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OzET

Gemilerde gii¢ ihtiyaci ve yakit tiketimini en aza indirmek ¢ok 6nemlidir, bu sayede daha ¢evreci
gemiler elde edilmis olur. Bu hedef, gemilerin hidrodinamik performansinin tahmin edilmesi ile elde
edilebilir. Bu baglamda, gesitli arastirmacilar tarafindan deneysel ve sayisal yontemler yaygin olarak
kullanilmaktadir. Deneysel ¢alismalar model deneylerine dayanirken sayisal yontemler viskoz ve
potansiyel akis kabullerine dayanmaktadir. Bu ¢alismada gesitli tipte gemiler sayisal olarak incelenerek
hem gercekleme hem de dogrulama adina kapsamli bir veri setinin sunulmasi amaglanmistir. Sayisal
yontemin dogrulugunu ve hassasiyetini gdstermek adina iki konteyner gemisi ve bir muharip sulisti
gemisi icin RANS denklemlerini ¢ézen sayisal bir yaklasim kullanilimistir. Bu gemiler KRISO konteyner
gemisi (KCS), Duisburg test gemisi (DTC) ve ONR (Office of Naval Research) tarafindan gelistirilen
teknedir. Bu gemiler etrafindaki akis incelenirken serbest ylizey etkileri hesaba katilimistir. Akis
analizleri sakin su kosullarinda gergeklestirilmistir ve gemiler paralel batma ve trim hareketine karsi
serbest birakilmistir. Belirsizlik ¢alismasi igin ITTC ve AIAA tarafindan onerilen GCl yontemi
kullanilmistir. Sik, orta ve seyrek olacak sekilde ag boyutu ve zaman adimi agisindan farkli analiz setleri
kurgulanmistir. Bu analiz setleri sabit bir iyilestirme oraniyla (\/2) olusturulmustur. Belirsizlik amagl
sayisal analizler her bir geminin dizayn Froude sayisinda gergeklestirilmistir. Belirsizlik degerleri toplam
direng agisindan elde edilmistir. Bunu takiben, diislik ve orta hizlari kapsayacak sekilde genis bir Froude
sayisi araliginda her bir model gemi igin kapsamli bir dogrulama g¢alismasi yapilmistir. Dogrulama,
sayisal sonuglarin erisilebilen deneysel sonuglarla kiyaslanmasiyla yapilmistir. Buna ek olarak, sonuglar
literatlirde mevcut diger sayisal sonuglarla karsilastirilmistir. Dogrulama, toplam direng, paralel batma
ve trim agisi parametreleri izerinden yapilmistir. Bu ¢alisma, hesaplamali akiskanlar dinamigi (HAD)
yonteminin gemi hidrodinamik performansini yeterli diizeyde tahmin edebildigini gdstermistir. Bu
sonuglara gore karsilastirma igin deneysel veri eksikliginde sayisal yontem dislik belirsizlik degerleriyle
glvenilirdir.

Anahtar kelimeler: Karsilastirma, HAD, RANS, Toplam Direng, Belirsizlik, Dogrulama.
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ABSTRACT

It is crucial to reduce the power need and fuel consumption of ships, thus eco-friendly ship design can
be achieved. This goal can be achieved with the accurate prediction of the hydrodynamic performance
of ships. In this manner, numerical and experimental methods are widely used by many researchers.
Experimental studies are based on towing tank tests while the numerical methods are based on viscous
and potential flow assumptions. In this study, it is aimed to investigate different types of ship models
to provide a comprehensive data set. A numerical approach solving RANS (Reynolds-averaged Navier-
Stokes) equations was employed for two container ships and a naval surface combatant to show the
precision and accuracy of the numerical method. These vessels are KRISO container ship (KCS),
Duisburg test case (DTC) and ONR Tumblehome (ONRT) developed by the Office of Naval Research.
The flow around these vessels was investigated by taking the free surface into account. The flow
analyses were carried out in calm water conditions and the ships were set to be free to sinkage and
trim. For the verification study, the GCI method, which is recommended by ITTC (International Towing
Tank Conference) and AIAA (American Institute of Aeronautics and Astronautics), was employed. Fine,
medium and coarse cases were generated with different grid sizes and time step sizes. These cases
were generated by using a constant refinement ratio (\/2). The numerical analyses for the verification
purpose were conducted at the design Froude number of each model ship. The uncertainty values
were obtained for the total resistance. Following this, a comprehensive validation study was conducted
for each ship model in a wide range of Froude numbers, covering low and moderate speeds. The
validation was done by comparing the numerical results with the available experimental data. In
addition to this, the results were compared with other existing numerical results in the literature. The
validation was done in terms of total resistance, sinkage and trim parameters. This study showed that
the computational fluid dynamics (CFD) method can sufficiently estimate the ship’s hydrodynamic
performance. Within these results, when there is a lack of experimental data for comparison, the
numerical method is again reliable having low spatial and temporal uncertainty values.
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1. Introduction

The hydrodynamics of displacement type vessels is an essential field to study to obtain optimum hull
forms. Within this aspect, the hydrodynamic performance of these vessels is studied by using several
methods. The model experiments are conducted to measure the total resistance of the ship in the
model scale. Computational methods are also widely used for the prediction of hydrodynamic
performance of various ship types. These methods are the potential flow and viscous methods. The
potential method is suitable to observe wave resistance and wave patterns while neglecting the
viscous effects. On the other hand, RANS (Reynolds-Averaged Navier-Stokes) solvers based on the
viscous flow are used by researchers. The flow field around the hull can be modeled considering
viscous and free surface effects together.

Several researches were made to predict the total resistance and power of the ships. For this purpose,
benchmark ship models were designed and tested in towing tanks around the world. These model
experiments provide significant experimental data for validation purposes. The benchmark models are
mostly displacement type ships and calm water resistance data of these models can be found easily in
the open literature. Thus, several numerical and experimental studies focusing on validation and
numerical prediction of ship hydrodynamics have been carried out. For this purpose, Korean Research
Institute of Ships and Ocean Engineering (KRISO) have developed container and crude rarrier type
ships. KCS AND KVLCC2 (KRISO Very Large Crude Carrier) hulls were tested comprehensively in a towing
tank and the flow field was observed in terms of various parameters. Total resistance, wake profiles
along the hull and the nominal wakefields were obtained for various Froude numbers (Kim et al., 2001).

KCS and KVLCC2 hulls were analyzed for calm water resistance prediction in different scales (Can et al.,
2020; Dogrul et al., 2020; Ozdemir et al., 2016; Pereira et al., 2017; S. Van et al., 2011; S. H. Van et al.,
2006; Zhang, 2010). Besides, the self-propulsion performance of these models was also calculated by
several studies (Carrica et al., 2011; Shen et al., 2015).

Another container vessel was designed in University of Duisburg-Essen to investigate the flow field and
obtain detailed data in various topics such as calm water resistance and self-propulsion, seakeeping.
Duisburg Test Case (DTC) model was first investigated to estimate total resistance and self-propulsion
performance experimentally (Moctar et al., 2012). This model was mostly used for the prediction of
hydrodynamic performance in confined and/or shallow water numerically (Kok et al., 2020; Terziev et
al., 2018; Tezdogan et al., 2016). Also, a recent experimental study was conducted for the prediction
of self-propulsion characteristics in a different model scale (Kinaci et al., 2020).

ONR Tumblehome designed by the Office of Naval Research is a pre-design form of Zumwalt class US
destroyer. A comprehensive experimental study of ONRT was performed in calm water for both bare
and appended hull forms (Cook, 2011). Another experimental study was conducted for the bare hull
for additional Froude numbers to obtain calm water hydrodynamic parameters (C. Delen & Bal, 2019).
A numerical study was carried out in different scales including the full scale to determine the resistance
and self-propulsion characteristics of ONRT (C. Delen et al., 2020). Another numerical study was
conducted to investigate the hydrodynamics of ONRT by captive model analyses (Guo et al., 2018).

In this study, three benchmark ships were investigated in model scale. These benchmark models were
chosen as KCS, DTC and ONRT hulls. The numerical analyses were performed using the RANS method.
Firstly, the numerical approach was verified using the GCl method through grid and time step for all
ship models. The numerical uncertainty values of all three ship models were presented in terms of grid
spacing and time step size. Following this, the numerical analyses were extended to several Froude
numbers. The results were validated against various numerical and experimental studies through total
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resistance coefficient, sinkage and trim values. The numerical results of KCS model were compared
with the results of different experimental data. DTC model was compared in terms of total resistance
because of the lack of experimental data of trim and sinkage. ONR Tumblehome model was analyzed
and the results were compared with different experimental and numerical results. These numerical/
experimental results belong to different solvers/towing tanks having different bias errors and cover
different ranges of Froude numbers. The present study covers a wider range of Froude numbers for
the ONRT hull. As a concluding remark, a comprehensive numerical data was provided to the literature
for three types of ship hulls including the numerical verification in terms of spatial and temporal
uncertainty.

2. Theoretical Background

Since the flow phenomenon investigated in this study is time-dependent, unsteady RANS approach
was employed for the analyses. For the uncertainty assessment, the numerical uncertainty values were
calculated both spatially and temporally. The numerical approach and the verification procedure were
explained in the following sub-chapters. The total resistance was decomposed into its components and
the frictional resistance was also compared with the empirical one calculated by ITTC 1957
formulation.

2.1 URANS Approach

A commercial CFD software solving unsteady Reynolds-Averaged Navier-Stokes (URANS) equations
was used in the numerical analyses. The continuity equation and the momentum equations are the
governing equations. The flow is considered incompressible and turbulent. The continuity equation
can be given as:

aU; (1)

axi

The mean momentum equation is given in tensor notation with Cartesian coordinates:

ov;  ,0Ui_ 10P 9 (aui au,-)} ouyu (2)
B — f— — —— — v —_

ot 7 ox; pdx; 0x;| \0x; Ox; 0x;

Here, p represents the density while U; is the velocity vector and P stands for the pressure. The last
two terms represent the viscous stress tensor and Reynolds stress tensor while v is the kinematic

viscosity.

A computational domain was created to simulate the flow around the ship model. The finite volume
method (FVM) was used for the domain discretization and the governing equations were solved. A
first-order temporal discretization and a second-order upwind convection scheme were applied in
solving the momentum equations. SIMPLE type solution algorithm was employed.

The turbulence in the flow was modeled using the k-g turbulence model which is very common in ship
hydrodynamics applications (Tezdogan et al., 2015). The details about the turbulence model can be
found in several references (Menter, 1994; Menter, 2009; Wilcox, 2008).
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This study focuses on the flow around different ship models moving in calm water. For this reason, the
free surface and the interaction between the air and water phases were modeled by utilizing the
Volume of Fluid (VOF) method with the HRIC (High Resolutiin Interface Capturing) technique (Ferziger
et al., 2020).

2.2 Numerical Method

The computational domain dimensions were chosen following the ITTC recommendations (ITTC,
2014a). Half of the ship was modeled to minimize the computing time because the ship models are
designed axisymmetric. Since the free surface effects were taken into account, the inlet, top and
bottom surfaces were defined as velocity inlet. The outlet was set to be pressure outlet. The side
surfaces were defined as symmetry planes while the surface of the ship model was defined as no-slip
wall. The computational domain was created in accordance with the ITTC recommendations (ITTC,
2014a). The computational domain dimensions are 2Lpp in the upstream and 3Lpp in the downstream
direction. The width of the domain is 1.5Lpp while the domain is modeled with the half of the model.
And the total height of the domain is 3Lpp.

The computational domain was discretized with finite hexahedral elements using the trimmer mesh
algorithm. Besides, local mesh refinements were made around the hull, wake region and free surface.
The prism layer near the hull surface was modeled with caution to keep the wall y* values between
30 and 300. Figure 1 shows the grid structure applied on the computational domain and hull surfaces.

+_yu‘L'
v

y (3)

Here, y is the first cell size near the wall, u; is the frictional velocity and v is the kinematic viscosity.

(c)
Figure 1. Grid structure applied for KCS (a), DTC (b) and ONRT (c).

2.3 Grid Convergence Index (GCl)

The uncertainty assessment was conducted using the GCl method through time step and grid sizes.
GCI method which is based on Richardson extrapolation (Richardson, 1911) was first proposed by
-81-
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Roache (Roache, 1998) and the revised procedure (Celik et al., 2008) is commonly used for uncertainty
studies. Grid Convergence Index method is recommended by ITTC (ITTC, 2014b) and AIAA (Cosner et
al., 2006) for the numerical uncertainty calculations. The details of the method can be found in the
literature (Celik et al., 2008; Xing and Stern, 2010).

The numerical uncertainty was obtained by using three different cases of grid resolution and time step.
Fine, medium and coarse analysis cases were generated using a refinement ratio of V2 that is also used
by similar recent studies (Dogrul et al., 2020; Kahramanoglu et al., 2020; Sezen et al., 2018). The
solution scalar in the calculation was chosen as the total resistance and the numerical uncertainty
values were calculated at the design speed of each ship model. The uncertainty results can be found
in the next chapter.

3. Ship Main Particulars

In this study, the well-known benchmark vessels were investigated numerically in model scale. These
vessels are the KRISO container ship, Duisburg Test Case and ONR Tumblehome. The main particulars
and 3-D views of each model were presented.

The main particulars of each ship in the model scale are given in Table 1. Figure 2 presents the 3-D
views of the models. All three models have a bulbous bow and transom stern geometry. ONRT model
has its superstructure however the aerodynamic effects were neglected in this study. The first two
models are container ships while the last one is a surface combatant that is a pre-contract design of
Zumwalt class destroyer (Cook, 2011).

Table 1. Main particulars of the benchmark ship models.
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Main Particular Symbol KCS DTC ONRT
Scale A 31.60 59.407 48.935
Length L (m) 7.3575 5.976 3.147
Beam waterline By (m) 1.0190 0.859 0.384
Draught T (m) 0.3418 0.244 0.112
Displacement A (m?3) 1.6489  0.827 0.0727
Wetted surface area S (m?) 9.5117 6.243 1.345
Block coefficient Cy 0.651 0.661 0.535
| - _— _— |
v——r ——
(a)
— -
e ——
——

Figure 2. Perspective view of KCS (a), DTC (b) and ONRT (c).
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4. Numerical Results

Numerical analyses were performed for three benchmark models at various speeds and the results
were discussed in terms of total resistance, sinkage and trim. The numerical method was first verified
with an appropriate method. Following this, the numerical study was extended to cover a wide range
of ship speeds for a comprehensive validation purpose.

4.1. Verification Study

The uncertainty assessment was done in spatial and temporal manner using the GCl method. Fine,
medium and coarse analysis cases were created by changing the grid size and time step size as
recommended in several studies (Celik et al., 2008; Roache, 1998; Xing and Stern, 2010). The numerical
uncertainties were calculated at the design Froude number of each ship model. As can be seen from
Table 2 and 3, the uncertainty study was conducted with a tree-grid sensitivity. In spatial uncertainty,
all three cases were fit for GCl method, however, KCS and DTC models showed oscillating convergence.
In this manner, a finer mesh was adopted and the uncertainty value was calculated using an analysis
set of four cases. Also, the temporal uncertainty for the KCS model was calculated with a two-grid
sensitivity by using the fine and medium cases since the convergence condition (R) is higher than one
(Roache, 1997). The spatial uncertainty study was carried out for fine, medium and coarse grid sizes at
a fixed time step while the temporal uncertainty was calculated for fine, medium and coarse time step
sizes at a fixed grid size (Eca et al., 2019).

Table 2. Verification study for spatial uncertainty.

Parameter Ry (KCS) R (DTC) R7 (ONRT)

N, 921097 1106898 1907969
N, 527246 646240 1465159
N, 348191 429861 973437
01 85.8018 33.3128 3.6095
P2 85.3419 33.0741 3.6261
Q3 87.9133 35.0722 3.8981
R -0.1788 -0.1194 0.061

Ug (%) 1.230 2.640 0.038

According to the spatial uncertainty, the numerical approach has an oscillating convergence (Table 2)
for three ship models since the convergence condition (R) is lower than zero (Stern et al., 2001). For
oscillating convergence, the uncertainty values were calculated as described in the related references.
The temporal uncertainty has a monotonic convergence trend excluding the KCS case as shown in
Table 3. A two-grid GCl approach was employed in this case. In Table 2 and 3, N; and At; stand for the
grid number and time step size for fine, medium and coarse cases. ¢ belongs to the scaler function for
the relevant grid number or time step size. R is the convergence condition. U; and Uy are the spatial
and temporal uncertainty values, respectively.
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Table 3. Verification study for temporal uncertainty.

Parameter Ry (KCS) Ry (DTC) R7 (ONRT)

Aty 0.040 0.040 0.020
At, 0.056 0.056 0.028
Ats 0.080 0.080 0.040
o1 85.8018  33.3128 3.6095
©2 86.1456  33.5116 3.6164
@3 86.4076  33.8449 3.6348

R 1.3122 0.5966 0.3753
Ur (%) 0.0120 1.1033 0.1433

The total uncertainty in the numerical analyses was calculated with the following equation while
considering the iterative uncertainty (U;) as zero (Larsson and Zou, 2014).

USN =\/UGZ+UT2+U12 (4)

The total uncertainty was calculated as given in Table 4. The validation uncertainty U, was not
calculated due to the lack of experimental uncertainty data.

Table 4. Total uncertainty values.

Ship Usn (%)
KCS 1.230
DTC 2.861

ONRT 0.3772

Within the uncertainty assessment, the rest of the analyses for all ship models were conducted using
the fine grid and fine time step size.

4.2 Validation Study

Following the verification study, a comprehensive validation study was conducted for all ship models
by comparing the numerical results with the available experimental data. In the given figures, URANS
stands for the present results. The numerical results were presented through Froude number.

|4
Fr=-—— (5)

JoL

Here, V is the ship velocity (m/s) while g is the gravitational acceleration (m/s?) and L is the ship
length (m).

The numerical results of KCS in the model scale were presented in Figure 3-4. Other results given in
the figures are the experimental ones of several towing tanks located around the world (Japan, Korea,
Denmark and USA). One may see that the numerical values were mostly satisfying when compared
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with various experimental results (Hino et al., 2021; S. Van et al., 2011) in terms of total resistance,
sinkage and trim. Here, the negative value of the sinkage means the ship goes downward while the
negative trim value means that the ship is trimmed by the stern. Here, ais the calculated or measured
sinkage value and it is non-dimensionalized by the length of perpendiculars (Lpp).

) KCS
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Figure 3. Comparison of total resistance coefficients for KCS.
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Figure 5 shows the non-dimensional resistance coefficients of the resistance components. The
decomposition of the total resistance was performed as described in the literature (Bertram, 2014).
The decomposition of total resistance is given in Equation (6). Here, a comparison could be done
through the frictional resistance coefficient and it is found that the numerical trend is similar to the
one calculated with the ITTC friction line (ITTC, 1957). The average absolute error is about 2.8%. One
may see that the residual resistance coefficient based on the pressure forces start to increase after
Fr=0.2 that means the pressure forces start to be dominant.

CT=CF+CR (6)
KCS
S e e e
s e
" - [l g
B I IR PRI PRI cMe
e c.-m;-umns
T
e S U
-asL LTI
= e ey ey
u lllllll
A P PR S
1
1k S
A
-~ - - R R Hl S i
t-“I 3 b n°s a7
Fr

Figure 5. Non-dimensional coefficients of resistance components of KCS.

Figure 6 shows the wave patterns of KCS hull at different Froude numbers. At the lowest one, there is
nearly no deformation on the free surface. At Fr=0.151, there are observable deformations while the
wave length is too small due to the velocity. Fr=0.205 creates higher waves around the hull while the
eave length is larger.

(b)
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The numerical results of DTC in model scale were compared with the experimental results (Moctar et
al., 2012) through non-dimensional total resistance coefficient due to the lack of experimental sinkage
and trim results. Figure 7 shows that the difference between numerical and experimental results
becomes larger with the increase in Froude number. However, the average relative difference is about

3.4%. Figure 8 presents the trim and sinkage values at different Froude numbers.

DTC

-
=)
i S
"_ H H
u H : :
34f P URANS
|1 DUISBURG |
- -] DALY S0, SPRTGU W1 % U
HEHEH T HE IR R |
817 0.18 019 02 0.21 022
Fr

Figure 7. Comparison of total resistance coefficients for DTC.
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Figure 8. Sinkage and trim values of DTC.

Figure 9 gives the resistance components of DTC hull in the model scale. The frictional resistance
coefficient is in good agreement with the ITTC friction line with an average absolute error of 4.2%
approximately. It is observed that the CFD method overestimates the frictional resistance coefficient
in the whole Froude number range. It may be due to the mesh structure inside the boundary layer, a
denser prism layer yielding lower y* values may lead to more precise results. Figure 9 also shows that
the residual resistance coefficient changes very little with the change in Froude number. That means
the effect of the pressure forces changes slightly with the Froude number.

oTC
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Figure 9. Non-dimensional coefficients of resistance components of DTC.

Figure 10 shows the wave patterns of DTC hull at different Froude numbers. One may see that the
wave length increases with the increase in Froude number. The wave deformations are seen
prominently.
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(c)
Figure 10. Wave patterns around DTC for Fr=0.174 (a), Fr=0.200 (b), Fr=0.218 (c).

Figure 11 and 12 show the comparison of the present results with other experimental and numerical
results available in the literature (Cook, 2011; C. Delen and Bal, 2019) for ONRT. The numerical results
show a good match, especially with the model experiments. The present results cover different Froude
numbers in terms of total resistance coefficient, sinkage and trim. The relative difference for sinkage
and trim becomes higher, however, the results show a similar trend with the other results.

- URANS

. IIHR CFD

v INSEAN EFD
. ITJERD

cr

Figurell. Comparison of total resistance for ONRT.
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Figure 12. Comparison of sinkage (top) and trim (bottom) values for ONRT.

One may see the non-dimensional resistance coefficients of ONRT bare hull in Figure 13. The average
absolute error between the numerical and empirical (ITTC) friction lines is about 2.9%. In addition to
this, the trend of the residual resistance coefficient shows that the contribution of the pressure forces
decreases with the Froude number until Fr=0.2. After, the trend shows a dramatic increase and finally
the pressure forces become as dominant as the shear forces.
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Figure 13. Non-dimensional coefficients of resistance components of ONRT.

Figure 14 shows the wave patterns of ONRT hull at different Froude numbers. Again, there is a
correlation between the wave length and Froude number. However, the wave height decreases at
Fr=0.200 that is also observed in Figure 13 through the residual resistance coefficient. At Fr=0.250, the
deformations become higher in accordance with the increase in the residual resistance coefficient.

(a) (b)

(c)
Figure 14. Wave patterns around ONRT for Fr=0.150 (a), Fr=0.200 (b), Fr=0.250 (c).

5. Conclusion

This study focuses on the numerical investigation of the flow around benchmark ship models. It is
aimed to present comprehensive numerical results of three well-known benchmark vessels including

-91-



Gemi ve Deniz Teknolojisi Dergisi

//‘ Sayi: 219, Haziran 2021

), ISSN: 1300-1973, e-ISSN: 2651-530X, Dergi ana sayfasi: http://www.gmoshipmar.org/
7/

comparisons with the experimental results in the literature. Verification was done using the GCI
method to obtain the spatial and temporal uncertainty values. The numerical uncertainties were below
3%. In especially ONRT case, the uncertainty values were found below 1%. Using the same refinement
ratio for both spatial and temporal uncertainty, it is observed that the temporal analysis sets were
more convenient for the GClI method except the KCS model.

A comprehensive validation study was conducted following the verification study. Validation for KCS
was done through total resistance coefficient, sinkage and trim values. The results were in good
agreement with the experiments especially after Fr=0.2, while for low Froude numbers there is a slight
difference in total resistance coefficient. For trim and sinkage, the results were close to the
experimental ones in the whole Froude number range. When it comes to DTC model, the validation
was done only for the total resistance coefficient due to the lack of experimental data of sinkage and
trim. The results showed deviance with the increase in Froude number. This might be caused by the
difference in the residual resistance component since the frictional resistance follows the ITTC friction
line. ONRT bare hull was validated with various experimental and numerical studies available in the
literature. The total resistance coefficient results were in a similar trend with the experimental ones in
the whole speed range while the other numerical study was quite far from the experiments in low
Froude numbers. In addition to this, the trim values were found close to the experiments while the
sinkage values followed a similar trend with the other numerical study.

It is concluded that the numerical method in the present study gives promising results with reasonable
grid numbers and time step sizes with acceptable orders of uncertainty. The present study can be
extended with the self-propulsion analyses and the validation can be done in terms of self-propulsion
point and other propulsive parameters.
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