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Added resistance in waves challenge. This study aims to investigate the added resistance of a container ship ir

diffraction re_:gular_ shorhead waves at moderate Froude numbers through unsteady RANS
simulations. A bodyfitted, fulkh e x ahedr al unstructured

short waves motion, whilethe volume of fluid (VoF) method determines the free surface. Regular

computational fluid dynamics head waves of relatively shapptO vWa Wel, er

considered in the simulations. The study first examines the stability of the generated
waves, followedy an analysis of the wave field around the hull with the ship present,
and an assessment of the numerical residual. Fast Fourier Transform (FFT) is appliec
to the nordimensional longitudinal force in regular head waves to calculate the mean
value of theadded resistancehis is to remove the noise in the force signadtdiled
analyses of flow characteristics, including fiaeface elevation and pressure
distribution, are performed. Pressure distribution contours visually identify hull
regions contribuhg significantly to the added resistance. Simulation results are
compared to available experimental data and results based on empirical methods
recommended by authorities. This study aims to establish a practical procedure for
obtainingreliableadded resistance coefficient in short waves.

1. Introduction

Added resistance in waves is a highly demanding research topic in marine hydrodynamics, driven
the imperative to enhance ship performance in seaways, which is now stringently regulated by the Internatic
Maritime Organization (IMO). It is acknowledgédiat added resistance is a derived quantity of seakeeping
studi es, focusing on ship motions that become
length. Consequently, efforts to improve the accuracy of added resistance calculationbebave
predominantly concentrated on the long wave region, where the peak of added resistance is obsen
However, we must recall that the mean added resistance in se#&waispredicted in combination with a
seaway spectrurg. Take a simplified case that a larger modern containership navigating in a seaway that
represeted by longcrested wave, i.e.:
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wheregai s wave amplitude, ¥ i 9 is shiprspeed] ia wavef perdpldsesn c y
significant wave heights is frequency spectruni.he full-developed seaway condition in open sea is often
expressed by the twparameter (significant wave heighis and the mean perio@;) modified Pierson
Moskowitz spectrumas follows

3y —Aob— (@)

Fig 1 illustrates thenodified PiersoaMoskowitz seaway spectrum witimean centroid waveeriodsT 1
of 4, 6, and 8 secs and a unit significant wave height, along with the normalized added resistance of the
in head waves. The graph clearly shows that changes in wave periods leads to different sections of the F
to contribute to the estimation of nmeadded resistance. Notably, the added resistance in relatively short
regular waves plays an important role in predicting the mean added resistance in seaways. This has |
discussed by Steen & Faltinsgij and recently highlighted by Liu and Papanikal$®] and Liu et al[3].
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Fig. 1 Added resistance of a shipft=0.2 in regular waves, together with three wave spét}ra

Generally, fAshort waveo r e fles0s.Itsach eoaditiens, acidgrt h
waves are primarily reflected, and ship motion remains minimal. As a result, the diffraction component arou
the shipds bow significantly contributes toyi nc
based seakeeping models and methods fall short for predicting the added resistance in thts feditren
[8] proposed a new formulation to address this issue. Research in this area is highly challenging due to var
constraints on both experimental and numerical studies, indicating a need for significant advancements in
field. Several dedicated experimahinvestigations into the prediction of added resistance in short waves have
been publishefke.g.,9-10], which have shown the challenges in experimental studies, particularly when the
wavelengthto-ship length ratio&L) is less than 0.3. Sogihara et [dl1] discussed in detail the challenges
related to the necessity for using larger models in conducting seakeeping tests in short waves. van Essen
[12] discussed the difficulty in generating stable sraaiplitudewaves with wave makers. Additionally, the
exposure time must be extended while ensuring avoiding tank wall interfdd8jcd-inally, the added
resistance due to wave effects is relatively small compared to drag, leading to significant measurement n
[14-15]. These factors contribute & high degree of uncertainty in short wave test results, even in head waves
Recently, ITTC has tasked the Seakeeping Committee with conducting an experimental study campaigr
advance fundamental research on added resistance in pf6jes

On the other hand, continuous efforts have been devoted to the development of theoretical models ¢
the years. HavelocK 7] derived a theoretical formula to calculate the steady force acting on a fixed vertica
circular cylinder in waves. Fujii and Takahaf3jiproposed a ser@mpirical formula for the added resistance
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due to diffraction by introducing two correcti
effects and the other for the diffraction coefficient of a thin pJa8}. Faltinsen et al[6] developed an
asymptotic formula for the added resistance on-gidiéd hull forms in short waves of arbitrary direction,
neglecting the influence of viscosity and sharp corners. This work can be viewed as a further developmen
Havel ockds sesinvaiving farwardespeedc Faujii, in discussion Witdtinsen et al[6], pointed

out that for full ships, the results based on this formula agree well with experimental data, but for fine ht
ships, there are considerable discrepancies compared to experimental datfl {vacused on the impact

of short sea waves on ship speed performance. He introduced the draft correction coefficient based on
Smith effect, which states that the interaction between hull and wave exists only between the free surface
the ship bottomMatulja et al. O] studiedadded r esi stance i n waves UuUSi
Sal vesenbs pot e n-wavaehgthfeinprieal approximation, vaidating the results against
experimentsOgiwara et al[21] confirmed the validity of this draft correction. More recently, Mourkogiannis
and Liu[22] proposed a physically more robust sesmipirical formula that considers the effects of forward
speed, partial reflection, finite water depth, and energy transmission below the hull.

Though these developments have contributed significantly to the creation of more simplified an
transparent methods for use in regulations and industry stafda2l4, the discussion on further improving
these models continues to be a focal point in ship hydrodynd@me29]. Given the complexity of the
hydrodynamic problem at hand, it is essential to integrate the strengths of various methods to gain dee
insights. The use of computational fluid dynamics (CFD) software to simulate the phenomewalin a
controlled virtual environment is particularly valuable for enhancing our understanding of the underlyin
physics. For instance, Bunnik et [@0] presented a comparative study on the prediction tools for seakeeping
where the uncertainty in predicting added resistance in short waves is highlightest. ab{4] used ISIS
CFD solver to predict the added resistance of KVLCC2 in head waves in short wallés 0f. 4. The |
of cells per wavelength andawe height weret xp> 70 andH/ g 11, respctively, and the time step was
Td ©pl40.Lee et al. [31] used STARCM+ to study the added resistance and motions of a KCS with a
rudder in head waves, showing good agreement between simulations and expefoaayashi et al.32]
performed a detailed parametric analysis on the added resistance and ship motions for head waves for the
and JBC hulls, resulting in a guideline for determining the added resistance and ship motion in head wa\
One of the extensively investigated scenarios in this stotgernsalL=0.4, as representatives for short
waves. In these studies, the time histories of added resistance are generally not published and the discu:
on uncertainty in data peptocessing has been rare.

In this study, numerical simulations of the added resistance acting on the KCS model in short regu
head wavalsO0.06.52)20are conducted uEsManng whidthesolv&RH2 s
Unsteady ReynoldéveragedNavierStokes (URANS) equations. The simulation results are validated
against experimental data available from the literature in public domain. The added resistance is systematic
investigated for dferent short wavelengths at two ship speeds, corresponding to Froude némbds
and Fn=0.26. The wave generation observed wave pattern around the ship, hydrodynamic pressl
di stribution, time history of the shipbs resist
In orderto remove numerical nois€&ast Fourier Transform (FFT) is applieddnalysethe selected nen
dimensional longitudinal force signals in regular head waves to derive the mean value of the added resista
As such, ve highlight uncertainties at every step of the simulation and analysis. Possible measures to red
these uncertainties have been implemented. This study aims to prswghsfor establishing guidelines for
obtainingreliableadded resistanamefficientin relatively short waves.

2. Ship geometry andtesing conditions

The KCScontainership desigased n the Tokyo CFD Workshop (2018 scaled down to 1:31.6 for
CFD calculations. The model does not include a rudder or propidlele 1 provides the specifications of the
scaled model, including theainparticulars and parametefide study involves the simulation of two separate
scenarios:
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1.

Resistance icalmwaterat two differentspeeds cor r espondi ndg ~t0a 1FBr aunde
andthe ship is free to trim and sinkd; denoteghe longitudinalforce exerting on the modeh

calm water.

Resistanceiwavesl n t hi s scenario,sithelil atheedsasl per heac
advancinipespbepds ivnetitadt emasi it bomn uima snienhi yteh |
a prtagdan an do, s idenktedige®ongitudinalforceexerting on the modéh waves.

Table 1 Main Particulars of the KCS Model

Particul ar s Uni t|Fufctal eMod-st al
Scal e - 1 1:31.6
Length bet ween p|lLpp m 230 7. 2786
Length of water|l|Lw m 232.5 7.3493
Maxi mum beam at BwL m 32. 2 1.0189
Design dr af't T m 10. 8 0.3418
Depth D m 19.0 0.6013
Di spl acement m? 52061. 71. 6454
Bl ock coefficien|o - 0.6505 (0. 6505
Mi dship section |Cum - 0.9849 (0.9849
Center of gravit|lce m 111. 6 3.4940
Center of gravit|Vce m 14. 3 0.4525
Radius of gyrati|Kyy zK m 57.5 1.8200
Momentum of inerflyyzzl m* 11497821. 1530
Ship velocity uF®0.15/m/ s |7.20/121.2810

Table 2 displays theimulationmatrix. Two ship speeds are involved, corresponding to Froude numbers
Fn=0.15 andFn=0.26, respectively. Four wavelengths are concerned, corresponding to wavebestyih
length ratiose- /pLof 0.22, 0.33, 0.40 and 0.50, respectively. The wave h&wglvavelength ratio is set as
H / =4/30, in line with ITTC recommendati¢83]. Finally, a case with- /pd=0.65,H / =&/60,Fn=0.26, where
experimental results is availab]84], is included for validation purposes. General study of the added
resistance in waves ef /pA>0.50 has been completed in an earlier s{3&y.

Table 2 Matrix for CFD simulations, modedcale

Cas En Wavel epdWave h Wave st|Encount e Mot i o
N o | englirh H( m) (H /9 Te( s)

1 0.1

> 0 4 Calm Water

3 0.22 0. 05 0.56 Constr
4 0.33 0.08 0.75 Constr
5 0.1 0. 40 0.09 0. 85 Constr
6 0.50 0. 12 1/ 30 0.99 Constr
7 0.22 0. 05 0.43 Constr
8 0. 2 0. 33 0. 08 0.58 Constr
9 0.40 0.09 0.67 Constr
10 0.50 0.12 0.79 Constr
11]0. 72 0.50 0.12 1/ 30 0.79 Free
12]0. 2 0. 65 0.07 1/ 60 0. 96 Free
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3. Numerical methodology

3.1 Numericalmodelling

The FINEE /Marine softwareused in this workhas he Equipe Modélisation Numérique (EMN) ISIS
CFD solverin its core The simulation solves the 3D unsteady RANS equations, employing treqgtyedion
Q¥ SST turbulence model. The software is capable of handling multiphase flows and dynamic grid
Temporal discretization is achieved using a fowntther implicit scheme, while velocity and pressure coupling
is resolved through the Sermplicit Method forPressurd.inked Equations (SIMPLE). The ship's motian i
modelled with an analytic weighting mesh deformation approach, and the free surface is captured usin
Volume of Fluid (VoF) approach.

3.2 Computational domain and boundary conditions

The computational domain dimensions are defined relative to the ship's size and wavelength, with t
reference length set &gt = max (rp, 8. TOMinimizecomputationakffort, only half of the hull geometry is
considered for the resistansienulation The domairspans4.0Lrer< X < (Lppt1.9 ref), 0.0<y < 2.Qrer, and-
4.0Lref < z < 2.0Lrer. Fig 2 illustrates half of the computational domain along with the applied boundary
conditions for the simulation.

A symmetry boundary condition imposedalong the centerline plan&€he top and bottom surfaces are
assigned updated hydrostatic pressure conditions, while tfieltars defined at the outlet boundaryor
calm water simulations, a féield condition is applied at the inlet, whereas wave simulations utilize a wave
generator at the inlet. No damping zone is used in calm water simulations; however, for regular head wi:
cases, a damping zone is implemdrdethe outlet to prevent wave reflections.

Fig. 2 Computational domain and boundary conditions applied in the seakeeping simulations.

3.3 Mesh generation

The mesh is generated using FEIAViarine HEXPRESS through a fisstep procedure: initial mesh
creation, geometry adaptation, snapping tagg@metry, optimization, and the finally of viscous laykcxal
refinement is applied to accurately capture the free surface and the complex flow around the hull, while 1
mesh becomes progressively coarser toward the top and bottom of the domain. A boundary layer mesh,
known as the viscous layer mesh, ppléed on the hull surface to accurately predict wall shear stress within
the wall function framework. Twenty prism layers are incorporated around the hull, with the initial layer heigt
set 106.342x10% m corresponding to a targ¥t valueof approximately 30 for modeicale simulationsAn
inflation method ensures a smooth transition between the viscous inner mesh and the coarser outer Eule
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mesh. The ship's speed is used as a reference when defining the viscoud-igy&mgresents ther+
distribution on the hull surfagehowing that most of the hull falls within the desired range eé8@0ensuring
good boundary layer resolution. The variationyeffrom bow to stern indicates that local flow conditions
influenceY+. Overall, theY+ values are within an acceptable range, ensursegisfactory capture of near
wall phenomena for the modstale simulation.

[ NEREEEEEE

23568 911121415171820212324262729303233353638

Fig. 3 Side view of ther+ value distribution on the surface btship advancing in calm water

(d)

Fig. 4 Grid generation for the seakeeping simulations

Fig 4(a) shows the mesh distribution in the computational domain. As shown in Fig 4(b), the free surfa
refinement is achieveaking two distinct refinement boxes. The first refinement baxspans from the inlet
boundary to a distance of 1L.& behind the ship, while the second refinement box expaohsl. @t behind
the ship to the outleWithin box A, the numbeof cells per wavelength in thedirection isa-/ Q. In the
y-di rection, y)t hpee rc enalv esliezrefhe(tigcretgation é thediractiodis dgfined as
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H/ g=220, whereH represents the wavesight. The second refinement box, known as A2, is a damping zone
designed to reduce the reflection interference and to limit the size of the computational domain and to red
the overall CPU cost. lthex-d i r ect i on, X)t hpee rc eMalv ed ieznegg txhghilesntheye t  t
direction, ythperceiwhvel egt(hpy.iTee discetizatidn on thie-direction,t i n
however, remains consistent with the parameters used in the first refinbox (A) ,  wzi=/20. The
discretization scheme fully satisfies thcommendations of ITTC [35]; it also exceeds the requirements
recommended bguo et al., [14] an&obayashi et al. [32], where satisfactory results were obtained for short
waves This ensures the mesh resolution is fine enough to accurately capture the free surface dynamics
the interaction between the ship and the water. The resultant computation grid ranges from 7 million to ¢
million, depending on the wavelength.

According to the ITTC procedure [35], simulations employing one oraguation turbulence models
should utilize at least 100 tinet e ps per wave period or ensure t h:
t he shi p)s dievnigdtend (by Ushpeor 0D L) drsadditien| irotleeiwork oo eat
al., [14] the time step wak/qi=140 andin the work ofKobayashi et al. [32fhe time step wa$s/qi=48.
Considering all the evidence) the current simulati@particularly for short wavelengths, (1-160) time
steps per encounter period are employed.

3.4 Added Resistanc€oefficientin Waves

We are interested in the added resistance due to wavesvhich can beomputed by subtracting the
total force in calm watéo;  from the total force in waveég), as follows:

Y Gy O ©)
After obtaining the time history of , FFT is applied to transform a tirtlmain signal into its
frequency components. The mathematical model of FFT can be described as follows:

®Q B Y j"®ROT Q (4)

where:

1 A=H/2 is incident wave amplitude afids water density in kg/fn

T Nis the number of sampling points in the FFT analysis.

1 Kkisthe index of the frequency component, ranging fromNdiowh er e 6006 r epr esen
frequency.

1 X(K) is the output in the frequency domain, representing the magnitude of the frequency compone
indexed byk.

1 The zerefrequency component corresponds to added resistance coefficient, & 11 .

In this study, the Fast Fourier Transform (FFT) is used in MATLAB
(https://www.mathworks.com/help/matlab/ref/fft.h)nan to analyze the frequency components of the data.
The FFT effectively converts data from the time domain to the frequency domain, helping signal processi
and analysis. The builh FFT functions in MATLAB minimize the computational cost, allowing foe
handling of large datasets with high precision. This technique allows for the identification of dominar
frequencies, and spectrum analysis, which improves the understanding of simulation findings.

4. Numerical results and discussions

4.1 Wavegeneration

In the present study, the Secemrdier Stokes waves are implemented to represent the incoming regula
wave[37]. This section examines the quality of the generated waves for various wawdtesigih length
ratios and wave steepness conditidrig} 5 illustrates the top view of the computation domain with the
locations of four probes distributed on the free surface, marked by the red circular points, nameliy;P
and R, respectively. Specifically,1Rs in front of the ship, whilefand Bindicatet he s hi pds mi


https://www.mathworks.com/help/matlab/ref/fft.html

Halder P. and Liu S. Brodogradnja Volume 76 Number 2 (2025) 762

positions, respectively.sfs a point located behind the stern. In the simulatitre profile of reqular waves
propagating in the negatiweaxis is tracked.

4

3

2
- 10m

1 36 | -36 4n
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15 10 5 0 -5 -10
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Fig. 5 Locatiors of4 prokes

Figs 6-9 presents theimulatedfree surface profiless monitored by each of thprobesfor different
wavelengths. Fig. 6 shows that stablewave profileobserved at #for the case o#lLpp= 0.50 is in between
t/T=20-35.Fig. 7 shows that th&tablewave profileobserved at #or the case odlLrp= 0.40 is approximately
after t/T=23. Fig. 8 shows that thatable wave profile observed at $for the case oflLpp= 0.33 is
approximately aftet' T=27.Fig. 9 shows that thetablewave profileobserved at Hfor the case o#{Lpp= 0.22
is approximately aftet' T=35.

4.2 Monitored Wave Profile

Fig 10 illustrates the location of the wave probe (P) on the free surface(a0,(y=0.1509pp.
Figs. 10(c) displays the monitored simulated free surface profiles for various short wavelengths, with
constant wave steepnesstbf =&/30 and at two different Froude numbdfe<£0.15 and 0.26). For the cases
of alLpp= 0.50 and 0.40, the observiede surfaceslevationsappear to be very stable at both speeds after the
ship met the fully developed wave.

Fora /pd= 0.33 atFn=0.15, the observefilee surfaceelevation is stable aftéfTe=18 and its amplitude
startto increasaftert/Te =40.For a /pd= 0.33 atFn=0.26, the observeflee surfaceslevation isstableafter
t/Te=20 despite of some noise.

At o /pe= 0.22 andFn=0.15, astable free surface profile is observed duringathershort period for
t/Te = 27~33after which it becamanstableRecalling the observation Fig 9, it seems that there is no stable
time window for this case, subsequently, the numerical analysis of this case will be very chalkemofingr
case requiring special attention referstépe= 0.22 atFn=0.26 where the observéiebe suface elevation is
stablefor t/Te = 32 ~ 50 When combined with the observation in Fig 8, the time window that can be used fol
further analysis is limited td/Te = 40-50. These observations arery important for determining the
appropriate time window of the obtained hydrodyraforces for further analysis.
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4.3 Validation of the simulation adhip advancing in waves

The detailed verification and validation of the simulation setup and methodology for both calm wate
resistance and seakeeping cases have been comprehensively addressed in a previdgp Stnilg that
study primarily focused on ship motisalated phenomena, this research specifically examines\shoet
cases, where diffraction effects are dominant. As a further verification and validation, here we first exami
the case of the KCS ship\ahcing in waves of lengts /pA=0.65, which is the most releviacase for the
current studyFig 11presents he si mul ati on resul ts o ftotak résistantei m

coefficient6 ———,  wlde rdee n ahe evetted surface arelagave — j 6 , and pitch — j Q0

motion amplitudesunder the excitation of regular head waves with a wavelaoeghip length ratio of

& /pe=0.65 over five periods of encount@he simulation data are compared with experimental results from
various institutions, including the University of lowa (IIHR), Osaka University (OU), and FORCE
Technology in Denmark (FORCE)4B It is noted that th€r results from FORCE exhibit highly oscillatory
behavior, which is attributed to structural resonance in the rigid mount near the heave arespitahce
conditions
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For heave motion, the amplitudes of experimental reatdtslose, but both phase and mean values are
different. For pitch, the amplitudes are essentially all zero but the mean values are different. This might
due to the initial settings in the experimeritbe time series of the simulation results are shifted so that the
simulation result of €matches the positive peak of the IIHR experimental result at Tiisis a common
practice in seakeeping validation studies as the timing when the geneeatedneets the model is difficult
to determine exactly38]. In addition, he time lag might be a difference of inertial property between the
numerical model and actual experimental models. Unfortunately, we do not have access to the prim
experimental dataAfter this shift, the simulationresults match well the EFD resultsThis case study
demonstrates that tretmulationsetupi s capabl e of simulating the sl
satisfactory accuracgonsistent with various seakeeping studies, heave motion diminishes as the waveleng
further decreases to shea than 0.9_pp. Therefore, in this study, we will simplify the casesofA< 0.5by
constraining the ship motisnwhichcanreduce the associated uncertaiat

4.4 Visualization of pressure distribution

Fig 12 shows the normalized monitored incoming wave at the locefiep=1.04 from AP, which is
just in front of the stemand the nordimensional longitudinal force £ff for the case- /pH=0.40,H /=&/30,
Fn=0.26 over one encounter period. Figd3depicts the instantaneous frea@face elevation around the
constrained ship normalized by the ship length, § 0 while Fig 13b) presentsthe hydrodynamic
pressure on the hull surface, normalized by the dynamic pressare illustrated by six snapshots within
one encounter period. These snapshatsidethe side and bottom views, which reveal how the wetted area
and pressure distribution change over tiihés interesting to correlate the resultant forc&ig 11 with the
pressure distribution in Fig3tb). Forinstance att=0 ole the force has the maximum positivalue. When
examining the pressure distribution, naticedthat the wave crest just hits the bow of the ship. Though this
creates a high pressure at the bow, the projected area in the transverse direction is very small. In fac
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significant portion of the wetted surface of the forebody has a very low pressure, which ultimately results
the positiveforce due to waves.

4.5 NumericalResidual anc€Convergence of th8imulations

The FINEE /Marine software offes the monitoring of numericaresidualsto monitor and decide
whether theconvergencef the simulationFigs 14-15 depict the velocity component residédsUvalues
alongside time history of longitudinal forcExj for two ship speeds with different wavelémg at constant
wave steepness.

2
0 --CFH/e=/30FRrR02B6constr a+rnfkerdee sur f/axkepgEDgvat]|o

H
sur flace el

(Fx,wave - Fx.calm)/(pgAzBZ/LPP)
Free

1 2 3 4 7
t=gT,3 t=gTe t:ETe; t=gTeO t=—Tg7 t="T, 4 t=gTe

Fi §2Nodi mensi onalf olrereg iwti u cdhii malo - =@n ADQ n 6Féxr0s. p2ebr)i,o dt o(get he
surfdeeati onx/pkek.0o0 4defdr am AP

t Side View Bottom View
1/6Te \ i /,_ »
—
s —
=N
— -
—
“-.. \ < —~
\ -\\
—_—— =
\ \“-\
= R
Normalized hydrodynamic pressure
> > P N N
& & Q“Qb o° Q-“GJ & IS PN S I I
| DO
(a) (b)

Fig. 13 Time snapshotsqfa )i mn fitant aneous rel ative pxirtsiper)tarfdes(hbii)e viw
hydrodynamisi e esmdirbeot t o m -V )ealuss=D.40iHéer 1/8@ T 06&Fh=0126/The black dot
denotes the center of gravity of the ship.

Thex-axis indicates the number of ntinear iterations or time steps of the flow solver, whileyaeis
shows the values of the residé&dsU As incoming waves interact with the ship, there is an incred®esb
due to the transient dynamic interaction. As titamsienteffect dies ouggradually the residual turns tona
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approximatelystable valugwith some minoroscillation indicating thatthe simulationshave convergd.
Subsequently, the corresponding stable region are indicated by the window in these graphs.

4.6 Determining theoptimal time window

The study reveals that calculating the mean added resistance in short waves is challenging due
numerical noise, instability, and nonlinearity, as evidenced ls6Flg, and Fig 14-15. In steep short waves,
the interaction between the hull and fluid becomes complex due to factors such as wave breaking
nonlinearity. By combining observations from these figures, the optimal time window for each case
consolidated and presedten Table 3. This recommended range is crucial for accurately and cotlgiste
predicting the mean longitudinal fordéxj. Figs 1617 show the time windows of the simulated longitudinal
force due to waves acting on the KCS ship advancing at Froude nurbpd 0.15 and 0.26, with wave
steepnesbl/ &= = 1/ 30 f or f o uThewdved gernenatedrahd measwresl hsesimogrt imFsg. 10
are used in these simulatiofi$ie results indicate notable differences in the behavior of the longitudinal force
depending on the wavelength of the wavess-A¢d= 0.50 and 0.40, the longitudinal force behavior is stable,
allowing for more accurate predictions of the mean longitudinal force. However, as the wavelength decreas
the nonlinearity and associated uncertawitthe longitudinal force increase. Shorter wavelength cases, such
asa- /pd= 0.33 and- /pd= 0.22, result in more unpredictable force fluctuations and significarfrexyuency
noise, complicating the accurate determination of the mean longitudinal force.

m“ | ----in calm water n waves, A/Lpp=0.50 -===in calin water in waves, LLpp=0.40

Fx [N]
g
Y

- in calm water — in waves, L/Lpp=0.33

Mnﬂ

‘ !
Z s \,ﬂu ﬁHf‘f”‘% MM

-100 s ' . : : 75
0 5 10 15 20 25 30 35 40 0 5 10 s 20 25 10 35

Fx IN]

[

Fig. 14 Time history oflongitudinal force Fy) along with residualsit constant wave steepné#s=/30 for various short
wavelengthsFn=0.15 (a) & /ppl= 0.50 ;(b) & /pd= 0.40;(c) & /pA= 0.33;(d) & /ppl= 0.22.
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Table 3Recommended time window for various cases
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Case olpp [Optimal Ti me Wi fddvg
0.50 21~34
0. 40 21~34
Fre 05 33 27-309
0. 22 36~50
0.50 20~33
0.40 24~39
Fr= O
0. 33 27~45
0. 22 35~409
60 =
20 + (Fx,wave - Fx,calm)/(pgA B2/Lpp) faupp=0.50
20
20 |
_40 1 1 1 1 1 1
0 5 10 15 T, 20 25 30 35
50
gg (Fx,wave - Fx,calm)/(pgAsz/LPP) al[pp:O.4O
20
10
O -
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Fig. 17 Time history of the nomimensional longitudinal force due to waves, along with the optimal time window,

H/&=1/30,Fn=0.26

4.7 Analysis of the time histories of force due to waves

To obtain the added resistance coefficient, we apply the Fast Fourier Transform (FFT) to analyze t
time histories of the force in the determined optimal time winddanerally, the numerical accuracy can be
improved when the data afgreatenumber of wave cycles is useikcording to the ITTC guidelind89],
at least 10 periods of encounter are requifdis section aims$o checkthe error/uncertainty relatdd the
samplinginterval inderiving the added resistance coefficient.

Fig 18 presents thesult of the FFT analysdf the force signal a /pd= 0.40 and~n = 0.26using the
data of5, 10, and 15 encounter peripdsspectively They-axis represents the amplitwdand phase angle of
each componenwhile the xaxis represents the nalimensional frequency/{e). f represents the frequency
in (s'Y) of each component derived from the force signalfarefers to the encounter frequency of that case.

15



Halder P. and Liu S. Brodogradnja Volume 76 Number 2 (2025) 762

f/fe indicates the normalized frequeney-" i represents the nesimensional amplitudes of the
resisance component derived from tfarce signal. The left plot shows the amplitude spectrum of the
longitudinal forceFx against the normalized frequente. The red circle highlights theercfrequency
componentcorrespondingo the added resistance coefficiemjch remained almost constamhenchanging

the number of encounter periods. The right plot displays the phase angle spectrum (in radians) versus
normalized frequency/fe, showing the phase angle for each frequency. Together, these plots provide

comprehensive view of asela@ossitsfoequancyorangeampl i t ude an
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Figs 19-20 presents the results of FFT analysighe force signal of the cases- /p=0.22 Fn = 0.15
and 0.26 respectivelyAs shown in the graphs, strong lowsrquency components are present in these two
very shoriwave casesg /pA=0.22). The FFT analysis reveals significant changes in the amplitudes of the
various components when the time interval, namely the number of encounter periods, vafidse s e f i
underscore the need to use as many eansesuneeacpaea

consi stent predictions of the mean | ongitudine
Additionall vy, the selection of an appropriate t
obtain rewhabl eheefalte si gnfarl e g ue nccoyn tcaommpnoan eendt
numerical techniques are required to make subst
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The FFT analysis results for other cases are presentieel Appendix
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4.8 Obtained added resistance coefficient

Fig 21 presents the dependence of the added resistance coeffizignof thenumber ofencounter
periocs at (a) Fn=0.15 and (b)Fn=0.26, respectively. The applied range of time interval mostly follows
Table3, except fore- /pA=0.22.1n generaljt is observed that the results obtained using data for 5 periods of
encounter are not yet stable. The results obtained using data of 10 periods of encounter are very close to t
obtained using data of 15 periods of encounter. The only exceptionstheitvgo cases @ /pe=0.22 Due
to the strong lowefrequency components presented in the force signals, as shown in Figs. 16 and 17,
broader time interval that cover at least one full period of that correspondirgelguency component is
used to derive the result of the meaneatidesistance coefficient. As documented in ITTC procef8fje
AAnal ysis Procedure for Model Tests in Regul ar
all the signals. If a signal contains an exceptionally high noise level, itmayrequis peci al tr e g
especially necessary for responses with long period.
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Based on the above analysis, the added resistance coefficients of the KCS ship in regular head we
with wave steepnes#/a= 1/30 at two speeds correspondingrito= 0.15 and 0.26 are obtained and presented

as a function oéithera- /pdor the nordimensional wave frequenty 0 J_in Fig. 22.Note that, hese
results are aligned with those shown in Fig 21, ussignuch as possibtiatafor each case tensurehigh
accuracy and reliability in the resulthierebyreducing potential errors that might arise from insufficient
sampling. Key observations includgAt alLpp=0.50, the added resistance coefficients obtained from motion
free and motiorconstrained simulations show slight deviations. This is reasonable due to the interaction effe
between radiation and diffractioB) Examining the overall trend of the obtained added resistance in short
waves due to the diffractiofmotion-constrained)we observe that the added resistance coefficient increases
linearly with the increase of wave frequentiis observation aligns witthhe asymptotic theory of Faltinsen

et al. [@. A similar trend has been observed in previous studies, for instance, as in BunniK36j. al
Additionally, it is also noted that the gradient ©®he tF
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results using data in the last 10 periods of encounter following ITTC guidelines [39] are also presented
referencelt is observed that fofn=0.26 these results deviate significantly from the results following the
recommended practice, particularly in very short waves. The observed trend does not follow the asymptc
theory of Faltinsen et al. [6]. The deviation is less significanFfer0.15. 4)the results by the empirical
SNNM mehod, as recommended by ITTC J2hd 1SO15016 [40], are also inclutléeThe CFD simulation
results are close to those authoritative results, despite of some deviations. It is highlighted that the experime
results in short waves have significant uncertainty, especially in short waves. ITTC has acknowledged t
issue andhas been attempting to address it within the Seakeeping Committee during tiésr8Q16]. The
current study is partially to support to reduce the uncertainties in numerical simulations by establishing
reliable procedure. More simulations are planteeprovide additional evidence to clarifyegepoints.

5. Conclusions

In this study, the added resistance of the KCS ship due to diffraction is simulate&|dkig/Marine
software, which solves the unsteady RANS equations, witkth8ST turbulence model. Numerical analysis
is performed for differenshortwavelength 0. 22.d00 0. 65) at ,&ndtheirpérformancep e
characteristics are compared with available experimental results available in the open literature. This deta
analysis contrib@sto a more comprehensive understanding of theGshgided resistanae short regular
head wavesBased on the study, the conclusions drawn are summarized below:

T The quality of the generated waves, with or wi
t hat the genertaitmeo nr eogfu lsatra bwaev elsonigs chal |l engi n
f Simulation results of the timeahi8t65i aseotol
available experimental results and show good

T Snapshots of the hydrodynamic pressure distr.i

indicate the source of the added r esi s t=a3rlgbes.
due to the wave crest hitting the bow, creati
pressure on the wetted forebody surface resu

under st andinndgu coefd wposrec es on s hi

1 The simulation results of the longitudinal force histories include significanffriequency numerical
noise.Using Fast Fourier Transform (FFT) on rdimensional longitudinal force signals enables precise
calculation of mean added resistance, effectively separating it from oscillatory effects and numerical noi:

1T Due to the factors mentioned above in wave (e
resistance coefficient is challenging.

T This study contributes efficiently tsch owadwillen.c i
highlight uncertainties at every step of the simulation and analysis. Possible measures to reduce th
uncertainties have been implemented. pr ovi des rich i nformation o
obtaining reliable coefficients of added resi

Nevertheless, the findings of this research are limited by factors such as available computing resourc
mesh resolution and tinrstep size, turbulence modelling, and other variables. For future work, we plan tc
explore alternative wave generation methodsg FINEE /Marine software to determine if more stable
waves can be produced. We will implement adaptive grid refinement to improve the accuracy -of wate
structure interactions in short waves. To accomplish this, future simulations will hidjzgoerformance
computing (HPC) infrastructure, enabling the use of finer meshes and more sophisticated wave modell
within feasible computational timds. the long term, higffidelity Direct NumericalSimulations(DNS) seem
necessary for pursuing a comprehensive solution to this complex challgitgeately, a deeper
understanding of added resistance in waves will contribute to the development of more effective practi
approaches, supporting the implementation of the IMO GHG strategy through ehdasam, operational
optimization, and economic measuré$,fig.
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APPENDI X

FFT Analysis of Additional Cases
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