resultant force acting on the body.

The force and the resulting moment acting on the body are obtained by the fluid pressure and shear forces
acting on each face of the bounearof the body. Thevorkflow of the rigid body motion technique is

shown inFigure20.
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Figure 20 Workflow of rigid lmdy motion

9. Dynamic meshing

To be able to handle motion, the meshdtite has to change dynamically with the moving object. There are
different methods for the dynamic movement of the mddte three that are most suitable for hull
simulations are thesimple moving grid, the diffusiorbased smoothing methmdorphing grid and the

Overset/Chimera grid. The concepts of the three methods are described in the following sections.

a. Moving grid

Within this method, the entire grid is moved according to the motions of the rigid body. The grid itself is not
altered but instead kepgid. This approach bears several advantages. Since only the flow variables have to
be corrected according to the body motion, the method is very robust and the camalédfort overhead

is small.On the other side, the method is only applicable femtiotion of one rigid body.

As regards the application of this technique to the simulation of resistance test of planing hull, there are two
mainand significandrawbacks.

The first one isthe care which has to be taken to smoothly resolve the freacslinterfacelFigure21 shows

a plane of a grid with the free water surface included. One can see that the grid pattern on the stern of the
hull follows the free surface contour, while increasing the trim angle grid pattermger ltollows the water

free surface.



The problem of the verification and validation processes of CFD simulation of planllag
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Figure 21 Resistance test simulation daping hull using moving grid with freeurfaceand mesh

visualization

The second drawback is connected with the first one. Indeed during the simwhtiesistance test, in
particular for planing hull, there i8) theinitial phasepscillations of therim andsinkageof the hull caused

the variation of height of the water plane at ithlet and outlet boundarigas reported by Viola et d63].

Such oscillatiowavemhtrotdoceé ha &ébmpet ati onal d o ma

oscillation of the trim sinkage and resistance f t he h ulwa v eTh icsaheficbaaEkfeace t

significantly.
-——é:)——— ;:___é:»-—- C”""é}———
1=0.0s 1=0.3s 1=1.2s
u_,-é’" E— ,\,&7
N
t=2.08 Fake-wave =208

Figure22Schemati ¢ drawing of the wvagedsduktate péaet mol

inlet boundarysource:Viola et al.[63]

I n order to minimiavea vtelde agdetimetme aridipattern ro fongér ffololwvsethe

water free surface, there are some tricks. For example:

i The upstream inlet face should sedose as possible to the boat and the hull
9 If the final sink and trim are known, these values should be usebfeasitial conditionsfor
positioning the hull

1 Use of the damping function on the wave surface near the boundaries.
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i The pitching inertia can be increased respect the experimental (and real) value to speed up the
convergence.
1 Extension of the height of ttgrid refinement for the water free surfategh increase of number of

cells)

However some of these tricks can be a source of error, increase unceralnte the reliability of the
simulation and increase the computational effdfor these reasos alternative solutions to the simple
moving grid techniquere checked

b. Overset/Chimera grid method

The overset/chimera grid method uses two regions of meshes, one for the moving part &rdtiome
stationary backgroundThe moving part, referred to asetloverset mesh, uses the mesh rotation and
translation method where the fluid mesh is replaced with a rigid body mesh. All cells maintain their shape
and the mesh motion is described by a displacement vector and rotation angles. In the case when having a
solid that interacts with the fluid, the position of the mesh is determined by solving the equations of the

motion aml rotation of the body.

Background Region

| Over_s;_ei;,_‘Reéion

Figure 23 The overset/chimera grid with the two regions: moving region (overset) anmhstigt region

(background)

It is important to observe that this approach is not a conventional wanpkohe performances of the hulls

in the still water condition. Only a few researchers have used this appeogclGarrica et al[64] and

Bertorello et al[5]. Usually this technique is used for numerical simulation of maneuvering tests, roll decay
tests and to estimate the shil[@p5)Begovieet gd[66h and Swidan wa v e
et al.[67].
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(@) (b)
Figure 24 Particular of overset region in two different test cases: (a) Roll damping assegs2jeamd (b)
resistance in still water for SWATH h{#i0]

To establish the connectivity between the background and the overset regionsstaptwoerset assembly
process takes plade the following way.The cells around the interface of the overset mesh are identified
and labelled as donor cells. Then the cells in the background closest to the donor cells are identified and set
as acceptor cells. These cells have to form a continuous layer of cells dheunderset mesh. The
background cells that are completely covered by the overset region are inactivated (the hole cutting process).
The donor and acceptor cells transfer information between the meshes. Each acceptor cell has one or more
donor cells.The ®t of donor cells depends on the interpolation option chosen and on the humber of active
cells in the donor region around the acceptor cell centroid.
As reported i n CO0O54AtHedntepolatidssshemegre: Gui d e
1. Distanceweighted, where the interpolation factors are inversely proportional to the distance from
acceptor to donor cell center, resulting in the closest cell giving the largest contribution. This
involves 3 donor cells (in 2D case) or 4 (in 3D case).
2. Lead squaresconsider mapping data from faces of the background mesh to faces mfettset
mesh using a least squares scheAssuming a &cein a cell of the background mesh (Face 0), as
the closestto a face (Fac@) of thetargetcell (in the overset ggon). The neighbors dface Oare
defined as any face that shares at least one verteXradt O These neighbors are included as part
of the interpolation stencilThe solveruses the secororder terms of a Taylor series expansion as a
Acost f ta approxinadentide error of the functiodistribution atassigned pointlt then
minimizes the cost function iequationfor thefunctionat the target poir.
The drawback of a neighbtwased least squares scheméat some of théacesof the backgrond
meshthat the target face imprints upon are not included in the stdfmik detailsof the neighbor
based least squares scheame&r e port ed i n CD fdlapco Userds Gui d:
3. Linear interpolation using shape functions spagrartriangle (in 2D case) or a tetrahedron (in 3D
case) defined by centroids of the donor cells. This option is more accurate, but also more expensive
in terms of calculation effort.

The interpolation function is built directly into the coefficient matixhe algebraic equation system.
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Figure 25 Connectivity between the background and the overset regions;e:
CD-Adapco Usp4ods Guide

In theFigure25, two acceptor cells are shown using dashed lines, one in the background mesh and one in the
overset mesh. The fluxes through the cell face between the last active cell and the acceptor cell are
approximated in the same way as between two active cells.

However, whenever the variable value at the acceptor cell centroid (marked by the open symbols in the

Figure25) is calculated by the weighted variable values at the donor cells using the following expression:

J acoopr = 8 | (50)

WhereU is the interpolation weighting factor(; is the valueof the dependent variableat donor cells\;

and subscript runs over all donor nodes of an interpolation element (denoted by the green triangles in the
figure). This way, th@ | gebr ai ¢ equation for the cell ACo i n
from the same mesiN{ to N;) and three cells from the overlapping meldhto Ng).

The advantage with the overset method is that only a certain part of the mesh ig withvait requirement

for altering the grid topology. A drawback is that the interpolation between the meshes can cause numerical

errorsand increase the computational effditie pros and cons of the overset mesh were reporieabie5.

c. Smoothing/Morphing mesh

The dynamic meshing can be incorporated using smoothing methods, also called mogstitechnique,

where the cells are moved with a deforming boundary while the number of cells and their connectivity
remain unchangedlhe norphing meshis suitable for complicated and arbitrary relative motion and for
relatively small boundary deformations, while larger deformations may require generation of new cells in
order to maintain a high quality mesh. One smoothing method isiffhsioh-based smoothing, where the

motion of the cells is modelled as a diffusive process.
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T
¥ LI

Figure 26 Examples of application of smoothing/morphing mesh in marine hydrodynappilisation: (left)
sail yacht, sourceBohm[45]; (right) planing hull simulation

Traditionally the morphingmeshcan be used to model scenarios where components deform and change
shape, e.g. in marine application fieldang et al.[68] and Biancolini and Viola[69]. However this
techniquewas never used in ship hydrodynamics for resistance test simulations.

The morphing mesban employed easily for the rigid bodytion case. During the process of morphing th

mesh vertices are redistributed in response to the movement of a set of control points. The morpher solver, as
reported in CBAd ap c o Us ¢4],bakes the codtrel points and their associated displacements and
generatesn interpolation field. The interpolation field is then used to displace the vertices of the mesh based
on Radial Basis Functions (RBF) method.

To generate the interpolation field, a system of equations is solved, using the control vertices and their
speified displacements: for every control vertéx its displacementd?® is approximated with the

combination

di‘:é-/i\/ruz €y
j=1

=k x|

(59)

Wherer; is the magnitude of the distance between two vertgesthe expansion coefficient, the position

of i -vertex,n is the number of control vertices; the basis constanandy a constant valueMore details
about the RBF method and the morphing mesh techraiquesported in de Boer et gl70] and Biancolini
[71]. At the moment widdnformation about computational effort for morphing grid are not available in
literatures as reported ifableb.
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Table5 Pros and cons of theverset and morphing mesdourceCD-Adapco UspB4]ds Gui de

Chimera/Overset Morphing

Grid Grid

Geometric Flexibility greater greater
Adaptability of grid less greater
Suitability to the calculation of viscous flows (cells

) _ ) greater greater
with a high aspect ratio)
Deformable Grid greater medium
Amount of Memory Required greater uncertain

CPU Power Required greater uncertain
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6

MODELING ANALYSIS

This section reports the preliminary arsy of Clmode| at the displacement condition of 10&g; to
determine the best configuration setup, in relation to accuwhtlye resultsand the computational effort
required, as well as to reduce thg.

The variables analyzadereCr, C, dynamic trim angle(] and dynamic wetted surfac8,(), and the details

of the numerical approaches used in this study for all performed simulations are reported

1. Introduction

The danningof simulations performedor the modeling analysis wasported infollowing figure (Figure
27). All simulations arecarried outusing 64 CPU athe high performance computingnter(SCoPE)of the
Universita degli Studi di Napoli "Federico lI"

Hull Velocity Mesh Moving VOF | ntgr‘é%rlzfig _ Turbulence
Models Tested Tested Tecniques Schemes Schemes Models

HRIC

Four
Froude
Numbers

Moving
Grid

Linear

Distance
Weighted

Morphing
Grid

Cl@106 )
w.824
61.031

ol.237
01.443

e Realizable
Avrtificial
Suppressio

k-U

Least
Square

Overset
Grid

Figure 27 Summary of the&ests for thenodelling analysis

2. Response variables

The response variables, whiale analyzed in the simulations, are resistance coefficients, dynamic wetted
surface §y), andtrim angle {J. The resistance coefficients are the followings:

1 Total resistance coefficienCf).

1 Frictional resistance coefficienCf).

Evaluated using the formwda
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C, =R /05r §sV (52)
C. =R /05r .V (53)

TheCr andCr are evaluated sing the static wetted surfacg).

3. Moving meshes technique analysis

As mentioned in the I&apter3 for an accurateevaluation of the planing hulls performanceaasistance test
simulationit is also necessary to evaluate thening attitudeof the hul.
As stated in Chapter 5, the DFBI approach allows coupling the rigid body motion toather Btokes
equations.The rigid body motion can be simulated by means of the different techniques presettied in
Chapter 5.The moving gridis the simplest angnost widely used. However, the previously exposed
drawbackssuggest thenoving gridmethod to the least gable for the simulations of resistance tetthe
planing hulls For thee reasos the alternative solutions to theimple moving grid are evaluatd. The
configurations testede:
1 Moving grid (MG).
1 Morphing Grid (MHG)
1 Overset Grid (OG)
Fortheoverset mesbase two different mesh topologiae compared
1 Trimmed((structured mesh) for the background regiofrimmed (structured mesh) for the overset
region(OG-TT);
9 Trimmed (structured mesh) for the background regiofPolyhedral(unstructured mesh) for the
overset region (OGP).
The main characteristicsf the different grids testedre reported irTable 6. All these techniquesre
compared in order to identify the best technique in termmedaictionof simulation modeling errq(tsy) and

in terms of computational effort

Table6 Grid base sizelimensiorand toal number of cells for the fowlifferent configurations of the grids

that are tested

Moving Grid  Morphing Grid Overset Grid Overset Grid
(MG) (MHG) (OGT TT) (OG1 TP)
Hull 0.047 Ly 0.047 Ly, 0.375Ly. 0.375Ly,.
Background N. A. N. A. 0.958Lw 0.958Lw,
Number of cells 1855777 1855777 2173806 759046

The results of this analysis and the calculation time required by the different gridsanebshow.
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4. Computational domain and boundary condition

a. Moving Grid

As reported in Gapter 5, in the moving grid case the rigid body motion of the hull should be modelled by
rigidly moving the grid with respect to the free surfags mentionedabove this technique presents
shortcomingsvhen is used fothe simulation ofresistance test of the planing hilowever this technique

was taking into account in particular for the simple .us&e boundary conditions used and the domain
dimensions are the same tbe morphing mesh caseeeFigure28 andFigure29.

In order to minimize th@roblems exposed in the previous chaptee hull at the starting point hasiaitial

trim angle of 2°aft and the dampingunction on the wavsurface at inlet, outlet and sidesundariesvas

used as indicated in De Luca et @§I2].

b. Morphing grid

Differently from what happens for the overset grid method, the morphing grid mdtiesinot reque
additiona settings The dimensions of the calculation domains and the boundary conditions are illustrated
respectively inFigure 28 and Figure 29. All the dimensions of the calculation domains areampliance

with the ITTC prescription§73].

In the simulation of the moving mesheshe morphing technique is combined with rigid motions, as
mentionedabove Since morphing strategies can lead to poor quality celis,imhportant to keep under
control the topological deformations that can take@loth orthe surface mesh and into the volume cells,

by means of specific mesh quality metrics.

In order to minimize the topological deformations of the grid domain, thleahthe starting point has an

initial trim angle of 2° degree afas for moving grid case)
750

101 ~5.0L

3.5L

Figure 28 Morphing and moving grid case. Front (left) and side (right) view of the dimensions of the domain

(L is waterline length athe ship)
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Velocity Inlet/

Figure 29 Boundary conditionfor themorphing and moving grid case

c. Overset/Chimera grid

As mentioned above, the overset mesh technique required two different regigrihe background and

overset regions. In shipydrodynamics applications, it is important to note that no defined recommendations

in terms of domain dimensions are available for the overset region. The dimeofibesoverset region

gatheredrom experience

Instead forthe background region usbaiti s i n compliance with t H@].

Figure30 shows the dimensions of all of the computational domains.

Background Reglon

3L

125L d_ 75L Overset Region

# . erset Region -—*[_-

8L
BL

r

| TTCC

Figure 30 Overset grid: Front (left) angdide (right) view of the dimensions of the domain (B: half beam of

the ship, L: waterline length of the ship, D: height of the ship)

Figure 31 shows a general view of the computation domain and the notatiorge afetected boundary

conditions. In order to reduce the computational effort, only half of the hull was modelled, so a symmetry
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plane is located in the center line of the domdihe Figure 32 shows the different mesh topologies
structured and unstructuragsed in the OG case.

Veloctty Inlet

Velocity Inlet

elocity Inlet

Figure 31 General view of OG Case of the two regions with the boundary conditions

Figure 32 The background and overset regions with polyhedral (uogired) mesh and trimmed
(structured) mesh respectively.
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5. A detail: the design of the grid refinement of airwater interface

In the preliminary stagdt is important to identify a suitable height for the grid refinement of thevaier
interface.An assessmendf the height of awwater interface ) wasmade using equation 5deliveredby
Savitsky and Morabit§75] for a differentuse:the evaluation of centerline profitd surface wave contours
associated with thiarebody wake otthe stepped hulls.

Nevertheless thegeation 54is suitable for an estimation of stern wake height at the centerline for a planing
hull, as shown ifrigure33 (H = Hy).

O:Oltn

H,=0.17(K +0.0%,¢%° )siréé (54)

By
|

Where K= 1.5 for b= 10°, and K= 2.0 for b= 20° and 30°, H; is the surface heighCy is the speed

coeffient (equal td-r.) andx is is the distance aft of transom.

N Predicted Savitsky-Morabito @y=0.0
Interface Air-Water Grid Refinement

Figure 33 Compaison of CFD free surface elevation and centerline free surface profile evaluated according
to Savitsky and Morabit{75]

As illustrated abovethe equation 54is usefulto define in a preliminary stagbe height of theefinement
zone for thdree-surface, inorder to avoid that during the simulation the grid refinement does not follow the
free surface. This allowsvaluatingadequately the wave height generated from the planing hull.

This analysisto be more effectivanust be performed fothe most critical speed, namely the one that
determines the greatest variation of tramcording to the speed igawof validity of the equation 5#dicated

by Savitsky and Morabit§75].
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6. Physics moeling, time-step and coordinate system

To solve the timanarching equationghe implicit solveris used to find the field of all hydrodynamic
unknown aantities. The implicit solversiused in conjunction with an iterative solver to solve each time
step.The velocity pressure coupling and overall solution procedure was based &IMRLE methodto
conjugate the pressure field and the velocity field. The discretized algebraic eqaggisnt/edby using a
pointwise GaussSeidel iterative algorithm, anthe Algebraic MultiGrid (AMG) method was used to
accelerate the convergence of the solutionséggesteghreviously, the free surface was modelled with the
VOF technique. A segregated flow solver was used for all of the simulations.

The calculations arperformed by the commercially CFD code @dapco STARCCM+.

TheDFBImodel was wused with the aim of simulating the
in the pitch and heave directioss mentioned in the previous Chaptére DFBI modehllowed the RANS

solver to evaluate the force and moments on the hull and to solve the governing equations of the rigid body
motion in order to relocate the rigid body.

The coordinate system for all simulatioissimposed in the same position of the refiee frame system of

the towing tank acquisition system; the coordinateseshownin Table2

The timestep used in the simulatioisa function of the speed of the hull, according to the following ITTC
equation74]:

Dt =0.0% o.oo% (55)

WhereV is the speed of the hull ahds a characteristic length value. In these simulatidasssumed to be

equal toLy. Furthermore the timstep is a function of the grid density in order to késp CFL number
constant.

Two different turbulence mode(Realizable KJand k¥ SST)are used to turbulence @ure of the RANS
equations. Thee models aréhe moswide usedturbulence modslfor ship hydrodynamics applications

The wall function was sl for the near wall treatment. ThRéwall y+ wall treatmenis used for all of the
simulations. It is a hybrid approach that attempts to emulate the high y+ wall treatment for coarse meshes
(for y+>30), and the lowy+ wall treatment for fine mesheso(fy+ a 1). It also formulated with the
desirable characteristic of producing reasonable answers for meshes of intermediate resolution (for y+ in the
buffer layer),[54]. This approach is considered to be a reasonable comprontigechethe describing the
boundary layer with acceptable quality and the time required for the calculation.

In the next section more det#éreprovided about the values of wglt on the hull that are reportedTiable

13 andshown inFigure44. All of the properties of the numerical solver are summarizécibie?.
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Table7 Summary of the numerical simulation setup

. i Iteration Overset
Pressure Convection  Temporal Time-step ] Turbulence )
) Pressure ) o per time- Interpolation
link Term Discretization (s) Model
step Scheme
Function Realizable k)
SIMPLE Standard 2" Order 1% Order of velocity 5 - Linear
and grid k- SST

7. Results ofmoving meshes technique analysis

The results of thenodelinganalysis and the calculation time required by tiitegknt grids arereported

below. As shown inFigure35, all computational resultoincidewell with the experimeral data. For all the

grids thatare tested, the percentage error betweerktfie and the CFD datis lower for the total resistance
coefficient than for the oth@esponse variableorCrand U t he trend of percent a
Fr, different trend was observed 16 andS,, that have a minimum forFr = 1.031 andL.237.

Figure 34 shows that the OGP mesh caskis the less onerous iertns of the computational time required.

The OGTP case appears to be the best solution since it allows obtaining sufficiently accurate results with the
lower calculation times due to the smaller number of cells.

Howeverthe morphinggrid technique presemtaccurate results, in particular in the evaluatio€pai n ¢ U

butthis technique wadiscardeddue tothevery high computational effoifFigure34).

450
400 -
350 +
300 +

410

CPU Time pel250 T
time-step (s) 200 A

150 A
100 A
50 A

0

Moving Grid Overset Grid - Overset Grid - Morphing Grid
TT TP

Figure 34 Calculation time required for the different moving mesh techniques
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Figure 35 Percentageomparisorerrors between CFD simulation and EFD for the different configurations
thatare tested

Table8 Results of simulations with different moving mesh solutions

Total Resistance Coefficient Frictional Resistance Coefficient
Fr MG OG-TT | OGTP | MGH Exp. Fr MG OGTT | OGTP | MGH Exp.
*10° *10° *10° *10% | *10° *10° *10° *10° *10° *10°

0.824 | 1256 | 12.45 12.41 | 12.58 | 13.30 0.824 | 3.38 3.50 3.40 3.37 | 3.00

1.031| 9.80 9.79 9.82 9.78 | 10.39 1.031 | 2.92 3.04 2.98 293 | 2.92

1.237| 7.71 7.80 7.80 7.81 | 8.30 1.237 | 2.83 3.06 2.90 292 | 2.85
1.443 | 6.89 6.96 6.99 7.04 | 7.60 1.443 | 3.11 3.35 3.21 3.23 | 2.77

Trim Wetted Surface
Fr MG | OGTT | OGTP | MGH | Exp. Fr MG | OGTT | OGTP | MGH | Exp.
(deg) | (deg) (deg) | (deg) | (deg) (m) (m) (m) m) | (md)

0.824 | 4.00 3.93 3.93 4.05 | 4.44 0.824 | 1.68 1.64 1.62 158 | 1.38

1.031| 4.98 4.89 4.89 4.93 5.46 1.031 | 1.48 1.40 1.38 137 | 1.31

1.237 | 4.58 451 4.52 454 | 494 1.237 | 1.35 1.32 1.24 129 | 1.19

1443 399 | 394 | 393 | 403 | 4.30 1443 | 125 | 131 119 | 1.26 | 1.02
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a. Interpolation schemes

As stated in the previous chaptar,orderto choosea propersetupto simulae the plamng hull particular
attention $ direct to the interpolation schemes (required with the overesh technige). The overset grid
approach must establish connectivity between the background and the overset regions, so an assembly
process must take platerough an interpolation schems reported ilCD-Ad apco Us {4],6he Gui d
interpolationscheme®ptions are:
1. Distanceweighted
2. Least squares
3. Linear.
Figure 36 shows the results of th@mulations performed with theifferent interpolation schemes for the
OG-TP grid configuration The Figure 36 shows that the best solution for the interpolation sahiss the
linear interpolation.
As matter of fact, the linear interpolatiosvery suitable for basically stationary phenomena, in which there
is little variation of the moving grid respect to the background mesh. According to CD Adapeor uide G
[54], the linear interpolation schemes are more accurate, but they are also the most expensive scheme in

terms of calculation &brt, as showrin Figure37.
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Figure 36 Percentageomparisorerrors between CFD simulation and EFD for the different overset

interpolation schemes thate aralyzed
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Figure 37 Calculation time required for the different interpolation schemes

Table9 Results of OGP simulations with different interpolation schemes

Total Resistance Coefficient Frictional Resistance Coefficient
) Least Distance Least Distance
Fr Linear , EXxp. Fr Linear _ Exp.
Square | Weighted Square | Weighted
*10° *10° *10° *10° *10° *10° *10° *10°
0.824 | 12.41 12.32 12.41 13.30 0.824 3.40 3.41 3.42 3.00
1.031 9.82 9.81 9.78 10.39 1.031 2.98 3.00 3.02 2.92
1.237 7.80 7.80 7.72 8.30 1.237 2.90 294 2.95 2.84
1.443 | 6.99 6.97 6.99 7.60 1.443 3.21 3.22 3.24 2.77
Wetted Surface Trim angle
Least Distance ) Least Distance
Fr | Linear . EXp. Fr | Linear . Exp.
Square | Weighted Square | Weighted
(m?) (m?) (m?) (m?) (deg) (deg) (deg) (deg)
0.824| 1.62 1.64 1.65 1.38 0.824 | 3.93 3.89 3.73 4.44
1.031 1.38 1.41 1.43 1.31 1.031| 4.89 4.64 4.60 5.46
1.237 1.23 1.30 1.34 1.19 1.237| 4.52 4.38 4.28 4.93
1.443 1.15 1.27 1.33 1.02 1.443| 3.94 3.74 3.72 4.29

b. VOF Schemes

As mentioned in the lapter 5regardingthe interface capturing methotls®e software CPAdapcoSTAR
CCM+ uses the weknown VOF approach with 8IRIC schemébasedon theCICSAM scheme.

The standard configuration of the HRIC scheme can be modified depending on the&Hkacalhis
modification blends the HRIC scheme and the $ébeme depending on local valueG¥L, and CFL..

As indicated by various authorar{drilion and Alessandrini60], andFerziger and Perig1]) the local CFL

dependency scheme colidd the main cause of th&/ problem



The NV problem is one of the sourcesthe modehg error, in particular for the planing hull simulation

The Figure 39 (c) shows the artificial mixing athe air into the water on the hull bottom, typical of the NV

MODELING ANALYSIS

problem. In order to reduce the NV problernotwaysare investigated:

1 The first strategy takes into account the physical aspect of the resistance test. The simulation of
resistance test, mimickinthe towing tank procedures, seeks a steady state solution, so the
robustness of the calculation is not a problem. For this reason is possible to modify the HRIC

standard schemes by removing the local CFL dependency schigmes39 (b). A detailed analysis

of

these aspects reported by Bohr{b7].

1 The second strategy is the artificial suppression of numerical diffua®in Viola et al[63]. An

analytcal field functionis defined to select only the cells that are affected by the NV problem on the

bottom of the hull and to remove a percentage of the air mass from the selectétdgre#39 (a).

The artificial suppressionfigure 39 (a), worked well with respect to the other schemes, anibtélly

avoided the NV problem. évever, it must be noted that this method could introduce errors in the

conservation properties afass and momentum.

The results of the three configurations of convection schemes showed tharéhappreciable differences
in the estimation ofC, Sy, andU For the first tworesponsevariables, the artificial suppression method

determined an overediction of as much as 295, but dynamic trimis underestimated by as much as%.5

Thisis mainly due to theotal elimination of the NV problem.

No significant differences in terms of calculation tiane detected among the three schemes.
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Figure 38 Percentageomparisorerrors between CFD simulation and EFD for the different overset

interpolation schemes thate analysedC1 model)
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Artificial suppression (a) Modified HRIC Scheme (b) Standard HRIC Scheme (c)
Fr 0.824

Fr1.031

Fr 1.237

Fr 1.443

Volume Fraction of Air
0.00000 0.20000 0.40000 0.60000 0.80000 1.0000

Figure 39 Representation of th¢OF on the bottom hull of the C1 model for the differe@F\schemes

examined for the OGP grid case: (a) HRIC scheme with artifitsuppression of air mass fraction, (b)
HRIC scheme without dependence on the local CFL number, (c) HRIC scheme with dependence on the local
CFL number

Table10 Results of OGP simulations with differenfOF schemes

Total Resisance Coefficient Frictional Resistance Coefficient
e Artificial- Standard | Modified Exp. Er Artificial- Standard Modified Exp.
suppression HRIC HRIC suppression HRIC HRIC

*10° *10° *10° *10° *10° *10° *10° *10°

0.824 12.41 12.35 12.38 13.30 0.824 3.40 3.37 3.40 3.00
1.031 9.82 9.78 9.79 10.39 1.031 2.98 2.87 2.89 2.92
1.237 7.80 7.64 7.66 8.30 1.237 2.90 2.79 2.81 2.85
1.443 6.99 6.81 6.85 7.60 1.443 3.21 3.11 3.13 2.77
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Trim Wetted Surface
Er Artificial. Standard | Modified Exp. E Artificial. Standard Modified Exp.
suppression | HRIC HRIC suppression HRIC HRIC

(deg) (deg) (deg) | (deg) (m?) () ) (m?)

0.824 3.93 3.93 3.93 4.44 0.824 1.62 1.60 1.62 1.3
1.031 4.89 4.83 4.82 5.46 1.031 1.38 1.34 1.35 1.31
1.237 452 4.50 4.48 4.94 1.237 1.24 1.21 1.21 1.19
1.443 3.93 3.89 3.87 4.30 1.443 1.15 1.13 1.14 1.02

c. Turbulence Model Analysis

In order to determine the suitable turbulence modeplaming hullsimulation the comparisoiis conducted
between thanost widely usedurbulence modelsthe Realizablek-0 and thek-¥ SST. This comparisois
performed for alfesponseariables analyzed for the C1 model.

The percentage errors between the results calculated with the two turbulence wasdefsorted inFigure
40.
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Figure 40 Percentageomparisorerrors between CFD simulation and EFD data for the two different

turbulence models

As shown inFigure 40, no appreciable differences were detectecdragnthe most usetlvo-equatiors
turbulence models iship hydrodynamics. This conclusion is consistent with the report of ITTC specialist
committee on CFD in marine hydrodynam[é$, the standard turbulence models has a liffect on the

prediction accuracy as far as in particular the resistance coefficients and wetted surface.
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8. Summary of modeling analysigesults

The results of modeling analysis show that the OG technique is the best solution for the planing craft
simulaton in terms of accuracy and computational effort, in particular the configuration with coupled
structured mesh (background region) and polyhedral mesh (overset region).
However he morphing grid techniqugrovides more accurate results then OG dage with a higher
computationakffort. For this reason thaumerical analysiss perforned using the OG configuratiofihe
OG-TP results shoed awell agreementvith the experimental data, with a percentage error between the
EFD and the CFD data low#nan8.0% for the total resistance coefficient and 11.6% fordyweamictrim
angle
The OG case impliedn interpolation scheme and the comparison of the different interpolation schemes
available shavedthat the linear interpolation is the best solution.
The NV problemis reduced/avoidedsingthe artificial suppression scheme of the artificial mixing of air and
water.
About the turbulence modelghe analysis performed confirmed that no appreciable diffesenesveen
Realizablek-0 and k-¥ SST are detected asindicated inITTC specialist committee on CFD in marine
hydrodynamicg6] .
In summary thesetupchoseris the following:

1 OG-TP case structured mesh@ckground regionand unstructurechesh(oversetregion).

Linearinterpohtion scheme.

)l
1 Artificial suppressiorscheme for avoid the NV problem
q Turbulence model: &alizable kU .
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NUMERICAL ANALYSIS

In this section are reported the main results of the verification and validation study for the three models of

SSNusing the simulation setup evaluated through the modeling analysis.

1. Introduction

The verification studys conductd in order to assess the simulation numerical uncertaihgy, which is
composed mainly of the iterative uncertairitl, the timestep uncertaintyl)rs; thegrid uncertaintylJg, and

the statistical errot)sr. TheUg andUgyis calculated for all of thenodels thatre tested, but)rs andU, are
evaluated only for the Chodeland these values are extended tootermodels.

The verification studys conducted for the response variabigs, Cr, Cr, Uand S, at four velocitiesj.e.,

Fr =0.824, 1.031, 1.237, 1.443. All simulatiosre performed using the OGP mesh casand the planning

of the simulations is reported Figure41.

The validation of the solutiois assessedytcomparingJy andE, as indicated in equatior33 and34.

The V&V studyis performedaccording to the methodology apdr o cedur es pr egsidelinesbed b
[21] and the recent improvements repotiteXing and Sterrj27] and Eca and Hoekstfa9].

All simulations areperformedusing 64 CPU at the high performance computing center (SCoPE) of the

Universita degli Studi di Napoli "Federico II".

Speeds Grid Iterative Time-Step Statistical Numerical
Hull Models Tgsted Indipendence Convergence Convergence Convergence Simulation
Analysis Analysis Analysis Analysis Uncertainty

: mean
3 time-step :
with running of

GClI
Method
uniform last seconds

iteration . of response Modified
numbers r?;'t?: r(gegt variables
time history

5 different
inner

C3@63.8 kg

C5@32.3 kg

LSRGCI

Figure 41 Summary of the tests for thamericalanalysis
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2. lterative convergence analysis

The inner iterations for each time step enable the iterative convergence at each time step, so, at the end of
last iteration, the simulation can advancehe text time step. Iterative convergerag®lysisis assessed

through graphical approacas reported in Stern et §8]. This analysiss performed only for the C1 model.

12.734

12.729 A

12.724

12.719 ~

§ lteration numbers
12 .709 T T T T
2 4 6 8 10 12

Figure 42 Example of grapical assessment of iterative convergeanalysisfor C;

Table11 shows the iterative uncertainty of the response variables. The results indicated that the cGange of
andCk is less than % as the number of iterations increagexin 3 to 9. However, the dynamic trim angle
and the wetted surface had a different trend in thatdireefar more sensitive to the variation of the number

of iterations, as reported Fable11.

Tablell Iterative convergence study fttre C1 model and one grid case at different Fr values

(The U values are a percentage of the solution with 9 inner iterations)

Cr Cg Trim Sy
Fr U, U, U, U,

(%) (%) (%) (%)
0.824 0.37 0.24 0.18 0.94
1.031 0.79 1.33 295 1.30
1.237 0.66 0.21 1.16 1.81
1.443 0.65 0.91 0.60 0.91

The U, valueshavethe same order of magnitude for Bl values, with the exception & = 1.031, which is
a critical motion condition (prplanning condition). This suggests that there may be a conditioning of the
flow regime in thelJ, values beyond the iterative schemes tha applied Moreover, as indicated in Xing et

al. [76], theU, is not mainly influenced by the resolution of the grid.
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3. Time-step convergence analysis

Referring tothe timestep convergence study, this analysis provided for the C1 model by decreasing
gradually the value of the time stbp thed Zatio, i.e. 0.0199s, 0.0146s, and 0.0106. TheUsis obtained
usingthefour methodsi.e., GCI, CF, modified GCJ20], and GCILSR [21].

The Cq, Cr, Sw, and trimangle converged monotonibalin every cases except for the trim angleFat

1.031, at which diverged in an oscillatory fashion.

All the results of this study are shown in AppendixrA-igure43the U;s values, as percentage of the finest

solution,are shown for theexaminedresponse variables.
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Figure 43 Timestep uncertainty for the different response variatda the C1 model

In all of the cases and for all of the response variables, the valuedakthercentagere less thar2.3 %.
The GCILSR method provideduncertainty estimation similar to the CF method ants an order of
magnitude greater than thosmvided by theGCl method.The modified GCI providegtaluesof uncertainty
intermediate between GCI and LERCI method.

Whenthe GCILSR methods usedU+s was estimated usingys = 2 whenprs > 2. This is the reason of the
higher values of timstep uwertainty for the LSRGCI than the other methods, in fact thgs isin the most
cases higher thiheoretical order of accuracgy=2) and as indicated in Chapte@ this is the cause of the
underestimatiorof the uncertaintyby the GCI, CF and modiféé GCI methods As said, the LSRGCI

methodis considered the most reliable method forlthgestimation.
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4. Grid independence analysis

The assessment of grid uncertainty, when the monotonic convergeneachedis performed using the
above mentioned faunethods The four grids, as shown ifable 12, are generated with, =a 2whichis

applied to both the overset and background regions.

Tablel12 Base size and total number of cells of the grids that were examined

Cells Base Size Base Size
Background Overset
Grid D 759046 0.958Ly,  0.375Ly.

Grid A 1073453 0.916Lw.  0.333Lw.
Grid C 1518092 0.875Lyw.  0.291Ly
Grid B 2146900 0.833Lw.  0.250Lw

The resolution of the mesh neaall is changed using the uniform refinement ratio. Hence different values
of wall y+ were obtained for the grids thae testedTable 13 gives the average values of wgl thatare
observed on thiull for the four velocities and the three models tested.

Figure 44 shows the wally+ range for the three models that weaested at maximum speed and tioe
coarsest anfinest grics used. These settings of the neal mesh resulted in the y+ values on the hull in

the range of 30 to 130. This is the recommended range on the wall function application for the high y+ wall

treatment moddb4].

Table13 Average values of wayi+ on the hull for the coarsest and finest grids

C1 C3 C5
Fr Grid D GridB GridD GridB GridD Grid B
Avg.y+ Avg.y+ Avg.y+ Avg.y+ Avg.y+ Avg.y+

0.824 251 25.0 45.9 40.8 25.7 25.0
1.031 28.0 26.3 54.0 48.9 32.9 30.4
1.236 32.8 30.1 62.0 55.3 35.1 35.3

1.442 36.8 34.2 70.0 62.7 40.1 38.3



Mesh D

Mesh B
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C5 Model

C3 Model C1 Model

‘\

< =
Wall Y+
52.972 78 648

1.61594 104.32 130.00

27 296
Figure 44 Ranges of wal+ values for the models &r = 1.442 at on grid caseD andB: (a) C5 model, (b)
C3 model, andc) C1 model

The results of the simulations in terms of comparison error related to the mesh densigpaited in
Appendk D and,observing the graphs in Appendix it should be notethat, in general for all response
variables, increasing the cells number reduces the comparison error.

Using the four grid¢D, A, C, and B) two different convergence studies are performed,the DA-C and
the A-C-B casesAll results of the grid indpendence analysis for the three models tested at four spreeds
shownextensivelyin the tables reported in Appendix &d inFigure45.

The tablesn Appendix Bshow theRg, the pg estimated by ITTC and LSR approaches, 2heCg values
and theUg delivered by the four different methods used to estimate the grid uncertainty.

TheFigure45 shows the values of the grid uncertainty for the different model$aaitide different response
variables. Thesarethe meanvaluesof the Ug estimatedor the DA-C and AC-B grid studiesby theGCl,

CF, and GCI modified methods. Using the |-S&1 method only one valugasobtained for the four gri
used.
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Figure 45 Grid uncertainty values for the different models tested, for the GCI, CF and modified GCI the

values reportedre a mean between the two studiesABC and AC-B

The results indicated that the monotonic convergéno®t achieved in a few cases. However, for all of the
models, the trends of the response variabtedar from the asymptotic range in most of the cdlsatare
studied, as indicated by the- Cs values (asymptotic range:-L H0). In particular theCg, Sy and
dynamic trimare globally not in line with the asymptotic condition and exhibited more scatter than the other
variables.

Moreover, in the majority fathe cases, the values @f were eithetess than 1 or greater thanAs shown by

Eca & Hoekstrg28], the estimated order of accuracy determinégggoverconservative estimation, when
pc<1. Whenps>2 (the value of theheoretical order of accuracy)re was not reliable because it
underestimatetls. For these reasons the GCI, CF and modified GCI methods tended, in general, to give an

unreliable evaluation of the grid uncertaifi@g for the timestep convergence anaiyps
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When the LSRGCI methodis used the problems reported aboae accounted foand itis possible to
observea trend of uncesiinty in relation to the grid, using the LSR approach.
The grid uncertainty values for the models, as estimated by the@@Rnethod, are reportemh the

Appendix B, andeloware shownonly the Ug for the total resistance coefficient
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Figure 46 Grid uncertaintesfor C; evaluated by LSIEECI method for the different hull models

5. Statistical convergenceanalysis

Concerning the statistical convergence study, the evaluiatioonducted using the oscillations of the mean
running data in the last seconds of the time history of the response variaplegpaedy Xing et al[76].
The statistical errors obtained for the finest griel less than 0.4% for all cases and all response variables
as shown irFigure48. In particularfor the dynamic trim angle the statistical en®itess than 0.2% for all

mesh cases tested.
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Figure 47 Example of time history of the dragthe C1 model at Fr 1.443
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6. Response variables alidation

The solution validation process assessed rtoglelling uncertainty, according to the procedure ilsat
described previously. This analysis requitedUsy and Up. All data are reported in Appendix Bhe
distribution ofE andUy, for the C1, C3 and C5 models versusare shown irFigure49.

The Uy is composed by the different sources of uncertainty, as reported in equations 7 and 34.i9he
evaluatedaccording to the informatiomeported inChapter4. The grid and timestep uncertainty are
evaluated following the LSIECI method.The Ug and Ust are calculated for all modeisstead ofthe U,
andU+s, whichare evaluated only for the C1 model and the resuétextended to C3 and C5 models.

The comparison error shown kigure49 is related to théinest triplet (AC-B); the percentage value of the
comparison error and uncertainty are referred to the solution of the finest grid simulation.

The graphdelow reportedhow that the validation process fof is achieved only for the C3 modelkt=
0.824 and 1.031 and for the C5 modeFat 1.031 and 1.443.

The Cr is validated for C1 dtr =1.031, 1.237, and 1.443, for C3Fat=0.824 and 1.031 and for C5 only
for Fr =1.443.

The Sy is validated for C1 and C3 in the whole rangeFofvalues anddr C5 atFr =0.824 and 1.443.
Concerning the dynamic trim the validation processichieved for C1 &r =1.237 and 1.443, for C3 at
Fr =0.824, and for C5 &r = 0.824, 1.031, and 1.237.

0.824 1.031 1.237 1.443 Fr 0.824 1.031 1.237 1.443 Fr
S 00UV C1 mmmm %5UV C3  mmmmm % UV C5
------ %E C1 - == OHE C3 - . OE C5

0.824 1.031 1.237 1.443 0.824 1.031 1.237 1.443 Fr

Figure 49 Validation uncerténty (bars) and comparison error (dashed lines) for th&fetent models that
were testedthe uncertainties were evaluated using the {GZR method
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7. Summary of numerical analysisresults

The above analysis shows thhe magnitude of validation uncertajrfor Cg, Sy and Uid higher than the

values forC;. Hence the level of confidence of the CFD results for these response variables is less respect to
the C; results.Moreover, it can be observed that in most of the cases, &iesimilar to but lower thab,

the modelig erroris hidden in the numerical and experimental noise. However, in the cases in which
|[E| >> Uy, Usy is significantandthe main challenge becomi® improvement ofimulation modeling

More considerationalsoappear when the average values of caispa erros are observedHgure50), i.e.,

thereis an increasing trend wheuB increasedlt is consistent with the expectations, as indicated in the

Chapterd.
40.0 : : : 40.0
% E ! !
3001 mCL mC3 mCs | 300 -
20.0 - 20.0 -
10.0 - o754 10.0 4------
0.0 - 0.0 - -
CT CF SW tau CT CF SW tau
(a) (b)

Figure 50 (a) Average comarison errorand(b) averag validation uncertaintjor the three models thate

tested

When thevalues of thedifferent sources of uncertaintigghownin Appendix B were compared it is
observed that, in all cases, the gsgdobviously the maisour@ of error in thesimulations as indicated in

Wilson et al[77]. TheFigure51 shows thatJg represents up to 89% of thiy of the response variables.
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Figure 51 The Wy percentagecompositions

(averagevalues respect to thtreehull models andhefour speeds

In addition he percentage values of the other sounfesrror (Urs, U;, andUsy) are quite constant and
representin general the 2% of the simulationresults However theweight of the other sources increases
when theUsgy is smal| such as fo€r, anddecreasemcreasing th&lsy value,i.e. for Ce, Jard Sy.

Finally it is important taobservethat the average comparison erroiGgffor all modelsis less than the error
values indicated by ITTC for unconventional and planing hulls, as mentiornled Chapter 1
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WAVE PROFILE V&V

1. Introduction

This chagpterreports the results of the V&V study conductetthe wave pattern profilesf the C1 model at
four values ofr.

Wave cutsare obtained as the intersection of the wave pattern with a cutting plane foodih. ©1, where
L =3.960Ly, (i.e, L=9.5 m) The cutting plands positioned at 0.469,, (i.e., 1.125 m) from the

symmetry plane, as shownhiigure52.

The verification studyis performed insimilarly fashionlike the grid convergence studfgllowing the

uncertainty estimatioprocedurs recommended in ITT@21] and Wilson et al[77] for the point-variables

verification

Figure 52 Visualization of wave cut length and position

2. Estimating uncertainties for point-variables

The evaluation ofRy, and py for pointvariables can be problematiwhen the solution changes(lf.-]k) go to
zera In this case theatio becomesll conditioned In order to avoidthis problem,the L2 norms ofthe

solution changeare used to defing andpy, i.e.
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(R)= o], (56)
le.
32 ||
_ In (‘ eksz 2/” gl 2)
P9y °7

WheredOandis used to denote a profilveragedialue ancE (£ , is equal to the following equation.

N

le, =& & (58)

k=1

Equation 5&enoteghe L2 norm of solution change over thé points examinedh the region of interegin
this case in & x/L < 1). Caution should be exeised when defining the convergence r&iofrom the
equation 56because #n oscillatory conditionR <0 andbRb < 1) camot be diagnosed since will
always be greater than zero.

Good practice is to examine the localues at soltion (e.g. maximums or minimumsin orderto
confirm the conergence contion based on an L2 norm definition

To verify the solutionthe GC| CF, and modified GCinethodscan beusedto estimate distributions df at
each point

It should & noted that, in this caséet GCILSR methodis notused becausi is not suitable for @int
analysis of the variabledue to theapplication of the LSRnethod at each variables pagiint particular when
the numbers of poirdrevery high.

An altemate approach suggested by Hoekstra ef7d] is to transform the spatial die to wave
number space and to perform a convergence study on the amplitude distribution of the Fourier modes.

In principle, this aproachcouldremove the problenof ill -conditioning of theR..

3. Wave cut V&V for C1 model

As indicated the wave profile is described by a point variable defined over a distribution of grid ddiets.
L2 norm of errorspoint distributions andincertaintiesare used to asss the verification levels and judge
whether validations achieved globally.

The profle-aver aged ¢ on R4legtinated order af ticcuoaéyigil)correction facto Cxl,)
global grid uncertaintyJs, and the comparison error with the experntal data are reported rable 14.
The GCI, CF, and modified GCI methoale used to estimate the distributiond .
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Table14 Profile-averaged values from wave profiles in the V&V study (all op#reentage values

referred tognax i-€. the maximum value for each wave profile)

Fr | Grid Study| 0 B | (il | QL-Coli | acC | “ade | 088 | o6Usy | %Us | %6Uy | %IE]
D-A-C 0.80 0.64 0.25 1.95 3.25 12.41 12.4 1.1 12.5 1.2
0.824 A-C-B 0.77 0.76 0.30 1.23 1.97 7.04 7.0 1.1 7.1 1.1
D-A-C 0.37 2.87 1.71 0.26 0.07 1.50 1.5 1.0 1.8 2.0
1.031 A-C-B 1.01 -0.03 -0.01 N.A N.A N.A N.A 1.0 N.A 1.9
D-A-C 0.42 2.48 1.36 1.00 0.19 3.68 3.7 3.0 4.7 4.2
1.237 A-C-B 0.88 0.38 0.14 8.45 | 15.32 65.80 65.8 3.0 65.9 3.8
D-A-C 0.72 0.93 0.38 5.51 8.23 26.38 26.4 3.2 26.6 51
1.443 A-C-B 1.19 -0.51 -0.16 N.A N.A N.A N.A 3.2 N.A 4.4

Table 14 reports only the grid uncertainty values because the other sources of error, such as iteration and
time step,are negligible with respect to the gri@ihe E is evaluated by comparing the EFD data with the
solution of the ihest grid in each grid studyrhe two grid studiesi.e., (D-A-C) and (AC-B), present a
monotonic convergence at all speeds #nattestedyith the exceptiorf the divergence in the case ofGx

B atFr =1.031 and 1.443.

In all of the cases in which convergenseachieved, validatiors reached at thdy level. In order to confirm
the trend identified by the average quantities, a point anafysisnducted in the crests/hollows of the wave
profiles. At Fr = 0.824, the point analysis showsconvergence condition for the/&-C case, whereas the
A-C-B case diverge monotonically. As for the averaged trend fdfr =1.031, punctual monotonic
convergence conditiois achieved only for the 48-C case. AtFr=1.237 and 1.443 the convergence
conditionsare reached for the 1-C and AC-B cases for the crests, but only theABC case show
monotonic convergence for the hollow.

Figure54 shows the wave profile obtainedth the four grid configuration at the differeht values and in
this figure thehull is located with the transom»dt. = 0 and the forward perpendicular at 0.283

The agreement with the experimental ressiljuite good, but the differences exist bothamplitude and
phase. In additionthese discrepancies increaseFr increass, as highlighted by the comparison of the
errors inTable14. One of the main causes of differences in terms of phase and amplitude of theattene

could be related to incorrect assessment by the CFD angle between the keel line and the stagnation line

Figure 53 Visualization of EFD (up) and CFD (down) stagnation liné-at 1.237
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Regarding the evaluation of the grid uncertainty, the modified GCI dlges @ Ug values thatare

significantly greater than the other methods for the V&V study of the wave profile.

A qualitative comparisoetweenthe wave patternaround the all detected irtowing tank tests and the

CFD simulatiors is shown inthe AppendixC.
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Figure 54 Comparison of the wave profiles for EFD and CFD datathe four different gridsit differentFr
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4. Wake refinementextension

A further analysis was performed increasing the extension oftukieng plane fromL =3.960Ly, to
L =7.920Ly, (i.e, L =19.0 m), as shown irFigure55. The comparisoms conducted between tk#-D and
CFD (Case B) wave profiles.

Figure 55 Visualization of extended wave cut length

Observing thecomparison of EFD and CF[Case B) wave profilefFigure57), it can be seen that all the

CFD data agrees well with the experimental data along the majority of the surface free surface analysed.
Hovewer sme differences are observedtatregion far from thehull. This effect is due to the extension of

the wake refinement mesh.

In order to improve the resolution on the far fidlte gridtopology ofcase Bis modified (Case B/1od.) by

an extended wakeefinementmesh as shown ifrigure56.

Figure 56 Effect of theextensiorwakerefinement mesban the capturing of the wave
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The extension of the wakefinementmeshdetermined a significant improvement in the capigrof the
wave. Hencern the grid Case #nod the far field wave profile is well simulatéat all Fr tested, as reported
in Figure57.

Interestinglythe extension of the mesh wakefinementdoes not have almognpact on the redis of the

response variables; despiteslaasignificant impact on the far field of the wave cut traces.
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FURTHER ANALYSIS

After the modeling and numerical analyssnductedon theC1, C3, and C%nodels using theverset grid

techniquefwo further analgesare conducted in order to evaluatfer aspects, in particular:

1 The evaluation ofthe grid uncertainty using mesh morphing technique, although the high
computational effort.

1 The role of thaleadriseangle(b) in the comparisoerror andgrid uncertainty

1. Morphing meshgrid independence analysis

As reportedin the Chapter ,7the morphig mesh techigjue is compared with the others dynamic mesh
methods and the results showed that the MHG technijines the best trendHowever choosingthe
optimumin terms of accuracy of the results and requi@dulationtime, the OG techniqguie selec¢ed.

Hence in order to evaluate the uncertainty provided by the M@k indipendence analyssdonducted at
Fr = 1.031 usingfive mesteswith uniform refinement ratiod2). The five grid cases usedrereported in
Table15.

Table15 C1 morphing case:dse size and total number of cells of filve grids thatare examined

Cells Base Size
Grid D 1855777 0.037Lw.
Grid A 2624465 0.033Ly,
Grid C 3711554 0.029Lw,
Grid B 5248930 0.025Ly,
GridE 7423108 0.02L Ly,

The grid independence analyssperformed using the GLISR method. The results of the grid asported
in Figureb58 and it can be observed that significant improveniestbtained for th&)g values ofCr and Sy,
Figure58 (a). Concerning theomparison errgrthe results show reductionof E for dl response variables
except for theCr, Figure58 (b).
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Figure 58 (a) Grid uncertainty and (b) comparison error for morphing mesh case at1.031

For the purpose of validation procees)y theUg grid is estimated and for the other sources of uncertainty
(U,andU+s) the datgrovidedfor the OGTP cases used

The results ofvalidation processare consistentwith the OGTP caseat Fr = 1.031 and the validationis
reachedor the C: ard U Thedifferenceis that thevalidationis achieved athe interval ofUg less than the
OG-TP casde.g, Cr: 2.5% instead of 24.6%0

8.0 ‘ ‘ ‘
Y . U grid U num. simulation

6.0 - ,"/(iJg,,,,;; ——————————— U validation =~ «eeeeee E

s 3 3 !

2.0 {% - |
20 I - - I ffffff
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Figure 59 Grid, simulation, and validationncertainty (bars) and comparison error (dashiee) for theC1
model atFr = 1.031

Another aspect observesl the improvement in the evaluation of the wave profilgarticular inthe region

near thehull, in terms of the estimatedave amplitude, as shown Figure60.
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Figure 60 Comparison of the wave profile Bt = 1.031of morphing and modifie®G cases

2. Monohedral hull (SSDIN)

The hull geometesused so faarecharacterizedor the reduction ofthe deadrise anglebf from the bow to
the gern (warped hull) As previously mentionethe b is one ofthe two main geometricgdarametersghat
influencing the pressure distribution on the hull bottdime other parameter is tredenderness ratio/B.

Both of theseparameterdncrease the divergeacof the streamlinesincreasingthe transversal pressure
gradient. The role ofL/B in the generation of error and uncertaingyevaluated in the previous chapter
(Chapter 7) by the three models of SSKe warped hull geometry isiore complex in partical as regards
the determination of the distribution of pressure on the botompared to the monohedral hutl fixed
along the bottom)More details on th@ressuredistribution on the warpetiulls are explained itmany
works, for example Morabitf79] andPennino et al80].

For the reasons above explkh is essentialto completethe V&V study analyzing a example of
monohedrahull. The MONO hull of theSystematicSeriesDIN [32] (Chapter 4wasexamined Figure61.

This choiceis significant alsdor the lowerdeadrise angle of the S3N model

e

Figure 61 Profile of MONO hull of S®IN



a. Grid independence analysis
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The simulations conducted on the MONO haré carried out using the sansetup ofthe SSN models

(OG TP mesh case). The grid independence anabrsiperformed usinfpur different nesh configurations

obtained bya uniform refinement ratio, as shownTiable16. The testsre conducted to four spee(Fr =
0.788, 1.066, 1.332, arid464)and the response variables examiaethe Cr, S, andU

Table16 MONO hult base size and total number of cells of finer grids thatare examined

Cells Base Size  Base Size
Background  Overset
Grid D 1004229 0.95Lw. 0.3 Lw
Grid A 1432240 0.9 Ly, 0.32Lw,

The results of the simulatiorare shown inFigure 62 and ae presentedn terms of percentagef the

comparisorerror ketween the EFD and CFD data for the four meshes and thedfeed tested
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Figure 62 Percentage comparison ermbetween EFD and CFD data for the-B8N MONO model at four

Fr and four gridstested
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Thecomparison errorsi consistent with the grid refinement results, except foFthe0.788 where th&rend

of trim error is not convergent with mesh refinememtd the numerical solution is reasbiy close to the
experimental datfor the finest grid (Case Bt is impottant to note thatas for the C1, C3, and C5 models,
the comparison error dZy is less than the error values indicated by ITTC focamventional and planing
hulls[6].

Hence the Ug is assessed usinthe LR-GCI method The ohers sources of uncertaintyere not
investigatedThe Uy is evaluated increasindpe Ug with a value of2% that is a reasonabkstimationof the
percentagenean value of the sum tfs andU,. TheUp wasevaluated according tthe ITTC prescription

in the similarway reported in Chapter Zhe validation, as shown igure63, is achieved for all cases.
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Figure 63 Validation uncertainty (bars) and comparison error (lines) for Sh@NO hull

b. MONO vsC5

The MONO hull is compared with the C5 modethich is the comparable hull of SSN in terms of the
slenderness ratiand in particularie E of the response variables of MONO hidicompared with th& of

C5. The Figure 64 suggestghat theE is very geometry dependent, in spite of the that isrelatively
constantexcept for theCr at Fr =0.788 Then it is clear that theomparison errois strictly related to the

L/B, as shown irFigure50, and to the dadrise angleRigure64). Furthermore is interestingly to observe the
difference between the warped and monohedral hull in terms of visualization of the streamlines on the hull
bottom as reported iMppendix E. It can be seenaththe MONOhull shows streamlines more divergent

respect to the warpdullls.
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CONCLUSIONS

A comprehensive/&V study is presenteth this work in order to evaluate the reliability ¢fJ)RANS
simulations applied téhe estimationof planing crafé performanceAs well known, the simlation of the
planing hull resistance test is affected thg largest errorgn the evaluationsperformanceratherthan the
displacement hulls. This is strictly related ttee errors inthe evaluation of dynamic trim, and &o the
difficulties identifying the pressure distribution on the hull bottom.

The workis corducted by simulating the resistance tfstour hull modelsthathave geometric differences
essentiallyrelatedto the variations of the_/B and theb. Thethreewarpedhulls of NSS (C1, C3, ahC5) are
characterized by increasing the valued. &, while one hullof the SSDIN is characterized by the constant
value of b (MONO). The different degrees of slenderness of M®&S warped hulls we obtained by
stretching a parent hull with the aim efisuring the homothety of the transversal sections and isolating the
influences of slenderness on tihgamicof the planing.

The V&V studyis performed usinghe mainmethods angbroceduresavailable in literaturdi.e.. GCI, CF,
Modified GCI, and LSRGCI) in orderto evaluate the errors and uncertainties. The response variables that
are calculatedhrough thesimulations e Cr, Cr, J andS,.

This study involves two stagd.e.the modeling analysis and the numerical analysis

The results ofmodeling investigationconfirm that the simlations of the planing craftsra critical with
respect to the displacement hulkwever, the smparison error o€r is reducedeaching values lower than
7.5% (instead of the 10®@ as declared inthe ITTC Specialist Committee on CFD in Marine
Hydrodynamics[6]). Also, geater simulation reliability si achieved by usgn the nonconventional
approaches, such as thwrphing andoverset mesh technigsieBoth of them ensure higjuality of the
simulation results and sholgh-adaptability to the wide variations of trim and heave of the planing crafts
The morphing mesbbiainsthe best resultéCr errors lower than 5.80), but the overset mesh is the best
compromise in terms of accuracy of the results and the computing resources rddeiregthe overset
meshreduces the number of cells, in particular when the unstructyriel is used With both of these
techniques it isable to avoid the problems related to the use of a single grid with rigid body motion.
Furthermore a solutiofor the artificial mixing of air and wateon the hull bottom (NV problemis
provided.

The numerical analysis recognized thatet grid, with respect the other sources of err@sthe main

contributor to thenumericalsimulation error {isy) and uncertaintyldsy), asconfirmedby Wilson et al [77].
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The other sourcesf @rror investigated, such as timstep, iteration, and statistical, agaite constant and
representin generalthe 2% of thesimulationresults.

It can be observed thaith the complexXlow, whichis typical of such hullsthe unstructured gridse more
appropriateespect to the structured dgi in spite of the high dispersion of data and gheaterdifficulty in
achieving monotonic convergencé\ s a consequence of t hese dr awb s
suggestions, the results of the study shbwat the LSRGCI method recently developed bfca and
Hoekstra,is the most reliable approach among those tested to evaluate the uncertintiesmore he
analysis of thecomparison errors for theur modelsshowsthe high-dependencyf E to the hull geometry

(L/B and b). In some cases the errors are significantly greater than the validation uncertainties. This
emphasizes the nedd improve furtherly simulation models because the current models generate more
errors than the numerical solution errors.

Regardinghe wa\e profile analysis the V&V mrcedures are applied to a peuariables data. The improved
reliability of the simulations is consistent with the good correlation between the numerical and experimental
wave pattern. The estimated errors are less than SNId¥eover is tested also the extension of the wake
refinement mesh and it is observed a significant improvement in the capturing of the wave, in particular in
the far field. It is interestingo note that the extension of the mesh weemement does notalve almost

impact on the results of the response variables.

Finally it should be clear that the accuracy of a CFD result cannot be taken for granted, and verification and
validation are missiowritical elements of the confidenteiilding process in the dF capabilities, in

particular in ship hydrodynamics field.
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APPENDIX A: Time -step convergence analysis results

C1 mode} Grid used: case D

Total Resistance Coefficient

Time-step ) %Urg %Urg %Urg %Urs
Fr ratio rrs prs | 1:Crs | CF mod GCI GCI LSR
0.824 az 067 | 1.14 | 051 0.12 0.20 0.53 0.36
1.031 az 044 | 2.36 | -0.26 0.01 0.01 0.02 0.06
1.237 az 047 | 2.14 | -0.10 0.04 0.03 0.07 0.25
1.443 az 021 | 4.44 | -2.67 0.02 0.11 0.36 1.06
Frictional Resistance Coefficient
Fr Time-step r 1-C %Urg %U+tg %Urg %Urg
ratio S Prs TS GClI CF mod GCI GCI LSR
0.824 a2 0.19 | 482 | -0.56 0.01 0.07 0.24 0.79
1.031 a2 023 | 423 | -2.35 0.05 0.23 0.82 2.23
1.237 ERp) 025 | 395 | -1.94 0.03 0.13 0.48 2.26
1.443 ) 0.34 | 3.06 | -0.89 0.14 0.30 1.12 0.80
Trim
Fr Time-step ; 1-C %Urg %Urs %Urg %Urg
ratio S Prs TS GClI CF mod GCI GCI LSR
0.824 a2 039 | 271 | -0.56 0.03 0.06 0.20 0.45
1.031 a2 -1.59 | N.A. N.A. N.A. N.A. N.A 2.26
1.237 a2 0.45 | 2.27 | -0.20 0.04 0.04 0.12 0.36
1.443 ) 0.16 | 527 | -4.23 0.02 0.12 0.36 1.45
Wetted Surface
Fr Time-step ; 1-C %Urg %Urg %Urg %Urg
ratio TS Prs S | Gl CF mod GCI GCI LSR
0.824 a2 0.19 | 4.81 | -3.30 0.01 0.09 0.30 1.01
1.031 a2 067 | 117 | 0.50 0.13 0.43 1.12 0.80
1.237 a2 0.72 | 092 | 0.62 0.08 0.43 1.37 0.51
1.443 a2 0.08 | 7.30 | -2.07 0.02 0.09 0.33 0.85

Urswas expressed as a percentage value of the simulation solution with the lesiepme
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APPENDIX B: Grid independence analysis and Validation results

C1 modeli grid refinement rati@ 2

Total Resistance Coefficient

D D %Ug %Ug %Ug %Ug
Fr Grids rs ¢ S | biCsh mod | GCI | %Ugy | %Up | %U, | %|E|
(RE) | (LSR) GCl CF GClI LSR
D-A-C 0.79 0.68 0.73 2.46 4.86 7.15 4.2 0.1 4.2 4.9
0.824 0.48 412
A-C-B 0.80 0.65 0.75 2.05 | 4.08 6.70 4.2 0.1 4.2 4.5
D-A-C -0.46 N.A. N.A. 091 | NA N.A. 1.2 0.1 1.2 4.8
1.031 -21.55 0.91
A-C-B 0.87 0.41 0.85 0.79 2.14 6.40 1.2 0.1 1.2 4.7
D-A-C 0.88 0.37 0.86 2.61 5.70 18.34 1.8 0.1 1.8 4.9
1.237 0.71 1.70
A-C-B 0.87 0.41 0.85 1.99 431 12.89 1.8 0.1 1.8 4.3
D-A-C 0.87 0.41 0.85 539 | 1162 | 3481 4.3 0.1 4.3 4.8
1.443 0.68 4.06
A-C-B 0.87 0.40 0.85 4.79 | 10.37 | 31.61 4.3 0.1 4.3 5.2

Frictional Resistance Coefficient

= Grid Pe P b b %UG %UG %Ug O/OUG 0, 0, 0, 0,
r rids re (RE) | (LSR) 1Ce el CF ggl |(_BSCFIQ % Usn %Up OoUy 0| E|
D-A-C | 0.79 | 0.66 0.74 427 | 850 | 13.70 8.9 0.6 8.9 15.7
0824 — B 065 | 125 | > 0.46 345 | 528 | 1502 o83 8.9 0.6 8.9 16.4
D-A-C | 0.30 | 3.49 1.36 0.19 | 057 | 6.50 24.7 0.4 24.7 37
1031 —acg [ 110 | NA | 008 N.A. NA | NA | NA | 3318 227 0.4 24.7 33
D-A-C | 061 | 1.41 0.37 136 | 1.89 | 5.77 5.2 0.3 5.2 4.0
1237 —acB [ 052 | 189 | %70 008 [ o088 | 081 | 717 | *® 52 [ 03 | 52 | 43
D-A-C | 0.72 | 0.96 0.60 359 | 6.34 | 243 24.1 0.3 241 | 194
1443 =2 cB [ 060 | 142 | 014 0.34 232 | 312 | 17.03| 4% [ 241 0.3 241 | 202
Wetted Surface
F i Pe Pe %Ue s [ o3 0 0 0 0
r Grids re (RE) | (LSR) b 1Csb ol CF ngg(lj LGSCFlz %Usy | %Up Uy 0%|E|
D-A-C | 311 | -3.28 1.68 N.A. | NA | NA 26.7 5.0 272 | 20.0
0824 — B 013 | 501 | *%8 5.75 004 | 0394 | 258 | %% 267 5.0 272 | 203
D-A-C | -0.41 | N.A. N.A. 0.85 | N.A. | NA. 528 5.0 53.1 6.4
1031 R em 077 | NA | 902 N.A. 035 | NA | NA | >280 533 5.0 53.1 7.0
D-A-C | -1.11 | N.A. N.A. NA. | NA | NA 16.5 5.0 17.2 3.9
1237 acB [ 212 | NA | P9 " NA [T NA | NA | NA | 1038 165 50 [ 172 | 99
D-A-C | 058 | 157 0.27 484 | 6.00 | 42.74 27.3 5.0 27.8 | 235
1443 =2 EB [ 055 | 1.70 | 920 0.20 240 | 269 | 2504 | 2'%8 273 5.0 27.8 | 25.4
Trim
F i Po Pe %o | %Us | ole | e 9 9 9 9
r Grids re (RE) | (LSR) b 1Csb ol CF ggcli LGSCRI %oUsy | %Up Uy %|E|
D-A-C | 0.76 | 0.78 0.69 236 | 4.49 | 3.64 4.8 2.3 5.3 10.4
0824 3B [ 083 | 053 | °¥ 0.80 300 | 623 | 1451 | 8 [ 2.3 5.3 9.9
D-A-C | 0.82 | 057 0.78 069 | 141 | 3.02 3.9 1.8 4.3 10.8
1031 A c8 [ 085 | 045 | 9% [ 0s3 011 | 161 | 447 | 11 3.9 1.8 4.3 10.9
D-A-C | 0.20 | 4.64 3.00 0.04 | 020 | 1.78 12.0 2.0 12.1 9.0
1237 =3 c8 [ 131 | 078 910 1.24 NA | NA | NA | 10l 120 2.0 12.1 9.1
D-A-C | 0.76 | 0.79 0.68 129 | 245 [ 1.90 10.6 2.3 10.8 7.7
1443 =2 cB [ 089 | 032 | 910 0.88 311 | 688 | 2380 93! 106 2.3 10.8 75
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C3 modeli grid refinement ratié 2

Total Resistance Coefficient

F i Pe Pe %Us | %o | Yo ol 9 9 0 0

r Grids rg (RE) (LSR) b 1Csb ael CF gg(lj LGSCR| YoUsn %oUp %Uy, %|E|
D-A-C | 0.81 0.62 0.76 2.53 5.11 9.43 3.8 0.3 3.8 4.0

0.824 AC-B | 0.85 0.47 0.56 0.82 291 6.16 16.57 3.45 3.8 0.3 3.8 3.6
D-A-C | 0.64 1.28 0.44 0.67 1.01 3.37 8.1 0.2 8.1 5.9

1.031 A-C-B | 0.65 1.24 0.12 0.46 0.45 0.70 2.03 290 8.1 0.2 8.1 5.7
D-A-C | 0.92 0.23 0.92 1.41 3.21 12.46 1.4 0.2 1.4 5.3

1.237 A-C-B | 0.92 0.25 025 0.91 1.19 2.67 10.13 1.22 1.4 0.2 1.4 5.2
D-A-C | 0.96 0.11 0.96 2.63 6.14 27.17 1.8 0.2 1.8 5.0

1.443 AC-B | 0.96 0.13 0.24 0.95 2.29 5.34 23.37 113 1.8 0.2 1.8 4.9

Frictional Resistance Coefficient

Fr Grids | r Po P |y | e | ¥l (:/rolgg fyég? %Usy | %Us | %Uy, | %|E
G (RE) (LSR) G GCl CF GCl LoR 0Usn oUp 0Uy 0| |

D-AC | 0.73 | 092 062 | 250 | 449 | 055 566 | 0.7 | 566 | 56

0824 —2CB [ 053 184 | %9 011 | 137 | 134 | 098 | %Y 566 | 07 | 566 | 61
D-AC | 011 | 6.42 727 | 006 | 0.76 | 015 100 | 05 | 101 | 80

1031 e (o071 009 | 96 059 [ 123 [ 214 | 146 | >° [100 | 05 | 101 | 83
D-AC | 0.16 | 521 409 | 434 | 985 | 2060 26 | 04 | 206 | 149

1237 3 cB o011 ] 629 | %10 686 [ 060 | 1.0 | 019 | > [ 26 | 04 | 27 | 147
D-AC | 0.73 | 0.89 064 | 187 | 339 | 012 178 | 04 | 178 | 246

1443 —cB 085 | 047 | %99 082 [ 096 | 203 | 547 | Y8 178 [ 04 | 178 | 252

Wetted Surface

Fr | Grids | r Po Pe | pacey | e | ¥ Z‘igﬁ O/C:)g(l5 %Usy | %Up | % %|E

¢ | (RE) | (LSR) G Gl CF el oUsy | %Up Uy b|E|

D-A-C | 088 | 0.35 087 | 2.96 | 649 | 2151 187 | 50 | 194 | 9.9

0824 =3 CcB [ 090 [ 031 | %9 080 | 297 | 658 | 2299 8% 187 [ 50 | 194 | 102

D-A-C | 060 | 1.47 033 | 283 | 377 | 271 318 | 50 | 322 | 100

1031 —a e s T 073 [000| % [ 063 | 370 | 660 | 012 | 2" 318 [ 50 | 322 | 112

D-AC | 073 | 0.90 063 | 192 | 348 | 003 255 | 50 | 260 | 18.1

1237 e [ 161 | NA | 2% [TNA [ NA | NA | NA | 2% 255 [ 50 | 260 | 170

D-A-C | 081 | 0.60 0.77 | 545 | 11.06 | 21.67 344 | 50 | 348 | 283

1443 =2 cB [ 075 [085| %% [T 066 | 273 | 5.06 | 201 | 4% [ 344 | 50 | 348 | 293
Trim

Fr Grids | r Pe Po | pace | e | M Z:ug oc/gg(l; %Usy | %Us | %Uy | %|E

G (RE) | (LSR) G Gl CE Ggl SR 0Usn oUp oUy o|E|

D-A-C | -047 | NA. NA | 087 | NA | NA 52 | 36 | 63 | 76

0824 —2cB 074 [087| %% 065 | 213 [ 392 [ 083 | > 52 [ 36 | 63 | 70

D-AC | 1.26 | -067 121 | NA | NA | NA 62 | 29 | 69 | 126

1031 A cB [ 031 [ 336 9?2 [ 120 | 014 | 038 | 004 | > [62 [ 290 | 69 | 128

D-A-C | 093 | 0.22 092 | 404 | 919 | 36.16 14 | 26 | 29 | 113

1.237 =3 EB [ o091 | 028] 90 090 | 288 | 644 | 2351 | 23 [1a | 26 | 29 | 115

D-A-C | 083 | 054 079 | 214 | 443 | 1011 37 | 28 | 46 | 125

1443 —xcE [ o054 | 1.77] 9% 015 [ 028 | 030 | 021 | 2%% [ 37 | 28 | 46 | 127
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C5 modeli grid refinement ratié 2

Total Resistance Coefficient

Fr | Grids | r Pc P | pacy | e | ¥l Or/%gg Oég? %Usy | %Up | %Uy | %E|
© | RB) | (SR) “loec | cF o | sr| | T
D-A-C | 0.86 | 0.42 0.84 | 262 | 562 | 16,51 165 | 05 | 165 | 7.3
0824 —xcB [ 086 | 044 | 23! 083 | 212 | 453 [ 1281| >°° 128 | 05 | 128 | 70
D-A-C | 068 | 1.13 052 | 211 | 345 | 6.26 84 | 04 | 84 | 89
1031 R cB [ 072 [0960| °1° 060 | 183 | 323 | 138 | &0 [ 84 | 04 | 84 | 84
D-A-C | 0.79 | 0.68 0.73 | 504 | 9.96 | 14.78 148 | 03 | 148 | 100
1237 —acB [ o078 | 072 | 9% [071 [ 363 | 705 | 855 | 2> [ 86 | 03 | 86 | 93
D-A-C | 0.18 | 5.02 369 | 024 | 158 | 12.71 100 | 03 | 10.0 | 59
1443 —RcB [ o064 | 127 | °%° [o0a5 | 128 | 195 | 614 | > [100 | 03 | 100 | 54

Frictional Resistance Coefficient

%Us | %Us | %Vs | %Us

Fr Grids | rg (QGE) (LFéGR) bicer | | . gg(li I(_BSCFIQ %Usy | %Up | %Uy | %|E|
D-A-C | 086 | 043 084 | 427 | 913 | 26.20 35 | 10 | 36 | 105

0824 — eB 095 [ 015 | »'° [ 005 | 1065 | 2465 | 1501 | >32 [ 35 | 1.0 | 36 | 111
D-AC | 075 | 083 067 | 470 | 876 | 437 82 | 07 | 82 | 142

1031 3 cB [ 029 | 356 | %% 142 [ 043 | 133 | 1498| "° [ 82 | 07 | 82 | 146
D-AC | -1.02 | NA. NA | NA | NA | NA 142 | 06 | 142 | 21.0

1237 =3 e [ 067 | NA | 9% T NA [ 690 | NA | NA | 2% 122 [ 06 | 142 | 229
D-AC | 017 | 5.02 370 | 036 | 2.40 | 10.07 301 | 05 | 301 | 227

1443 = cE [ 085 | 045 | 99 083 [ 549 | 1170 | 3252 | 0% 301 [ 05 | 301 | 241

Wetted Surface

%Us | %Us | %Us | %Us

Fr Grids | rg (QE) (L'gGR) biceh | | ggcli LGsCFle %Usy | %Up | %Uy | %|E|

D-AC | -3.00 | NA. NA. | NA | NA | NA 141 | 50 | 149 | 148

0824 =3B [ 020 | 464 | 2% [300 | 002 | 011 | 002 | *% [ 141 | 50 | 149 | 149

D-AC | 211 | NA. NA. | NA | NA | NA 60 | 50 | 78 | 171

1031 e B 008 | NA | 220 T NA [ 2325 NA | NA | 2% 60 | 50 | 78 | 166

D-AC | 3.10 | -3.26 168 | NA | NA | NA. 175 | 50 | 182 | 239

1237 3 cB [ 001 | NA | 9% T NA [ 226 | NA | NA | Y3175 [ 50 | 182 | 239

D-AC | 009 | 691 895 | 012 | 1.83 | 033 361 | 50 | 365 | 241

1443 =2 CB [ 060 | 1.46 | °%% 034 | 110 | 148 | 1.06 | 012361 | 50 | 365 | 248
Trim

F i Pe Pe %Uo %Us e #e 0 0 0 0

r Grids re (RE) | (LSR) b 1Csb el CF g(o:clzl IE;SCRI %Usy | %Up 06Uy %|E|

D-AC | 037 | NA. NA. | 256 | NA | NA. 156 | 63 | 154 | 48

0824 =3 cB [ 068 | NA | 28 [ NA | 096 | NA | NA | °° 156 [ 63 | 168 | 60

D-AC | 028 | 3.64 154 | 0.90 | 2.93 | 0.47 244 | 58 | 250 | 85

1031 macB [ 144 | NA | P10 T NA [ NA | NA | NA | 2*Y 224 [ 58 | 250 | 61

D-AC | 042 | 253 040 | 233 | 336 | 056 297 | 43 | 301 | 184

1237 —3cB [ 036 | 296 | 08 [ 079 [ 066 | 136 | 003 | 2> [ 207 [ 43 | 301 | 192

D-AC | -111 | NA. NA. | NA | NA | NA 55 | 38 | 66 | 185

1443 A B [ 051 | NA | 99 " NA [ 083 | NA | NA | 20 55 38 [ 66 | 192

Ug was expressed as a percentage value of the simulation solution for theyfidast the studyj.e., C
andB.
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APPENDIX C: C1 modeli wave pattern comparison

C1 side photograph®mpared to CFD simulation at four speeds tested.
Fr=0.824
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APPENDIX D: Grid independence analysis percentage error between CFD and EFD data
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APPENDIX E: Visualization of dreamlines and pressure on the hull bottom

C1 C3 C5 MONO
Fr=0.824 Fr=0.788

Pressure (Pa)

.2792_4

2233.9

1675.4

1117.0

558.48

0.00000

Fr=1.031 Fr=1.066
































































