Version submitted for publishing

Uncertaintyanalysi®of a CFD solver for predicting smtionsin head

waves
M.1.P. RodriguésS Wand-?, H. Islarh H.S. Abdelwahat Jialong Jiap C. Guedes Soares

1Centre for Marine Technology and Engineering (CENTEC), Instituto STéemioo, University of Lisbon,
Lisboa, Portugal

2 China Portugal Joint Research Center for Ship Structural Safety and Reliability, Wuxi, China

3School of Civil Engineering and Transportation, South China University of Technology, Guangzhou 510641,
China

*Corresponding author email: c.guedes.soares@centec.tecnico.ulisboa.pt.

Abstract:

This study quantifiesimulationuncertainties arising from discretition and modding uncertainties
in a CFD solver used to predict timetionsof a containership imead waves at two forward speeds.
Simulations were conducted in regular head waves with vasi@welengthsto predictthe heaveand
pitch motionsvismus and total surge force, anlde added resistance dhe S175containeshipusing
the OpenFOAMCFD solverNumerical uncertaintyassessmentiue to discresation is performed
using the factor of safetgnd correction factorapproaches with a constant CourgftriedrichgLevy
based approachMost numerical outcomes exhibit monotonic convergence witlv uncertainty
levels. Transfer functions are calculated usitigree mesh resolutions, and comparisons with
experimental data demonstrate satisfactory agreement systematicallyvalidate the numerical
predictiors, the experimental uncertainties are estated using asimplified procedure based on
available data in the literatureModelling uncertaintyis evaluated usinthe Frequencylndependent
Model Error, Coefficient of Determination, and Modified Total Differendee Mtal simulation
uncertainty combies contributions from discresation and modding uncertainties.The increased
ship velocity does not significantly affect overall uncertainfire correction factor approach
consistently exhibits higherumericaluncertainty estimateshan the safety factorapproach across
most analyses.

KeywordsComputational Fluid DynamicEncertainty Assessmen€FD ValidatignShip Motions
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1. Introduction

As modern commercial ships a A1 ST Ol LI Oksgéthe lhyl RtruckutelSvllil RikelyA y O NB
experience highly nonlinear ship motions and wave lg&ds), 2011)The cvelopment of new ship

types and the increaseinsi262 G A @+ G SR o6& (KS q Balegen tiemamd drividgO | £ S ¢
force for researches in past decadesoncerningthe accuracy of seakeeping computations of wave

induced ship motions and loads (Parunov et al., 2)22
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Over the last few decades, seakeeping anaiysithods havébeen developedhased on mathematical
models with different dgrees of complexityfrom the linear frequencygomain 2D strip method to

the nonlinear timedomain 3D panel method and computational fluid dynamics (CFD) simulations.
These analysis methods may roughly be divided into liaedrnonlinear methodsor the potential
flow-based methods and CFD tools usihg Reynolds Averaged Navier Stokes (RANS) equatons.
review of methods dealing with nonlinearitidsascovered in detail by Hirdaret al. 014).Froude,
Krylov nonlinear methods were considered the mospopular becausethey may capture many
important nonlinear effects with reasonable computational time. CFD tools wiassified asully
nonlinear methodghat include viscous effects and may address the breaking waves, slamming and
green water on deckdHowever, the high computational expenses and numerical uncertainties are
stillaconcern.

Numerous omparative studies on seakeeping methodave been performed The 15th ITTC
committee (1978) carried out a comparative study thie motions ofthe S175 conainership at
forward speed (Froude number 0.275) using the methods available (mainly strip theboyying
reasonable agreement for the ship motiokéimet al. (2008) comparedhe Rankine panel method

with a commercial code and modiglsts andobtainedgood results for a containership. Bunnik et al.
(2010) performed a comparative studynongll seakeepingools (potential flow-basedand CFD
solvers) for a containership and a femth forward speedlt wasshownthat there was no added
value by usin@ D tools in the ship motion calculations for thstudied casesSchellin et al. (1996)
assessed the uncertainties of a strip theory and 3D panel methods for linear responses of a
containership in regular waves, comparthgm with model test measurement3hey concluded that
there was no clear tendency indicating whether strip theories or the panel method produced more
accurate resultslt was also found that even computer codes based on the same theoretical
background (strip theory) mapgroduce different results. Guedes Soares (1999) and Husser and
Brizzolara (2020) also found the same conclusidiee studyby Husser and Brizzolara (2020)
concluded that all lineased potential flow methods show a large discrepancy with the experimental
loads anong four approaches to predict the motions and structural loads on a containership in waves.
In addition to differences in the theoretical formulation of the codes, this could also be the
consequence of numerical errors, the incompleteness of backgronedry, or the use® mistake
(Parunov et al., 2023.

One of the main advantages 6FD modellings its capability to simulate any scenario that includes
all the important aspects of the fluid flowhe unsteady RANS code CFD-&iifa V.4 was applied by
Castiglione et al.2009, 2011) for a high-speed catamaran advancing in head regular waves
Comparison with strip theory solutions showed that the RANS method predicted ship motions with
higher accuracy and alled the detection of nonlinear effects. Hu at. (201@&, 2010b applied the
CIRbased code RIAMCMEN to a posPanamax containership at Froude number 0.179 in head and
bow regular wavs, showing that results from RIAMCMEN generally compare better with
experiments tharwith the potential theory cods, particularly the case for hydrodynamic pressures
on the hullandheave and pitch motions.

Nevertheless, CFD tools also have limitations regarding the various simulation parameters and the
high requirements of computational resources. Although most §&zers use the same governing
equations, the order of spatial and temporal discsation methods varies. Further, differences are
also created from the use of mesh topology, turbulemekated assumptions and boundaries. These
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differences increase the soces of uncertainty associatedith CFD computations. Thmost
frequently discussed sources of uncertainty aremerical round-off error, discretsation error,
iterative error, and mathematical model uncertainfye(, uncertainty in turbulence modgng). Xiao

and Cinnella (2019) classified the uncertainties of RANS into four categories, amongst which the most
direct was theuncertainty of the parametersn the turbulence model. Duraisamy et al. (2019)
reviewed the recent developments in quantifying urtegmties in RANS models via physical
constraints. On the other hand, ttemulationnumerical uncertainties in CFD were discussed in detail

by Coleman et al. (1997) and Stern et al. (2001), along with the verification and validation study.

Discretgation error has generally been considerethe dominant source of numerical errors in
computational simulation (Roy, 2005; Eca and Hoekstra, 2009, 2 yelevant procedure@TTC,
2008, 201 7jvere applied in practical CFD applicationpr@dicting ship motins and wave loads.e.,
Zhang et al. (2008%atin et al. (2018)Wang et al. (202) and Huang et al. (20B2 In addition,
Messler et al. (2021) concluded thatludingfine geometric details in planninghull CFD model was
not beneficial to the overall accuracy of the simulations relativéhinecessary design accuracy.
Oberhagemann (2016) proposedsing constant Courant Friedrichs LewyCF) numbers for
uncertainty study, requing fewer simulations ad providingbetter convergence in most cases. The
CFtbased approach has also been adopted in other studiesnfand Guedes Soargz021; Wang et
al., 2021a Wang et al., 2020b showing that it facilitates more stable results while reducing the
requirednumber of simulations for uncertainty estimation.

Several methods for modelling uncertainties in transfer functions were reviewd&ahinnov et al.
(2020, 2022, 2022h. It was concludedy Parunov et al. (2029 that the most helpful model
uncertainty quantification method is the Frequency Independent Model Error (FIME) introdioged
Guedes Soard4991) It represerts a systematic error or the bias of the computed transfer functions.
The total difference (TD) measure was introduced by Kim and Kim (2016) to assess the deviation of an
individual numerical modefrom the mean of all modelsParunov et al. (2028 performed he
benchmarkstudy on motions and loads ahe 6750 TEUFlokstracontainership and computed the
model uncertaintiesFIME of an individual codmncerningthe average of all codeend FIME of the
method averagdor experimentswere both calculatedFollowing this approach, Abdelwahab et al.
(2022)proposed a modified tl difference to quantify the uncertainty of individual seakeeping codes
against available experimental resulihie method was applied by Abdelwahab et al. (20@ 3)ssess
uncertainties of the computed motions and sectional loads on a fast containgrstégular waves.

Although many investigations have been performed regardinghtivaericaldiscretsation errorsand
modeling uncertainty of CFD solvefor seakeeping analysis, thetal simulationuncertainty of the

two sources has rarely beeuantified. The totalsimulationuncertainty ofthe OpenFOAM solver for
seakeeping analysis of the conventional ITTC containership model S175 is estimated in the present
study. The numerical uncertainty analysis due to dissa@tin is quantified using th&actor of safety

("O) and correction factor(0 ) approaches with a constant CFL number. Results indicate that most
numerical results have monotonous convergence émal uncertainties The measures of model
uncertainty, FIME, CoD and the modified tadéference are computed for the transfer functions of
heave and pitch motions. The total numerical uncertainty is then estimated as the square root of the
sum ofthe discretsation error and model uncertainty squateThe findings indicate that the total
uncertainties and their contributing factors remain consistent across both Froude numbers,
suggesting that an increase in speed has minimal impact on overall uncertainty. However, additional
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assessments are recommendedv@aidate this conclusion furtheFurthermore, the correction factor
method consistently produces higheumericaluncertainty estimateshan the safety factor method

in mostanalysesThe systematic uncertainty study offers a valuable framework for verification and
validation (V&V) praates in ship hydrodynamics using CFD tools.

2. Uncertainty quantification

2.1 Numerical mcertainty due to discretation

ITTG2008,2017) guidelinesrecommend procedure®r uncertaintyanalysis in CFBmulations.The
simulation erroif  isdefined as the difference betweedhe actual valu€'Yand the simulated valué/

This may be further elaborated as the sum of modeliing and numerical erras] in CFD (

YUY 1 ), under the assumption that all error correlatie are zero. Numerical errors stem
from the numerical solution of mathematical equations, including discretisation, while modelling
errors arise from the assumptions and approximations made in the mathematical representation of
the physical problem.

Numerical errors aregenerallydecomposed into iterative errots, grid size errors , time step
errors] , and other parameterelated error§ |, {( 1T 1 1 ). Here, other parameter
errors are related to prexisting errors or errors ssociated with the prelefined inputs in the
modelling The errors related tdahe other parameters are mostlignored unlessomething specific is
mentioned. Inaddition, iterative uncertainties are negligible fasteadystate simulations. Thus,
discretsation uncertainties drid sizeand time errors) dominateThe uncertainty due to thgrid and
time stepisinvestigated by varying particular conditigmssuming that the other parameters remain
unaffected, according to the ITTC guidelines.

In this casethe simulation numerical uncertainty is provided as,

Y Y Y YY Y p
The corrected uncertaint)y s given by,

% YO Yy Y q
where the solution is corrected to produce a numeridggnchmark,and the estimated simulation
numerical errofis] = 17 1% 17 1°7.

Following the constant CFL numHzased approackOberhagemann, 25; Islam and Guedes Soares,
2021), the grid and time step uncertaintgire evaluated togetherensauring simulation stability. The
numerical error is calculated ‘as ) 1 r 1 ,andthe simulation numerical uncertainty
can be estimated as,

Y Y Yy Y o]
where Us tmeans the joint uncertainty due tihe grid and time step.

Although the details of the uncertainty quantification procedures can be found in(B008,2017)
guidelines, the fundamental equation will be recalled héfriee first step iruncertainty analysiss to
determine the convergenceof the solutions produced by the solveA @nvergence study for
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parametersis performed following a systematic refinement process to create multiple solutions (at
least 3) for the parameter under investigation, holding all other parameters constant.

For example, ifi is the grid refinement ratiof Yorj Yo Yorj Yor Yoy j Yor

Here, in}"’(bﬁ , Wis the unit cell size in the meskds the refinement ratipandd is the number of
solutions If"Y; h™Y; AT & represent three different solutions with fine, medium, and coarse input
parameters respectively then the changes between mediufime and coarsenedium input are
represented by; j Yy, Y and- Y5 Y. So, the convergeare ratio {Y) for the input
parameter is defined as,

Yo o-h - T
Basedon the sign and magnitude of , three convergence conditions agéven as

1. Monotonic convergence: 0¥ <1
2. Oscillatory convergencé’ <0 ]
3. DivergenceY >1

If the convergence is monotonic, Richardson extrapolation is used to estiviat®* AT K .In the
case ofoscillatory convergence, uncertainty is estimated by bounding the error within the average of

oscillating maximumsY) and minimums),”Y - Y Y . As for divergenceaseserrors and
uncertainties cannot be estimated.

Next, for monotonous convergence, the order of convergence rate or accundcigs stimatedand
Richardson extrapolation is useddstimatethe discretisation error{ * 7).

o —tr ®

17K i X

wherei is the grid refinement ratioThe"O method (actor of Safety approagtescribed by Celik et
al. (2008)used aslightly different approaclor predicting the apparent ordef , as

n —ae " -, AN 17
AR 1Tt o)

h
i pd QEh _ A

Celik et al. (2008)Iso proposed the calculation of extrapolated values or solutions:

my Y Y ‘
l p

and the estimation of errors and extrapolated errors:

Q i p o
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The Grid Convergence Inde&() was defined as a multiple of the Richardson normsdd
discretiation error { © ) by O (Factor of Safety)The value ofOis suggested to be 1.25 for
systematic parameter refinement study withlaast three inputs, or 3 for simple convergence studies
with two values of thenput parameter.

“06 "O 8 h “Oi(] z ; p C

1 h h
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The corrected uncertainty was not mentionbg Celik et al(2008) Thus, for predicting the corrected
uncertainty {Y ), the equation in the ITTC guidelines has been considered:

Y Oi p 17 g pT

As analternativeto Celik et al(2008) approach, Wilson and Stef2002)and Wilson et al(2004)
proposed a correction factod() based approach. Thie based extrapolated value is definad

°|Zﬁ 6125 0 h

OV

Here, instead of using a fixed valuhe correction factor ideterminedbased on an estimated order
of accuracy for the solvexrs

6 — P

where, 1 is an estimate for the limiting order of accuradyis usedto correlate the estimated
order of accuracy from the solutions and the limiting order of accuracy of the sWlren solutions
are far from theasymptoticrange,0 issufficiently less than or greater thandnd only the magnitude
of the error is estimated through the uncertaty Y. Finally, simulation uncertainty and corrected
uncertainty are estimated as

ny wpp O PP 1° Fhp 6s ™CU oy
¢p 6s p1° xh P 6s ™G

n 8@p &6 ™I fhp 6s MU -
» 6s1° yh P 6s ™ UL

In this paper, two methods based on Richardson extrapolation metfi@sndo ) are adopted to
guantify the numerical discregation errorsusing the constant CHased approach

2.2CFD Validation &cedure

Validation is defined as a process for assessing simulationliimgdencertainty by using benchmark
experimental dataand, when conditions permit, estimating the sign and magnitude of the ithade
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erroritself.¢ KS & A Y dzf I9iiepresgnts Shaldliferdcedbetween the simulation resiit 4nd
thetruevalue™ = KAES (GKS SNNRBN Ay (K Sapturésithe difieteie R G I
between the experimental datéd) and the same truth"f. Ideally, the truths for bothiswulation and
experiment should aligrihen, thecomparison errolOis given by the difference in theeasureddata

‘O andsimulation“Yvalues as shown in

00 Y1 1 (19)

where] is the experimental errorModelling errors] can be decomposed into modelling
assumptions andhe use of previous dataTo determine if validation has been achievéljs
compared to the validation uncertaintyy isgiven by:

YO Y (20)
Y
ot s 1)

Thevalidation comparison is shown in FigurdfX0s  "Y, the combination of althe errorsin‘Oand
"Yis smallerthan™ and validation is achieved at the level If"Y  $0s the sign and magnitude of
‘O 1 can beused to make modelling improvements.

The correctegsimulationvalue™Y is defined by

uY uY ,I z (22)

If the corrected approachs used, then thequationsequivalent to p wand ¢ Tare:

o oY 1 1 - (23)

YOy Y (24)

Figurel. Definition of comparison errd¢6tern et al., 2001)
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2.3 Modelinguncertainty

The frequencyindependent model error (FIME)troduced by Guedes Soares (1991) doaluatng
the systematic bias between experiments and predictions of wadeced responseis calculated as
B OO

° B0 29

where (s the applied numerical modéD is the calculated transfer function arid is the measured
transferfunction. The indeXzorresponds to the measurement frequency, specifically referring to the
'Qth frequency in the datasetA FIME greater than 1 indicates that the numerical model
underestimates measurements, and FIME less than 1 suggests that thenmarical model
overestimates experimental results.

The coefficient of determination (CoD), measured by the variadad e errors, which is used to
measure how well the regression prediction approximates the discrete data points, isagiven

' B &0 O
Y P (26)
B &0 'O

where"Ois the average measured transfer function across all frequencies in the measurelivéets.
R equals1, the regression predictions fully fit the datand all measurement points are on the
regression line. In practicen&greater than 0.9 is considered an excellent fit to the data poants,
then FIME is an appropriate uncertainty measure.

The modified total difference for transfer functions, propdsby Abdelwahab et al2022)is
determined as:

YO —Cp T 27)

3. Description of CFD simulation

This study investigates the conventional ITTC containership modelit&prédict added resistance
and related motion response using the opsource CFD tool, OpenFOAND. The S175 is a popular
containership model for the study of seakeeping probleweariousexperimental and computational
results are available for the S1¢€bntainership. A bare hull without appendages was studied in this
case. The hull particulars are shown in Tdblevhile the body lines and the hull geometry are shown
in Figurs 2 and 3 respectively.
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Tablel. Main properties othe S175 containership

Fullscale Model-scale
Scale 11 1:40
Length between perpendiculark)( 175m 4.375m
Breadth B) 25.4m 0.635m
Depth (D) 195m 0.488 m
Draft (T) 95m 0.238 m
5AaLX I OSYSYy(d opnvo 23,711t 370 kg
Longitudinal centre ofravity (LCG) from after 84.980 m 2.125m
perpendicular
Vertical centre of gravity (KG) from baseline 8.5m 0.213 m
Transverse radius of gyration 9.652 m 0.241m
Longitudinal radius of gyration 42.073 m 1.052 m

Figure2. Bodyplan for the S175 ITT@ontainership (ITTC, 1983).

Figure3. Hull geometry of the S175 ship model.



