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Abstract

The purpose of the present master thesis is to investigate the difference between model scale and
full scale form factor Computational Fluid Dynamics (CFD) computations, using a new established
method. This method called the two-form factor method (or 2-k method) exposed in two recent re-
search papers shows improvements in the accuracy of form factor estimation, providing consequently
better results by applying the full scale process, especially in case of stern flow separation phenomena,
such as bubble type flow separation and recirculation type flow separation. The present master the-
sis will investigate this form factor procedure using five benchmark hulls, as well as two commercial
hulls being provided by the database of FORCE Technology with the aim of having better insights
about the aforementioned investigated phenomena. First of all, Verification and Validation (V&V)
of the CFD results is executed by comparing the CFD form factor results obtained with the available
model scale experimental results. Furthermore, a systematic analysis of changing the scale factor
of the test cases is applied in order the scale effects to be studied. Moreover, sensitivity analysis of
different roughness heights is implemented so as the effect of the equally distributed roughness to
be investigated in full scale CFD computations. All in all, implementing the systematic analysis in
scale, roughness and draft variations, the results show that the two form factor method is considered
an holistic and trustworthy method which can provide reliable prediction of form factor even for the
case of intense turbulence phenomena in the wake of transom.

Keywords: CFD, Systematic analysis, Scale effects, Form factor, 2-k method
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1

Introduction

During the preliminary design phase of a ship, it is of high importance for the designer to obtain a
precise and trustworthy estimation of its performance. The precise prediction is essential with the
aim of ensuring achievement of prescribed requirements, minimizing the entire cost of building and
operating the ship, as well as designing an eco-efficient ship. The stricter and stricter regulations
applied from regulatory bodies for a more sustainable and greener future set the eco-efficiency as a
necessary and unavoidable factor for maritime sector.

According to the long-time tradition and knowledge, hydrodynamic testing is the main method to
evaluate the performance of a ship. The hydrodynamic tests take place on a model scale version of
the real vessel. The aforementioned tests are implemented in towing tanks, which are large basin
of water. These tests are applied under controlled conditions. As this type of testing constitutes
an old tradition in the field of ship hydrodynamics, an immense experience and knowledge has been
obtained, collecting a huge database of ship models, measurements and statistics. Collecting all
these precious information about ship hydrodynamics, standard procedures for carrying out towing
tank tests have been developed. The association, which is responsible for their organisation and
publication is the International Towing Tank Conference (ITTC).

The estimation of ship resistance via towing tank tests conceals essential shortcomings. One short-
coming is the fact that the viscous effects in model scale are not the same as in full scale. The
development of extrapolation processes can be considered as solution to this problem. Specifically,
these processes separate the components of resistance and scale them individually. The main pur-
pose of the extrapolation methods is the extraction of a more accurate performance prediction of
the full scale ship. On the other hand, Computational Fluid Dynamics (CFD) constitutes an al-
ternative way of evaluating the ship resistance. Specifically, through a CFD analysis the set of
governing equations, which represent the flow, are solved numerically. In the course of time, CFD is
a more and more viable pathway for the designers, as the computational power has rapidly increased.

It is a fact that CFD provides advantages, but it conceals drawbacks as well. The main advantage of
CFD is the capability of running full scale simulations, avoiding the risk of errors of the extrapolation
from model to full scale. Moreover, precious information of the flow, which can be derived from a
CFD simulation, is another positive point of choosing CFD analysis. In contrast to the advantages
of CFD, it may have negative impact to the extracted results due to the modelling errors. These
errors occur, because the flow physics are simplified, such as use of wall function for representation
of turbulence effects in the boundary layer [Mikkelsen H.,L. et al. (2019)].

According to form factor estimation, except for its experimental determination using methods, such as
Hughes [Hughes G. (1954)] and Prohaska [Prohaska C. W. (1966)], research studies have presented
the last few years that CFD computations as they can handle the scale effects by the Experimen-
tal Fluid Dynamics (EFD) can estimate form factor with a combined EFD&CFD method, called
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two form factor method [Korkmaz K.B. et al. (2020), Korkmaz K.B. et al. (2022)]. In that case the
combination of CFD and EFD on their robust points can lead to a better estimation of form factor
and consequently a more accurate power prediction. Finally, a substitute or supplemental method to
the Prohaska one is the double body Reynolds-Averaged Navier-Stokes (RANS) computations. Re-
garding this method, it can duplicate the conditions included in the primary form factor hypothesis
while being straightforward in numerical modelling [Korkmaz K.B. (2022)].

1.1 Literature Review

The issue of estimating a ship’s form factor and associated scale effects is one of the main topics
to many research investigations in recent years. It have been proved that the 1978 ITTC Power
Prediction method perform several strict criteria. Such criteria are the viscous pressure resistance
coefficient Cpy is proportional to the frictional resistance coefficient Cr when turbulence and free
form separation is performed, as well as the hull is smooth and symmetrical when towed at zero
incidence angle [Korkmaz K.B. et al. (2022)]. Furthermore, the most common method for the de-
termination of form factor is the Prohaska’s method (1966). Since this method is based on the
assumption that the wave resistance coefficient Cyy is proportional to the fourth power of Froude
number, there is a percentage of uncertainty that the measurement points do not lie on the resulted
straight line. Therefore, the Prohaska method cannot be considered as completely precise.

Except for the previous argument about the criteria of the ITTC standard procedure, the impor-
tance of establishing an accurate computational method for estimating the form factor numerically
is considered crucial, as it constitutes one of the most decisive factors for the hull performance of
a ship and its propulsive power. Based on research studies, which have been published, the CFD-
based form factor is closely dependent to scale factor, speed of vessel, turbulence model, as well as it
presents dependence of geometrical aspects, such as position and shape of the transom and bulbous
bow. The present master thesis is based on the shortcomings of four specific research papers. A
general overview about the scope and recommendations, which have being proposed in each of them,
is presented below.

First of all, the two form factor method, which is going to be used in the context of this thesis is
calculated twice in both model and full scale. Otherwise, using the same form factor for both cases
will lead to an under-prediction of the full-scale viscous resistance [Korkmaz K.B. et al. (2022)]. As
it is further discussed in Section 2.2.3.2, decomposition of the viscous resistance coefficient Cpy is
implemented into viscous resistance proportional to frictional one of a friction line and the flow
behind the transom. According to this approach, the flow behind the wet transom is considered
crucial and this is the reason of the aforementioned decomposition of viscous resistance. This study
[Korkmaz K.B. et al. (2022)] indicated that the precision of the prediction of form factor is improved
in comparison with the standard I'TTC-78 method. This paper proposes that further investigations
of more test cases can be performed for hulls with extensive transom submergence with availability
of speed trials.

Based on the second investigation being published [Korkmaz K.B. et al. (2020)], the main scope is
the attempt of introducing a combined EFD&CFD method, in which double body RANS compu-
tations are used for the benchmark hulls KVLCC2 and KCS, taking into account towing tank test
of KVLCC2 and an experimental uncertainty analysis for the form factor. The results of this study
present that Prohaska method is considered to be deficient, due to the invalidity of its proposed
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linear correlation of the experimental data in case of bulbous bow hull designs and because of the
increased experimental uncertainty of form factor when the regression analysis is applied. After
execution of simulations and validation of the extracted results, it is proposed that the use of com-
bined EFD&CFD and CFD-based form factor can be "an alternative or supplementary method to
the Prohaska method" [Korkmaz K.B. et al. (2020)].

In addition to the previous research projects, another study implemented tries to explore numerically
the dependence of form factor through the change of vessel speed and turbulence model, making use
of a RANS solver [Terziev M. et al. (2021)]. The investigation indicates that the form factor is sensi-
tive to low speeds, regarding the scale factor and turbulence model used. For higher speeds, the form
factor displays negligible variations. Consequently, the form factor is considered Froude-dependent
via change in the magnitude of Reynolds number Re. Based on the aforementioned paper, to fully
determine and obtain more insight of scale effects on form factor, further investigation of Froude (F'n)
and Re number dependencies should be implemented, even though several studies have examined
the scale effects the last years.

The fourth and last paper taken into account as one of the main references in the context of this
thesis presents the study of improved power prediction via combined EFD&CFD method and dou-
ble body RANS computations, executing also systematic variations to the different CFD set-ups
[Korkmaz K.B. et al. (2021)]. Through this investigation, it is proved that combining EFD and
CFD provides more accurate estimation on form factor and, consequently, on propulsive power
within the range of the studied cases, as well as offers improvements to I'TTC-78 method. Due
to the uncertainty of the speed trials, more investigations can be performed with more test cases
for the comparison of power predictions and speed trials with the CFD-based form factor estimations.

All the aforementioned studies make an attempt to provide an improved estimation on form factor
using a combined EFD&CFD method and CFD-based computation. The primary scope of these
investigations is a more trustworthy prediction of the performance of ships, which constitutes a vital
point for shipowners and generally shipping industry. However, shortcomings and lack of validated
data are included in these studies. These mentioned shortages are referred to the high scarcity
and uncertainty of sea trial data, the low number of test cases being already examined, the lack
of investigation of hulls with large transom submergence and a different CFD set-up, which could
provide updates in the current research.

1.2 Scope and Research Question

The scope of the present thesis is an extensive systematic investigation and analysis of the re-
sulted discrepancies, which occur from simulations for CFD-based form factor estimations between
model and full-scale computations. The selected studied geometries are five benchmark hulls of
Japan Bulk Carrier (JBC) [JBC, Tokyo (2015)], Kriso Container Ship (KCS) [KCS, Tokyo (2015)]
and MOERI KVLCC2 [KVLCC2, Tokyo (2015)], US Navy Combatant (DTMB 5415) and ONR
Tumblehome Ship (ONRT), as well as two commercial bulk carriers from the database of FORCE
Technology, the 180K BC and the 82K BC. The aforementioned investigation is based on a newly es-
tablished methodology developed the last years and presented by two research publications, which are
[Korkmaz K.B. et al. (2020), Korkmaz K.B. et al. (2022)]. The results of these two studies demon-
strate improvements in the precision of form factor prediction, providing also upgrades in the pro-
cedure of extrapolation of rest of the results from model to full scale. For reasons of validation and
verification the extracted CFD results are compared with model scale experimental ones.
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The main research question addressed in this master thesis is formulated as follows:

How is the form factor obtained from CFD simulations using 2-k approach influenced by scale effects,
hull roughness and draft variations?

The concentration of this research question lies on the procedure of a systematic investigation of
sensitivity on CFD-based form factor. Answering the research question is intended to provide an
understanding of which are the possible shortcomings with full scale form factor predictions, which
is a fact that can lead to uncertainties in full scale resistance estimations. By making use of the two
form factor method is expected to provide also essential improvements to the 1978 ITTC Performance
Prediction Method [ITTC (1978)]. Secondly, this thesis constitutes a further study to the ones being
already published [Korkmaz K.B. et al. (2020), Korkmaz K.B. et al. (2022)] with more test cases
and CFD codes in order to add better insights about the dependency of the combined EFD&CFD
two form factor method. Finally, main parameters of existing vessels are studied with the aim of
being compared with the CFD-based form factors. The referred data of existing ships are provided
from the database of FORCE Technology.

1.3 Limitations

The preparation and execution of the CFD simulations in FORCE Technology represented the first
two month on the five-month timeline of the master thesis. Even though the primary scope of the
thesis was resistance simulations to be also studied and given that the duration of the present project
was limited, the whole focus of the thesis is concentrated on the study of form factor. Furthermore,
the fact that commercial data from existing ships could not be used, the entire study is limited to
the five benchmark hulls and some basic parameters of several existing hulls.

1.4 Structure of the Thesis

The thesis is composed of five chapters. The current chapter presents a general background, the
main aim, the research question and the existing limitations of the project. In the next chapter, the
theoretical background related to the present topic is introduced. The resistance components, details
of the extrapolation methods and numerical modelling are presented. In the third chapter the main
points of the methodology used are presented, such as the test cases, the two form factor method,
the double body Reynolds-Averaged Navier-Stokes (RANS) computations and the set-up of the CFD
simulations. All the results of the test cases and investigations on CFD-based form factor are covered
in the fourth chapter. Finally, the last chapter is dedicated to the presentation of summary of entire
thesis, conclusions and recommendations for future work.
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Theory

The present chapter introduces briefly the theory which serves as the foundation for this master thesis.
In Section 2.1, the total ship resistance with its components is presented. Afterwards, Section 2.2
introduces the theoretical background and different ways of extrapolating the resistance of ship from
model to full scale. Last but not least, the stages of numerical modelling is introduced in Section 2.3,
which are considered the basis of the CFD simulations executed in the context of the this project.

2.1 Resistance Components

In order to comprehend the physical meaning of form factor, the presentation of the total ship re-
sistance in calm water, which is divided into several components, is necessary. The total calm water
resistance Ry of a ship can be split up with numerous ways. The most common way is to desig-
nate the total resistance as the summation of the frictional Rr and pressure Rp resistance. The
former resistance component represents the shear forces acting tangential to the ship surface, while
the latter component is the normal forces acting perpendicular the surface of ship. The dominant
component of resistance in low speeds is the frictional, while the pressure forces dominate in higher
speeds, because of the generation of waves.

Generally, the components of calm water resistance can be divided more into the contributions shown
in Figure 2.1. From this figure, it is obvious that the two fundamental resistance components (pressure
and frictional) are divided further into viscous effects and wave-making resistance. Therefore, the
following two expressions Equations 2.1 and 2.2 are introduced:

Rr = Rp + Rp (2.1)

Rr = Ry + Ry (2.2)

According to viscous effects, they are formed due to the skin friction and the form and eddy-making
resistance. Regarding the first contributor, the viscosity of a real fluid, such as sea water, gives rise
to frictional forces between the particles of fluid, if they move relative to each other. Furthermore,
the particles, which are adjacent to the hull, are attached into it and have the same velocity as the
vessel. With regard to the form and eddy-making resistance, the fluid particles along the hull present
fluctuations in velocity compared to free-stream velocity. Alternatively, the fluid particles near the
hull will move faster, because they traverse longer distance and, therefore, the frictional resistance
increases [Carlton J. S. (2019)].
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Figure 2.1: Components of ship resistance. [Carlton J. S. (2019)]

2.2 Extrapolation Methods

As it is mentioned in Chapter 1, the prediction of ship performance plays the most essential role
in the design phase, because it includes not only the holistic behavior of ship in sea, such as sea-
keeping, maneuverability, heave/pitch responses etc., but also gives an estimation about the fuel
consumption of ship. For this specific reason, EFD provides a unique data set for a hull form and its
propulsive characteristics. As long as the mentioned data sets refer to models tested in towing tank,
the estimation of the full scale ship must be obtained via extrapolation procedures. By establishing
precise methods, assumptions and testing techniques, William Froude is considered as the pioneer
of ship performance prediction. After decades, ITTC introduces standardization and improvements
regarding the model testing and extrapolation processes.

According to the primary estimation methods, scaling of self propulsion tests and use of correction
factors evaluate the power and propeller rotational rate. In 1969, ITTC demonstrates that the pre-
diction methods differ for each research center regarding the implementation of new concepts and
correlation formulas, such as form factor, roughness allowance and friction line. Consequently, it is
decided that the several procedures were to be collected and compared and a common methodology
to be introduced for ship-model correlation studies in the future [ITTC (1969)]. Several institutions
of ITTC assess the software developed by SSPA [SSPA] in 1973, where they have used different
assumptions and extrapolation methods. This assessment is based on the comparison between power
and propeller rotational rate with speed trials [I[TTC (1978)]. The ITTC-78 has gathered and com-
pared one thousand sea trials with model test predictions [Korkmaz K.B. (2022)], while after multiple
revisions made for the primary method by applying a new formula for calculation of correlation al-
lowance and air resistance, as well as updating the roughness allowance, the ITTC-78 is still applied
for more than four decades [ITTC (Revision 2017) (1978)].

In order to introduce and review the friction line and the form factor in Section 2.2.2 and Section 2.2.3,
the full scale ship resistance [ITTC (Revision 2017) (1978)] is presented in Equation 2.3.

Cr=(14k)Cps+Ca+ACr+Cr+ Cas (2.3)

where k is the form factor, Crg is the friction resistance coefficient (full scale), Cg is the residual
resistance coefficient, ACr indicates the roughness allowance, C'4 the correlation allowance and Cy 45
is the air resistance coefficient.
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2.2.1 Model-Ship Scaling

The hydrodynamic motions and forces of ship are used to be measured in model scale, implementing
experimental tests in water basins. Therefore, it is mandatory for the model to be geometrically
similar to the ship. This procedure cannot be considered an easy task, since the definition of the
model speed and the way of scaling the resulted forces require accuracy in the extrapolation phase.
The scaling of the velocities and forces is implemented through kinematic and dynamic similarity
procedures, respectively. Specifically,

1. Geometric similarity defines that the model and the ship must have exactly the same con-
figuration (excluding roughness effect).

2. Kinematic similarity determines that all components of velocities in the flow have been
scaled by the same scale factor (geometrically similar streamlines).

3. Dynamic similarity advocates that all components of forces in the flow have been scaled by
the same scale factor (same orientation of force vectors).

These three categories of similarity are based on the method of dimensional analysis. Via this
method, non-dimensional quantities are extracted and they are important for scaling from model to
full scale. As the dimensional analysis method is out of the scope of this thesis, it is not presented in
detail. As a brief reference, the several quantities are converted into non-dimensional using the ship
speed V| the kinematic viscosity of fluid v, the gravitational acceleration g and the length between
perpendiculars of ship Lpp.

The scale factor between model and full scale is determined as the ratio of a characteristic length
of the full scale ship Lg over a characteristic length of the model scale ship L, (Equation 2.4)
[Mikkelsen H.,L. et al. (2019)].

=1
The two most essential non-dimensional parameters in experimental testing and ship hydrodynamics

are F'n and Re, which play crucial role in the form factor methodology (Section 2.2.3), the expressions
of which is presented in Equation 2.5 and Equation 2.6, respectively [Larsson, L. et al. (2010)].

A (2.4)

v
Fn = 2.5
VgLpp (2:5)

L
o= Vhrr 2.6

Finally, the non-dimensional resistance coefficients C' of each resistance component R are normalized
dividing the resistance components over the fluid density p, the wetted surface area S and the speed
V', as it is represented below in Equation 2.7.

R

C—=_ "
%pSV2

(2.7)

2.2.2 Friction Line

Taking into consideration the Equation 2.3 in Section 2.2, which represents the division of total full
scale ship resistance into the several components, the two most debated but vital components are
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the Cr and Cg. Based on the Froude method, the total model scale resistance is comprised of these
two aforementioned coefficients introduced in Equation 2.8.

Cry =Cr+Cru (28)

Specifically, the Equation 2.8 above indicates that the C'r of a flat plate corresponds equally to the
C'r of a ship, while the rest percentage of the Cr is equal to the residual resistance, which has exactly
the same value in model and full scale. Consequently, it is obvious that the frictional resistance plays
essential role in the resistance predictions. In that point, an historical overview is introduced.

In the beginning of 20" century, most of tests were implemented with flat plates and they were
according to the Froude methodology. Schoenherr introduced a correlation formula, running plank
tests and collecting the results of these experiments in 1932 [Larsson, L. et al. (2010)]. The total
resistance for surfaces with different characteristic lengths was derived via integration of the re-
sults and, therefore, Schoenherr fitted the formula presented in Equation 2.9 to the extracted data,
including the Re for the first time and achieving apparent improvement [Larsson, L. et al. (2010)].

0.242
VCr

In 1947, American Towing Tank Conference (ATTC) adopted the formula of Schoenherr. The main
drawback of Schoenherr formula was the shortcoming of providing valid correlation between the
results of small and large models. In order to improve the existing data, Hughes implemented
resistance tests reaching values of Re = 3 - 10% [Hughes G. (1952), Hughes G. (1954)]. The tested
surfaces were of a broad range of aspect ratios (fraction of plank’s beam over its length) and Hughes
managed to extrapolate the resistance coefficients in two dimensional (2D) flow, giving the formula
in Equation 2.10.

= log(ReCF) (2.9)

0.066
(logRe — 2.03)?

Cp = (2.10)

Not being able to take into account the viscous effects, the ITTC made certain corrections so as the
form effect of modern ships to be included introducing the "[TTC-57 model-ship correlation line"
(Equation 2.11).

0.075
= 2.11
Cr (logRe — 2)? (2.11)

The last decades, numerical methods have been applied to obtain a formula for the resistance of
flat plates. Several studies have used different techniques, such as use of the wall-wake law and the
momentum integral equation [Grigson C. W. B. (1993) , Katsui T. (2005)] or using RANS equations
[Eca L. et al. (2002)]. The most reasoned study is considered the one from Eca & Hoekstra, who
managed to include in their computations the skin friction as function of Re. A graphical represen-
tation of friction lines extracted from the three approaches presented above is displayed in Figure 3.2
in order a comparison of the results among the aforementioned approaches to be seen. It is apparent
that the higher divergence among the frictional resistance coefficients of the three approaches occurs
for low values of Re.
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Figure 2.2: Friction lines. [Larsson, L. et al. (2010)]

2.2.3 Form Factor

The main concept of the form factor is the need of having different "extrapolator" for each hull,
without being based on an unique 2D flow analysis, such as Froude method. This issue is under con-
sideration from the beginning of the previous century. Moreover, the extrapolation of the resistance
from model to full scale must include also the effects of three-dimensional flow [Korkmaz K.B. (2022)],
since the 3D frictional resistance of the hull surface cannot be the same as the 2D frictional resistance
of a flat plate. On the other hand, the contribution of the hull shape is included implicitly in the Cg,
while the Cg is not affected when it is scaled up from model to full scale at the same F'n number,
as long as Cg is a function of Fn number Cr(Fn). According to Hughes [Hughes G. (1954)], the
residual resistance can be divided into Cpy and Cy. Given that Cpy constitutes a constant per-
centage of C'r, only the Cyy is scaled up with F'n. Therefore, based on all the aforementioned points,
Equation 3.24 [[Korkmaz K.B. et al. (2020)], Eq. (1)] gives the total resistance.

C1T = CF + Cform + C'I/V (212)

In Equation 3.24, Cform represents the form resistance because of the hull shape and it is propor-
tional to C'r when the flow does not have separation and it is turbulent, the hull is smooth and
it is symmetrical when it is towed at zero incidence angle. Furthermore, the eddy-making resis-
tance and the added skin friction from curvature effects lead to the inclusion of form resistance
[Korkmaz K.B. et al. (2021)]. In Equation 2.13 [[Korkmaz K.B. et al. (2020)], Eq. (1)], the linear
relation between the C',,, and CF is presented.

Corm = kClp (2.13)

Regarding the Equation 2.13, the form factor is considered as the percentage of frictional resistance
due to the shape of the hull. For this specific reason, to calculate the form factor in a towing tank,
the carriage tows the model in low speeds (e.g F'n < 0.15) where the wave resistance is negligible.
However, the central problem with running a model in low speed is the development of laminar
flow, where the forces are extremely small and the measurements can be inaccurate. Therefore, the

9
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CFD-based approach can be considered as a more precise method for the determination of form factor.

In Section 2.2.3.1 and Section 2.2.3.2 which follow, two different approaches for the determination
of form factor are presented. Specifically, in Section 2.2.3.2 the two form factor (2-k) method is
introduced, which constitutes the main "tool" of the simulations of this thesis.

2.2.3.1 Experimental Determination of Form Factor

The determination of form factor in experiment-wise approach is applied with three different ap-
proaches.

First of all, to derive a first estimation of form factor, Watanabe [Watanabe K. (1973)] introduced
an empirical expression (Equation 2.14) [[Larsson, L. et al. (2010)], Eq. (8.18)], which is the most
widely used.

Cp
CoNG
where C'g is the block coefficient, Lpp is the length between perpendiculars, B is the beam and T the
draft. It is noted that the aforementioned expression is used only in conjunction with the I'TTC-57

formula (Equation 2.11).

k= —0.095+ 25.6 - (2.14)

As it is referred in Section 2.2.3, another possible way to define the form factor is by running the
model at low speed taking into account only the frictional contribution in total resistance, where
Cw = 0 and CF is computed by the ITTC-57 formula (Equation 2.11). Therefore, the form factor is
estimated by the following ITTC-78 expression (Equation 2.15) [ITTC (Revision 2017) (1978)].

In Figure 2.3 the depicted plot corresponds to the definition of form factor in low speed, in which
the friction coefficient line, the viscous coefficient line and measured points of the total resistance are
illustrated.

Cy
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Measured total resistance C'p
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Figure 2.3: Form factor in low speed. [Larsson, L. et al. (2010)]
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Prohaska method is the third approach of defining form factor and is considered as the most common
one. The main idea about Prohaska method is the expression of Cy, with asymptotic expansion
representation, which was first introduced in [Toki N. (2008)] and is presented in Equation 2.16
[Korkmaz K.B. et al. (2020)], Eq. (3)] and afterwards the expression of Crys in Equation 2.17 is
introduced in conjunction with the asymptotic [[Korkmaz K.B. et al. (2020)], Eq. (4)].

Cw=axFn*4+bx Fn® +cx Fn' +d x Fn' (2.16)

Cryr =14+ k)xCp+ax Fn*+bx Fn® + ¢ x Fn'? +d x Fn'® (2.17)

Eliminating the higher order terms, since they are almost equal to zero at low speed numbers
and dividing both sides of Equation 2.17 by Cr, the linear expression of Equation 2.18 is derived
[[Korkmaz K.B. et al. (2020)], Eq. (5)].

CTM/CF:(1+I<Z)+GXFH4/OF (218)

Significant improvements have been achieved in model-ship correlation in favour of the application of
Prohaska method. The report published by Prohaska refers that extracting the results of 200 model
runs is observed that the ratio C7/C for the higher percentage of the models tend to be plotted on
straight lines for a range of 0.1 < F'n < 0.2, as it is observable in Figure 2.4 [Prohaska C. W. (1966)]
. According to the graph of this figure, the form factor is defined by the intersection of the straight
line formed by the measured points and the y axis.

Direction coefficient k. |

O Measured points

0 0.5 1 1.5 2 25 3 3.5 4
Fn*/Cr

Figure 2.4: Prohaska method. [Larsson, L. et al. (2010)]

Given the fact that Prohaska method was developed before 1966, the method has basic shortcom-
ings. These shortcomings are related to the existence of bulbous bow, in case of twin-screw models
with appendages or models with full stern body lines. In these three circumstances, the measured
values of ratio Cp/Cr deviate from the aforementioned straight line, making Prohaska method con-
troversial. For this certain reason, the CFD-based approaching for the estimation of form factor
is considered necessary and inevitable, specifically when modern hull designs are investigated with
partly submerged bublous bow in partial loaded conditions or deeply submerged transoms.

11
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2.2.3.2 CFD-Based Determination of Form Factor

The second way to determine the form factor is the CFD-based approach, which tries to confront the
drawbacks and shortcomings of Hughes [Hughes G. (1954)] and Prohaska [Prohaska C. W. (1966)]
methods. According to the CFD-based approach, it follows the assumptions of Hughes and is calcu-
lated via the Equation 2.19.

= Cr + Cpy = v (2.19)
Crm Crum

By using the double-body CFD simulation (Section 2.3.3) for deriving the Cr and Cpy. On the

other hand, the Cp)y; corresponds to the equivalent flat plate resistance in 2D flow and it is esti-

mated based on the same Re as the computations. It is mentioned that via the same friction line,

the Cryr in Equation 2.19 and the C'rg in Equation 2.3 are obtained, when the CFD-based form

factor determination is used [Korkmaz K.B. et al. (2022)].

(1+k)

The disadvantages and weaknesses of Prohaska method, which are presented in Section 2.2.3.1, also
concern the CFD-based form factor methodology in a similar manner, in cases such as hull shapes with
large bulbous bows and deeply immersed transoms and it can lead to its either under-estimation or
over-estimation. Furthermore, another case where the CFD-wise approach is considered inadequate
is when a large bulb is in the proximity of the free surface of still water [Korkmaz K.B. et al. (2022)],
which corresponds to the mirror plane of the double body simulations, and there is possibility for
flow to be separated in the region of bulb, since high level of acceleration takes place. A possible
solution to this problem could be the trimming of the hull bow down [Raven, H., C.; A. et al. (2008)]
in order for all the entire bulbous bow to be submerged. The same practise can be applied for the
case of large immersed transom which leads the flow to be separated in the region of wake.

For the aforementioned reasons, an alternative approach of defining the form factor is necessary.
As it was referred previously, the two form factor method can be applied efficiently in cases where
the preconditions of Hughes and Prohaska methods are not satisfied [Korkmaz K.B. et al. (2022)].
Because of the persistent recirculating flow in the area of transom through the model scale to full
scale Re numbers, the full scale viscous resistance is under-predicted, leading to the decomposition
of the viscous resistance coefficient to the frictional resistance of a friction line and the flow in the
wake of transom. More thorough description of the 2-k method is presented in Section 3.2.

2.3 Numerical Modelling

The main scope of the present thesis is the modelling of numerical simulations for the determination of
form factor based on a specific methodology (2-k method). In this section the theoretical background
behind the implemented CFD simulations is introduced. The flow around the ship is modelled using
single phase flow of water, since the free surface of water is not included in the problem, because
the viscous resistance is the only contributor for the estimation of form factor and no the wave-
making resistance. Inclusion of turbulence in the flow takes place in order turbulent phenomena to be
captured.The best practise would be the use of Direct Numerical Simulation (DNS), because it would
be possible to simulate the turbulence the smallest scales in the flow, which are called Kolmogorov
scales [Larsson, L. et al. (2010)]. However, in case of using DNS, an extensive computational power is
required and it is considered impossible to be used based on the availability in the current practical
applications. The most widely used approach is the solution of RANS equations using a closure
model, which is presented in the following subsection.

12
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2.3.1 Governing Equations

This subsection refers to the governing equations which constitute the numerical problem behind
the executed simulations of this thesis. The governing equations correspond to the RANS equations,
which are a time-averaged solution to the Navier-Stokes equations. First of all, the assumption of in-
compressible flow is made, as the water phase is liquid and the velocity of the flow is much lower that
the speed of sound. Moreover, Cartesian tensors are used in order the Navier-Stokes and continuity
equations to be more compact. That means that vector components are represented by one index and
tensor components by two. Also, the equations are made more compact due to the Einstein’s summa-
tion, which indicates that if an index is repeated in a term, summation from 1 to 3 shall be made ac-
cording to this index. Therefore, the continuity equation (Equation 2.20) [[Larsson, L. et al. (2010)],
Eq. (9.39)] and the Reynolds-averaged Navier-Stokes equation for an icompressible Newtonian fluid
takes the following form of the Equation 2.21 [[Larsson, L. et al. (2010)], Eq. (9.38)].

811,,‘
= 2.2
oz, (2.20)
, == F, 2.21
ot T Ox; p Oz, T U@xj(?xj (221)

where u; represents the velocity components, x; is the three coordinate components.

To derive the final expression for the viscous term in the derivation of the Navier-Stokes equations,
the proportionality between the viscous stresses o;; and the rate of strain tensor S;; is taken into
account (Equation 2.22) [[Larsson, L. et al. (2010)], Eq. (9.40)],

where p is the dynamic viscosity and S;; = ot 1 [[Larsson, L. et al. (2010)], Eq. (9.41)].

Generally, it is known that four independent equations with ten unknown variables are extracted
from the RANS equations in three spatial dimensions and a mass continuity equation. The problem
is considered practically impossible to be solved, since imbalance between equations and unknown
variables exist, which is called the closure problem of turbulence, while the Reynolds stresses (pm)
give a higher level of difficulty to the problem. Consequently, the Reynolds stresses are modelled using
a linear eddy viscosity model, which is presented in Equation 2.23 [[Mikkelsen H. L. et al. (2019)],
Eq. (2.16)].

— 2
—pujug = 2413.S;5 — gpkeéi» (2.23)

where p; is the turbulent or eddy viscosity, k. is the the turbulent kinetic energy and ¢;; is the Kro-
necker’s delta. A two-equation model must be used in order the turbulent viscosity to be predicted.
The two-equation models applied for the execution of the simulations in this thesis are introduced
in Section 2.3.2.
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2.3.2 Two-Equation Models

In the present thesis, two two-equation models are applied for the inclusion of turbulence in the
simulations. These models are the realizable k — ¢ and the shear stress transport (SST) k —w model.

Firstly, the realizable k — € model is a two-equations model, one of which corresponds to the turbu-
lence kinetic energy k£ and the dissipation rate €. This model is closely related to the mechanisms
[Versteeg H. K. et al. (2007)], which have impact to the turbulent kinetic energy. According to this
turbulent model, the £ and e are used to estimate the velocity scale 6 and the length scale [, which
represent the large-scale turbulence in Equation 2.24.

/{?1/2
- €

0 = k> l

(2.24)

The reason why the small eddy variable € is used to determine the large eddy scale [ is because the
rate of of energy transmission across the energy spectrum to eddies of small magnitude tends to
be equal to the rate at which large eddies produce energy for the mean flow at high Re numbers
[Versteeg H. K. et al. (2007)]. Via dimensional analysis, the eddy viscosity is given by Equation 2.25.

k2
e = Cpll = pC’M?6 (2.25)

where C), is a non-dimensional constant.

Due to the fact that the dissipation rate of turbulence kinetic energy is not the only length scale
variable, numerous other two-equation models have been developed, such as the k — w model. A
revised version of £ —w model is the £ —w SST model, which combines the k — e and k£ —w model and
it is also applied in the set-up of simulations of this thesis. In the case of k—w model, the specific tur-
bulence dissipation rate or also known as turbulence frequency w and the length scale is expressed by
| = Vk/w and the eddy viscosity is calculated by the Equation 2.26 [[Versteeg H. K. et al. (2007)],
Eq. (3.71)].

fie = pke/w (2.26)
More details on both turbulent models can be found in [[Versteeg H. K. et al. (2007)], Sec. 3.7].

2.3.3 Double-Body Flow RANS computations

It is known that the development of a numerical method, which is accurate and efficient to compute
the forces and moments around the hull, is considered the most crucial part in the domain of ship
hydrodynamics. Moreover, the numerical method through the solution of RANS equations is the
most widely used the last decades for the aforementioned computations. Nevertheless, the applica-
tion of a RANS tool constitutes an extremely low-efficiency way, especially for applications when
the ship motions in six degrees of freedom and the water free surface are taken into consideration.
Therefore, it is essential to introduce specific assumptions in order the computational cost and time
to be adequately reduced.

One of the mentioned assumptions, which is applied in the setup of the simulations in this thesis, is
the Double-Body Flow (DB) assumption. According to that, the free-surface effects are considered
negligible, because the wave-making resistance does not contribute as a component to the total
resistance in case of CFD-based form factor calculations, since the ship speed is quite low and,
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consequently, does not stimulate dynamic fluid-body interaction. Practically, the DB assumption
is applied by mirroring the hull geometry on top for avoiding including the free surface during the
CFD computations, but introducing only the underwater effect in the calculations, as the Figure 2.5
depicts. Recent research work [Yao J. X. et al. (2021)] verifies that the suitability and efficiency
of the DB assumption in CFD simulations is due to the low range of values of the Fn number
(Fn < 0.142), as well as the final predicted results approximate sufficiently the experimental data.
From the point of view of the average computational cost, the DB assumption is obviously much less
than alternative approaches, such as the water-air flow assumption.

Figure 2.5: Visualization of Double-Body Flow assumption.

From a mathematical perspective, DB assumption is based on the potential flow theory and consti-
tutes a method to linearize the steady potential flow. Specifically, the flow tends to be steady along
the hull geometry. Thus, the coupling effects of steady flow are presented by the spatial derivatives of
DB potential [Lee J. et al. (2020)]. The main advantage of the DB linearization is that the second-
order derivatives are neglected in the body boundary condition (BC). The mathematical expression
of the basic DB assumption is given by Equation 2.27 [[Lee J. et al. (2020)], Eq. 5],

ST )=+ dr+da (D> dr,da) (2.27)

where ® indicates the steady potential, while the subscripts I and d denote the incident and disturbed
waves, respectively. In the context of this thesis, where the CFD-based form factor is investigated,
the potential components of incident and disturbed waves are neglected, since there are no wave-
induced effects in the numerical computations. Even though the incident and disturbed waves are
negligible the ® term (steady potential) does not contribute to the total resistance, according to the
potential flow theory.

2.3.4 Free-Surface Model - Dynamic Fluid Body Interaction (DFBI)

The free surface is designated as the still water surface between the water and the air. The free sur-
face computations are of a crucial importance, since the generated waves are contributors in the total
resistance of ship, mainly for high F'n numbers. In the context of this thesis, free surface simulations
are applied in order for the flow in the wake of the submerged transom to be studied and how much
impact the wetted transom could have in the estimation of form factor. Thus, generated waves are
not expected, as long as the F'n number has been chosen equal to 0.1 in both full and model scale,
which is considered rather low value.
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The Volume of Fluid (VoF) method constitutes the tool for the modelling of the free surface. It
is a numerical method of free surface approximation. According to this method, the fraction of
water and air is computed in the cells in which both fluids exist. Therefore, based on the volume
fraction, a weighted average of their density and viscosity is applied. The interface located in cells
with volume fractions of air and water larger than 50% represents the free surface. A continuous
fractional function C' is applied, which is defined as an integral of fluid functions. Its formula is given
in Equation 2.28

§+v-vc+v-[0(1—0)w] =0 (2.28)

where v is the fluid velocity, U, represents an "imaginary" force which "compresses" the studied re-
gion. C takes values between the range 0 < C < 1 and if the cell is empty without fluid, C' = 0,
while in case of being full, C' = 1.

The fluid-ship interaction is considered as decisive factor for the assessment of resistance. Through
the aforementioned interaction, heave and pitch are generated and they are the two fundamental
Degrees of Freedom (DoF) of a vessel in still water. It is known that the ship speed has impact on
pitch and heave motions, as well as the vessel performs a certain pitch and heave in a specific speed
via equilibrium between static and hydrodynamic forces acting on ship. Thus, the equilibrium pitch
and heave represent the dynamic pitch and heave.

As far as the dynamic fluid-body interaction (DFBI) method is concerned, it is used to simulate the
fluid-body interaction in STAR-CCM+ [STAR-CCM+ (2023)] software. The forces and moments on
the vessel are estimated for specific intervals, as well as the ship is induced on a certain number of
translations and rotations until its equilibrium to occur.

2.3.5 Spatial Discretization

The computational domain is considered as the spatial field where the CFD simulations take place.
The domain is descritized in a specific number of cells, while each cell is composed of a certain
number of faces and nodes depending on the type of mesh (structured or unstructured). The part of
the domain apart from the region of boundary layer is called volume mesh. The surface of the inves-
tigated geometries, which are the benchmark hulls (Section 3.1.1) in this thesis, are also descritized
via segmentation into quadrilateral cells. The group of the triangular surfaces is called surface mesh.

Given that the frictional resistance in the form factor simulations is the main contributor of the total
resistance, the modelling of the boundary layer has crucial importance. As it is already mentioned
above, in both experimental and computational estimation of form factor the F'n number is kept in
a low value in order for the highest percentage of total resistance to be dedicated to skin friction.
The non-dimensional quantity that is important when the boundary layer is taken into account is
the the wall y* value. The y™ expresses the distance of the center of the first cell to the wall and is

given by Equation 2.29.
yt =2 I (2.29)
v P

where u, is the frictional velocity, y is the distance to the wall and 7, is the wall shear stress. De-
pending on which part of boundary layer is studied the y* takes a certain range of values (viscous
sub-layer = y™ < 5, buffer layer = 5 < y™ < 30 and log-law layer = 30 < y* < 200 — 300)
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[Versteeg H. K. et al. (2007)].

In Figure 2.6, the configuration of the computational grid near to the wall of a surface is illustrated.
A boundary layer mesh is used for the discretization of the boundary layer region. Moreover, the
boundary layer mesh is composed of multiple layers of thin quadrilateral cells, which are also known
as prism layers. The size transition of one layer to a neighboring one must be as much smooth as
possible and especially in the region where the boundary layer mesh is connected with the volume
mesh.

7 Volume Mesh

} Boundary Layer Mesh

Computational
Domain

Wal
Figure 2.6: Boundary layer and volume mesh.

The flow inside the boundary layer can be modelled with two main approaches. The first approach
is about the full resolution of the flow inside the boundary layer with an appropriate number of
cells. To be achieved, the y* value must be kept below 1 and so the boundary layer flow can be
captured all the way down to the viscous sub-layer. However, that means the computational cost of
the simulation rises due to the increased number of cells. According to the second approach, wall
functions are used for the approximation of the wall shear stress. In that case, the centroid of the
first cell next to the wall is positioned in the logarithmic layer (y™ > 30) and therefore there is no
cell in the viscous sub-layer. For the set-up of the simulations of this thesis, the wall function "All-y+
wall treatment" is used. This wall function integrates the high y* values for coarse grids and the low
yT values for fine grids.
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Method

This chapter present the methods used in this thesis. The work of the thesis focuses on the CFD-
based form factor estimation of three benchmark hulls, implementing in parallel a sensitivity analysis
of two different turbulence models and several levels of grid refinement. To obtain a better insight
and assessment of the extracted results, data from existing vessels are included in the present study.

First of all, the test cases of both the benchmark hulls and the data from existing vessels are in-
troduced in Section 3.1. Secondly, in Section 3.2 the idea behind two form factor (2-k) method is
presented. The concept of the double body RANS computations, which is used in the setup process
of the simulations, is described in Section 2.3.3. Afterwards, thorough presentation of the setup of
the CFD simulations is extensively presented in Section 3.3. Finally, the verification and validation
methods used for the evaluation of the results are expounded in Section 3.4.

3.1 Test Cases

This section presents the ship hulls investigated in this thesis. Five benchmark hulls (JBC, KCS,
KVLCC2, DTMB5415 and ONRT) are used for the execution of the systematic analysis of form
factor. To have a more holistic study and obtain insight about the present investigation, data from
existing vessels are included and also presented in this section.

3.1.1 Benchmark Hulls

The investigated benchmark hulls are provided as 3D geometries by the Tokyo 2015 Workshop on
CFD in Ship Hydrodynamics and the Gothenburg 2010 Workshop on Numerical Ship Hydrodynamics,
while their geometries are available as open source material [JBC, Tokyo (2015), KCS, Tokyo (2015),
KVLCC2, Tokyo (2015), DTMB 5415, Gothenburg (2010), ONRT, Tokyo (2015)]. The geometries
of the aforementioned benchmark hulls are depicted in Figure 3.1 in side view. Moreover, their main
particulars in full scale are presented in Tables 3.1, 3.2 and 3.3, while a brief description for each
benchmark hull is presented in the next paragraphs.

Specifically, Japan Bulk Carrier (JBC) is a cape-size bulk carrier. The aim of its design was the
validation of the results of ship with Energy Saving Device (ESD) from CFD analysis. An ESD is an
added device attached onto the hull or propeller of the vessel, such as duct, pre-swirl fins, fin on hull
or other modifications in order to increase the efficiency. The reason for the selection of a bulk carrier
was the extensive number of this type of vessel in the shipping sector, while a blunt ship is suitable
for investigation of the impact of ESDs. The hull of JBC was designed in the context of a cooperative
research project organized by shipyards and academic institution in Japan [Hino T. et al. (2020)].
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Table 3.1: Main particulars of JBC (Full Scale - Full Load Condition).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 280 m
Length of Waterline Lwr, 285 m
Depth D 45 m
Maximum Beam of Waterline Bw 25 m
Draft (Ballast) T 16.5 m
Block Coefficient Cg 0.858 -
Scale Factor A 40 -

The second studied benchmark hull is KCS. The KCS hull was also used in Tokyo 2015 Workshop and
it represents a 3600 TEU (i.e. Twenty-foot equivalent unit) containership, which was also designed
for validation purposes of CFD estimations. The mentioned hull was used in Gothenburg 2010
Workshop on CFD in ship hydrodynamics [Larsson L. et al. (2013)]. The model scaling factor for
KCS is 1/37.89, while the Cg has low value [Hino T. et al. (2020)].

Table 3.2: Main particulars of KCS (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 230 m
Length of Waterline Ly, 2325 m
Depth D 19 m
Maximum Beam of Waterline Bw i, 32.2 m
Draft T 10.8 m
Block Coefficient Cgs 0.6505 -
Scale Factor A 37.89 -

Furthermore, the KVLCC2 model hull was designed in the Korea Research Institute for Ships and
Ocean Engineering in 1997. Again, the reason for the design of KVLCC2 was the inclusion of one
more test case for validation of CFD estimations. It is mentioned that the KVLCC2 hull used in
this thesis is the prototype one, since its stern contour was modified at the CFD Tokyo Workshop
in 2005 and this modification is explained in [Hino T. et al. (2020)].

Table 3.3: Main particulars of KVLCC2 (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 320 m
Length of Waterline Ly, 3255 m
Depth D 30.0 m
Maximum Beam of Waterline Bw i, 58 m
Draft T 20.8 m
Block Coefficient Cg 0.8098 -
Scale Factor A 45.714 -

Moreover, the US Navy Combatant (DTMB 5415) was introduced as a preliminary design for a
Navy surface combatant in 1980. The hull is composed of both a sonar dome and transom stern.
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Also, this benchmark hull includes twin open-water propellers driven by shafts supported by struts
[DTMB 5415, Gothenburg (2010)].

Table 3.4: Main particulars of DTMB 5415 (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 142 m
Length of Waterline Ly, 142.18 m
Maximum Beam of Waterline Bwr, 19.06 m
Draft T 6.15 m
Block Coefficient Cp 0.507 -
Scale Factor A 24.83 -

Finally, the ONR Tumblehome Ship model 5613 constitutes a preliminary design of a state-of-the-art
surface combatant. It is published and accessible for implementation of research. The model version
of this benchmark hull is appended with bilge keels and skeg, which have been removed for the
estimation of form factor, since the bare hull forms are only included in this thesis. Moreover, the
hull a hull design which can be considered as wave piercing (i.e. hull with a very fine bow and reduced
buoyancy in the fore part), as well as 10° tumblehome sides and transom stern. Last but not least, the
available model includes also rudders, propellers, shafts and superstructure [ONRT, Tokyo (2015)].

Table 3.5: Main particulars of ONRT (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 154 m
Length of Waterline Ly, 154 m
Maximum Beam of Waterline Bwr, 1878 m
Depth D 14.5 m
Draft T 5494 m
Block Coefficient Cp 0.535 -
Scale Factor A 4894 -

3.1.2 Other Vessels - Main Parameters

In order to derive more insight about the impact of scale effects and grid refinement in the estimation
of form factor, two more hulls are investigated. These referred hulls correspond to two existing vessels
for which the 3D CAD geometry, as well as data from sea trials are provided from the database of
FORCE Technology. These two hulls represent two bulk carriers of 180K and 82K DW'T, respectively.
The main particulars in full scale and the used scale factor for each of them in order to be scaled
down in model scale are presented in Table 3.6 and Table 3.7.
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(a) JBC

(b) KCS

(¢) KVLCC2

—

(c) DTMB 5415

(¢) ONRT

Figure 3.1: Benchmark hulls (side view).
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Table 3.6: Main particulars of 180K Bulk Carrier (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 283.5 m
Length of Waterline Lwr, 288 m
Maximum Beam of Waterline Bw i, 45 m
Depth D 24 m
Draft T 17 m
Block Coefficient Cg 0.92 -
Scale Factor A 36.818 -

Table 3.7: Main particulars of 82K Bulk Carrier (Full Scale).

Main Particulars Symbol Value Unit
Length Between Perpendiculars Lpp 223 m
Length of Waterline Ly 227.015 m
Maximum Beam of Waterline By, 32.25 m
Depth D 20.1 m
Draft T 12.2 m
Block Coefficient Cg 0.87 -
Scale Factor A 29.625 -

3.2 Two Form Factor Method

As it is already discussed in Section 2.2.3, the issue of which is the best practise for the estimation
of form factor concerns the field of ship hydrodynamics and towing tanks almost one century. The
belief of some researchers that a 2D flow line is not adequate for the extrapolation problem, as it is
presented in ITTC (1957) [ITTC (1957)], introduced an alternative approach of a separate extrapo-
lator for each hull form, such as the one proposed by Hughes (1954) [Hughes G. (1954)]. The main
problem with Hughes method is the difficulty to stimulate turbulent flow around the hull, since the
execution of resistance test must be in very low Re and F'n numbers for the form factor estimation.
Also, the measurements can be considered vulnerable to inaccuracy due to forces of low values. For
the aforementioned reasons Prohaska (1966) [Prohaska C. W. (1966)] recommended a simplified pro-
cess to extract the form factor from resistance testing, making specific assumptions (Section 2.2.3).
If the assumptions are not satisfied, Prohaska approach tends to fail.

Recirculation of flow in the wake of transom, which is one of the problematic issues of Prohaska
method, is constant for all Re numbers from model to full scale. This creates an under-prediction of
the Rys. To overcome this problem, decomposition of viscous resistance coefficient in model scale
(Cpvar), or also known as form resistance, is applied Equation 3.20 [[Korkmaz K.B. et al. (2022)],

Eq. (4)].
Cpyvym = OJIDVM + Cyumr (31)

where C'by,, represents the proportional part to the Cp and Cy, indicates the part of resistance
produced due to the flow separation in the wake of transom and it is not proportional to Cg.
According to Korkmaz et al. [Korkmaz K.B. et al. (2022)] Cy,a does not change from model to full
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scale Re number. In Figure 3.2 it is observable that both Cpy,, and Cy.p scale down proportional
to the illustrated Cr line given that the same form factor in model and full scale is used. As a
conclusion, CFD form factor prediction must be used for its correction or prompt estimation for
hulls with a wetted transom.

T T T T T T

= = = *Friction Line

............. Viscous Pressure C
Cm e
* Resistance due to wet transom C, o
*
* ——— Viscous Resistance C,,

B Cvm % Residual Resistance CR

Re

Figure 3.2: Concept of 2-k method. Extracted by [Korkmaz K.B. et al. (2022)]

The aforementioned methodology is called two form factor (2-k) method and certain steps are needed
for its application. Firstly, the towing tank testing provide the Cr,,. Afterwards, using either Pro-
haska method [Prohaska C. W. (1966)] or CFD simulation [Korkmaz K.B. et al. (2021)], the form
factor in model scale k), is calculated. Then, the residual resistance coefficient is computed by the
Equation 3.20. On the other hand, the full scale form factor is estimated by CFD-based form factor
method and, finally, the total resistance in full scale is computed by Equation 2.3.

CR = CTM — (1 + kM)CFM (32)

The Ck is derived by use of model scale form factor, while C'y is extracted by using the full scale form
factor [Korkmaz K.B. et al. (2022)]. In Figure 3.3, the aforementioned process of the 2-k method is
presented in the form of a flow chart in order to be more straightforward. It is obvious that the case of
a submerged transom is included in the workflow, based on the study of [Korkmaz K.B. et al. (2022)].
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Figure 3.3: Flow chart of 2-k method.

As far as the empirical correction for transom submergence is concerned, the existing recommended
processes for the form factor estimation in both model and full scale can be considered as deficient,
since flow separation behind the transom is developed. The 2-k method is used to overcome these
kind of issues (i.e. recirculating flow). On the other hand, the 2-k method has as requirement the
application of double-body RANS computations, as well as a Best Practice Guideline (BPG), the
BPG’s quality assessment and verification of its quality are necessary. Consequently, an empirical
correction formula (Equation 3.3) has been established [Korkmaz K.B. et al. (2022)], Eq. 13] via a
regression analysis.

ki = [—0.025 + t71asio (1.5 — 2.3t qrio — 0.07LCOB)] x [—5.45 4 log,o(Ren)

(1.415 + 4.32t7,4110) — (log1o(Rear))*(0.081 + 0.55t7a140 )] (3:3)
According to regression analysis, it is related to the prediction of k. from the £ —w SST model and
the numerical friction line. Moreover, the scaling effects included by the friction line are introduced
for the extraction the k. values [Korkmaz K.B. et al. (2022)]. By comparing the the &, values from
CFD and the empirical correction formula, Equation 3.3, the two methods do not present high level
of discrepancies, as the results from simulations present in Chapter 4.

To apply the submerged transom correction, three main variables must be determined, the transom
Froude number F'ry,, the transom ratio 7,4, and the transom fullness &7 fyness, Which are defined
from Equations (3.4a) to (3.4c).
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(3.4a)

(3.4D)

(3.4¢)

tr =
fullness 2ytrﬂr

where T}, is the draught of transom, g is the gravitational acceleration, V' the flow speed, A;, is the
area of the submerged transom, A,,,, is the maximum cross-section area for a given draft and y;, is
the transverse dimension of the wetted transom. For a better understanding of these three geometri-
cal variables, one can see the paper [[Korkmaz K.B. et al. (2022)], Fig. 3]. A lower limit in 7,44, 18
set (trratio < 0.025), as long as lower values can lead in partially wetted-transom or dry-transom flow.

3.3 CFD Simulations Setup

At this point the CFD setup of the form factor simulations is described both in model scale and
full scale. All CFD simulations are executed in the commercial CFD-code STAR-CCM+ v.17.06.007
from Siemens [STAR-CCM+ (2023)]. The use of the aforementioned software is broad in maritime
industry and it is widely known for its capabilities when is applied in the marine sector.

3.3.1 Computational Domain and Boundary Conditions

In the present section, the characteristics of the computational domain are presented. Specifically,
the domain is a rectangular parallelepiped with the aim of representing the arrangement of a towing
tank. The dimensions of the computational field are selected depending the scale factor of the hull
in each case. Its dimensions are depicted in Table 3.8 as a percentage of Lpp. In Figure 3.4 the visu-
alization of the computational field is illustrated, as well as the nomenclature of the seven boundaries.

Table 3.8: Domain size of the CFD setup in model and full scale.

Dimension Percentage of Lpp
Longitudinal Upstream Length 2Lpp
Longitudinal Downstream Length 5Lpp
Vertical Length 2Lpp
Transverse Length 3Lpp

The boundary conditions of the domain are presented in Table 3.9. A symmetry plane is used,
because the flow is symmetrical in starboard and portside and thus the computational cost of the
simulations is reduced to half. Moreover, a refinement zone of grid is applied for capturing the abrupt
changes of the flow, such as flow speed and pressure, to be sufficiently captured. The refinement
direction in the region near to the geometry is the same for all the three dimensions (longitudinal,
transverse, vertical). There is no need for more refinement zones to be added, since the double-body
assumption, does not include the interaction of the free-surface with the studied geometry and there-
fore the wave generation is negligible.
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Top Hull Top

Hull

QOutlet Inlet  Symmetry Side

Bottom Bottom

Figure 3.4: Qualitative representation of the arrangement of domain in model and full scale with
boundary nomenclature for DB approach. (Left) Starboard side and (Right) Front side

Table 3.9: Boundaries and boundary conditions of the CFD setup in model and full scale.

Boundary Boundary Condition

Inlet Velocity inlet, prescribed with V,,
Outlet Pressure outlet

Top Symmetry plane

Bottom No-slip wall

Symmetry  Symmetry plane

Side No-slip wall

Hull No-slip wall

On the other hand, the arrangement of the refinement zones is different when the free surface is
taken into account for the application of Prohaska method. As it is illustrated in Figure 3.6, four
refinement zones are applied. The selection of the location of refinement zones is decided depending
on which regions of the domain are crucial and it is possible that they have impact on the final results.

Table 3.10: Refinement zones of the FS case.

Refinement Zone Refinement Direction
Bow RZ All

Transom RZ All

Free-Surface RZ Vertical

Wake Kelvin RZ Longitudinal and Transverse

The purpose of the bow RZ is to resolve Kelvin waves, which are expected to be negligible. The
transom RZ plays an important role, since there is tendency for flow separation when the transom is
submerged. Furthermore, the bow RZ is needed due to the development of high values of pressure,
as well as the stagnation point. Finally, the free-surface RZ tries to capture the surface elevation due
to the the presence of the geometry. In Table 3.10, the refinement direction of the refinement zones
is depicted.
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Figure 3.5: Refinement zones in model and full scale for DB approach. Top view (top) and side
view (bottom).

Transom RZ
Free-Surface RZ ——— Bow RZ
[ 1 I —

Wake Kelvin RZ

Figure 3.6: Refinement zones in model and full scale for F-S model. Side view (top) and top view
(bottom).

3.3.2 Grid Generation

As the most crucial part during the set-up of the simulations, the grid generation is implemented
by taking into account some peculiarities of the flow field. These peculiarities are relevant to the
viscous and turbulence effects of the flow and the frictional contribution to the total resistance of
the studied hulls, since they are the decisive factors in the analysis and scope of this thesis.

In order for both the frictional and turbulent effects to be captured, the creation of prism layering,
which represents the boundary layer near to the wall of the hulls, is necessary. As far as the scaling
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of the simulation is concerned, i.e. model or full scale and the several scale factors used for the
scaling sensitivity study, as it is presented in Appendix A, the characteristics of prism layering, such
as number of layers, Equation 3.5, near wall distance etc., change in a way to be as much effectively
adaptive in the boundary layer as possible.

Both the prism layering thickness and the near wall distance are Re-dependent, since the flow speed
closely affects if it is laminar or turbulent. Moreover, the number of the prism layers, Equation 3.5,
and the stretching factor are related to the total thickness of the layering and in what extent it con-
tains the turbulence inside the boundary layer. The stretching factor A4 is defined as the thickness
of each cell layer as a ration of the previous layer. The referred characteristics are presented in the
Tables A.1 and A.2. The estimation of the boundary layer thickness and the near wall distance are
given from the empirical formulas in Equations 3.6 and 3.7, respectively.

Cn(1— (1= X))

N = 3.5
In(As) (35)
where X is the first cell thickness.
) 0.38
S 3.6
r  (Re)l/5 (3.6)

where x corresponds to the characteristic length of the studied geometry, i.e. Lpp, and J is the
thickness of the boundary layer. The dimension of the first cell normal to the wall is computed by
using the Equation 3.7 [[Huang et al. (2023)], Eq. 10].

t
y* = 7 x Rey/0.00375/ (log(Re) — 2)? (3.7)
PP

where ¢, is the wall distance of the first cell near to wall.

Due to the fact that there is need of capturing the boundary layer in full scale in such a way in order
the turbulent phenomena into it to be included, a high value of ™ must be applied. In opposite case,
following the model-scale standard regarding the value of y* to set-up full scale simulations can be
considered as waste of computational resources [Huang et al. (2023)]. In Figure 3.7, an indicative
representation of the refinement of mesh in the vicinity of wall is presented, in which the stretching
rate is visible. Moreover, the configuration of the generated mesh for the numerical simulations for
both DB and F-S methods is illustrated in Figure 3.8. The depiction of the mesh in stern and bow
presents the refinement zones, as well as the inclusion of the prism layering.

AV —1
A — 1

_ (3.8)

TH:ZCi:

where Ty is the total thickness of boundary layer in m, A, is the stretching factor and N is the
number of layers.
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Figure 3.7: Graphical representation of the parameters of boundary layer.
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Figure 3.8: Representation of generated mesh with details at the bow and stern for both DB and
F-S numerical computations (side view - JBC).

Finally, in Figure 3.9, the y™ distribution is depicted for both MS and FS. The values of y* are kept
in an accepted range [Mikkelsen, H. et al. (2020)] in order the turbulence phenomena in the aft part
of the hulls to be captured, especially for FS simulations, which they are expected more intensive.
One can observe that discrepancy in y* distribution is observed in the aft and fore part of the three
test cases, because the geometry changes abruptly in these parts of the hulls.
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Figure 3.9: Distribution of y™ for the benchmark hulls JBC (top), KCS (middle) and KVLCC2
(bottom) (side view).

3.3.3 Hull Roughness Modelling

Two separated approaches are used for estimation of hull roughness in full scale. The first approach
is referred to the estimation of roughness resistance using empirical formulas by applying it as a
point force in the centre of gravity of hull. The most recent published empirical formula is the one
of [Towsin & Mosaad (1985)], Equation 3.9, which takes into account only the roughness effect.

AHR

WL

AC) = 0.0044]( )3 — 10 x Re™ 3] + 0.000125 (3.9)

where AH R represents the Average Hull Roughness. The recommended roughness height from ITTC
[ITTC (Revision 2008) (1978)] for full scale CFD simulations is given equal to 150 pm, which is used
in the present thesis, when the sensitivity of form factor in roughness is investigated and represents
the AHR.

Modelling of roughness effects via application of a roughness function and modification of the wall
function constitutes a different approach, as it is firstly introduced by [Cebeci and Bradshaw (1977)].
According to this approach, the elements of roughness onto the surface tend to increase the turbulence
in the boundary layer. Therefore, an additional function in the formula which describes the mean
velocity profile for a smooth surface is needed, as it is presented in Equation 3.10.
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1
Ut = ;lmﬁ + B - AU* (3.10)

where AU™ represents the roughness function, U™ is the normalized velocity in the boundary layer,
K is the von Karman constant equal to 0.42, y* is the normalised normal distance to the wall and
B is smooth wall log-law intercept. It is mentioned that the roughness function is defined through
experiments for a given flow over a rough surface. Furthermore, another way for roughness function
to be expressed is as Re-dependent, Equation 3.11

R,U,

v

Rf =

S

(3.11)

where R, is the equivalent sand-grain roughness height and U, = /7, /p is the friction velocity.

As far as the simulations of this thesis are concerned, four different roughness heights for the test
cases of JBC, KCS and KVLCC2 have been studied. In that way, a systematic analysis regarding the
change of roughness of the hull surfaces can give insights about how much it can affect the estimation
of form factor.

3.4 Verification and Validation

It is well known that the numerical modelling extract errors and uncertainties and it is practically
impossible for the real problem to be directly solved. Consequently, the credibility of the results, as
well as the degree of accuracy must be studied especially in cases of computations of complex tur-
bulent flows. Based on the numerous studies being implemented in the CFD domain, the evaluation
of accuracy through comparison of EFD and CFD results cannot be considered reliable. Verification
and validation (V&V) methods are applied for the estimation of the numerical and modelling errors.
Numerical uncertainty and achieved order of accuracy are assessed via the Least Squares Root (LSR)
approach. Finally, the basis of the LSR method is based on the Richardson Extrapolation (RE) and
Grid Convergence Index (GCI), which are presented in detail below.

3.4.1 Verification Method

The verification procedure is the assessment of numerical uncertainty in a numerical computation
and it is composed of the solution and code verification. The code verification is disregarded, because
the code is considered to be properly developed. Thus, the solution verification is the point of interest.

As far as governing equations of ship hydrodynamics are concerned, they present non-linear behavior
and high level of complexity. Therefore, the only way of solving them is via iterative procedures.
However, existence of errors is unavoidable, especially when the studied geometry is complex, such
as a hull shape, and the flow cannot be well attached onto it (i.e. flow separation). Furthermore,
the discretization of the domain can produce errors without round-off error included. Equation 3.12
gives the numerical uncertainty, taking into account both the discretization and iterative uncertainty.

Usy = JU? + U2 (3.12)

where Ug is the discretization uncertainty and U; is the iterative uncertainty, because of difficulty
in the convergence of solution. Depending on which uncertainty is the biggest contributor of the
numerical uncertainty, the other one can be eliminated.
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3.4.1.1 Grid Convergence Index (GCI)

According to the discretization uncertainty, the most common approach is considered the GCI
method. Through RE, grid convergence is achieved by a series of systematically similar grids
[Korkmaz K.B. et al. (2021)]. The grid refinement ratios are calculated by the Equation 3.13, while
in Table 3.11 data of the number of refinements, total number of cells and the grid refinement ratios
are presented for the testing case of JBC in model and full scale.

hl/hz =\ Ngridl/Ngridi (313)

Table 3.11: Total number of cells and grid refinement ratios.

Model Scale Full Scale
Grid Number of cells hy/h; Number of cells  hy/h;
g1 2.01 x 107 1.00 9.93 x 10° 1.00
7o 124x 107 1.18  6.11x10°  1.18
g3 7.39 x 10° 1.39 3.65 x 10° 1.39
g4 4.52 x 10° 1.65 2.24 x 10° 1.65
gs 2.75 x 10° 1.94 1.36 x 10° 1.94

The GCI procedure starts by calculating the apparent order (p) by Equation 3.14.
[Mikkelsen, H. et al. (2020)]

_ b
ln(rgl)

2 _

where ¢(p) = Z—, where q(p)=0 if r = constant, r are the refinement ratios, ez = ¢35 — o,
32

€21 = ¢2 — @1 and ¢; represents the solution of the i-th grid. In Equation 3.15, the extrapolated

asymptotic value is presented.

p= |In|esa/ea| + q(p)] (3.14)

o1 Thior— P

ext —
rb —1

(3.15)

The approximate and extrapolated relative error are given by Equation 3.16 and 3.17, respectively.

2l = gblgb_l@ (3.16)
21 qbe:vt ¢1
Cext = ¢ext2 (317)

Finally, the GCI is estimated using the formulas of Equation 3.18 and 3.19 for the case of fine and
medium mesh.

 1.25¢2!

GCIF,, = 3.18

ine Tgl 1 ( )
1.25¢217%

GC]E:LQedzum - & (319)

r21—1
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3.4.1.2 LSR Approach

The scatter of numerical solutions with a minimum number of grid densities of four (n, > 4) is taken
into account in the context of LSR method. The discretization error egg in LSR is related to the RE
[Korkmaz K.B. et al. (2021)].

€ERE — 5RE = Sz - SQ = ahf (320)

S; represents any integral or other functional of a local flow quantity, S; is the exact solution, a is a
constant to be defined and h; is the cell size. To define the unknown parameters (Sp, a, p) at least
three solutions are needed. If the grid densities are more, the unknown parameters can be estimated
by the LSR method, finding the minimum of the function below (Equation 3.21).

g

f(So,a,p) = JZ(& — (S + ahl))? (3.21)
i=1
According to the proposed methodology by E¢a and Hockstra [Ega L. et al. (2002)], the uncertainty
of a solution is closely related to the value of the computed order of accuracy. Equal mesh refine-
ment ratios among medium/finest and coarsest/medium meshes can provide estimation of the grid
convergence behavior based on the discrimination ratio R (Equation 3.22). The discrimination ratio
R is dependent to the observed order of grid convergence p and the grid refinement ratios hy/hy and

hs/he [Eca L. et al. (2014)].
- (I 322

The rate of convergence is defined as [Korkmaz K.B. et al. (2021)]:

e Monotonic convergence: p > 0
o Not-observable monotonic convergence: p < 0
o Oscillatory convergence: n., > INT(Ng/3), where n., indicates the number of triplets with
(Sig1 — S5)(Si — Si—1)
« Differently, anomalous
Furthermore, based on the order of accuracy, which is relevant to the scatter, three different ap-
proaches can express the error, as they are introduced in Equation 3.23, 3.24 and 3.25.

6?%2E = Sz - So = a02h2 (323)
511%2E = SZ — SO = Clllh + G12h2 (324)
Ay

oAM = W (3.25)

where Aj; represents the data range and h,,, is the step size of the ngh grid.
Based on the value of R, the type of convergence or divergence of the solutions can be designated

with the following four categories:
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o Monotonic convergence when 0 > R > 1

e Monotonic divergence when R > 1

Oscillatory convergence when R < 0 and |R| < 1
Oscillatory divergence when R < 0 and |R| > 1

3.4.2 Validation Process

The evaluation of uncertainties and errors of a numerical computation is implemented via the vali-
dation procedure. The validation method constitutes the assessment of simulation modelling uncer-
tainty (USM) by using benchmark experimental data and estimation of sign and magnitude of the
modelling error dgys. In the validation process, two parameters are included, which are the validation
comparison error (Equation 3.26) and the validation uncertainty (Equation 3.27).

E=D—-S=06p— ((SSM‘i‘dSN) (3.26)

where F is the comparison error, S is the solution from simulation, D is the solution from experi-
ment, dp is the difference between an experimental data and the truth.

U =Usy +Up (3.27)

where Up is the data uncertainty from experiments, Uy validation uncertainty.

Finally, after the determination of validation comparison error and the validation uncertainty, the
validation result can be defined with two different ways:

o For |E| > Uy, all the errors in both D and S are greater than Uy and so validation is not
achieved for this validation uncertainty level. The magnitude of the validation uncertainty
gives the level of confidence in the CFD model.

o For |E| < Uy, all the errors in both D and S are smaller than Uy and so validation is achieved
at the Uy interval [Korkmaz K.B. et al. (2021)]. When |E| < Uyq, the dgps indicates that the
simulation needs improvements.
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Results

This chapter presents the results extracted from the CFD simulations. Specifically, all the sensitivity
analyses implemented in the context of the present project are mentioned and commented, as well as
the V&V procedure is presented for the JBC and KCS test cases, respectively. Tabular representation
and additional visual material of the results are given in the section of Appendices with the aim of
more insights.

4.1 Pressure Distribution and Wave Pattern

As it has been mentioned in the previous chapters the investigated test cases are the five bench-
mark hulls and two commercial ones, referred in subsection 3.1.1 and 3.1.2, respectively. The two
computational models which have been tested are the Double-body and Free-Surface models, which
are presented in subsection 2.3.3 and 2.3.4. The study of the Free-Surface model is required, since
the impact of free fluid surface is critical for the investigation of the recirculation generated behind
the transom. On the other hand, the Double-Body model is the computationally most "cheapest"
solution for executing simulations like the ones implemented for form factor predictions. This can be
considered the main reason why the majority of the implementing simulations use the aforementioned
model.

This section presents the hull surface pressure coefficient Cp of the three benchmark hulls of JBC,
KCS and KVLCC2. The no-dimensionalisation of the pressure is chosen in order for the comparison
of the two computational models to be more apparent. Its normalisation is made through division
of the static pressure by the dynamic one, as the Equation 4.1 presents.

—_ (4.1)
5 " P ” Vo20

where p indicates the pressure at a specific point where the Cp is estimated, p,, represents the pres-
sure in the freestream, p., is the fluid density in the freestream and V is the freestream fluid velocity.

In Figure 4.1, the pressure distribution onto the surface of the three benchmark hulls is illustrated.
One can observe that the depicted contours present differences between the two models in local
level. This means that the pressure distribution is similar in both cases, but in some specific parts
of the hulls the pressure distribution has visible discrepancies. This can be explained as the two
computational models use different mathematical models to estimate the pressure value in each node
of the generated computational grid and especially due to the fact that they represent completely
different approaches. Generally, the over-pressure and under-pressure regions have been developed
in a reliable way and presented compatible formation in both models.
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A brief study of the pressure results can be considered necessary, because it helps to the evaluation
and comprehension of the field results and the conclusion of whether they are reasonable or not and
consequently the form factor estimation can be taken into account as trustworthy or not. Based on
the depicted results of Figure 4.1, the level of pressure in each certain part of the hulls is the expected
one.

Hull Surface Pressure, Cp
-1 -083 067 05 -033 017 0 017 033 05 067 083 1
I )

(a) JBC (DB) (b) JBC (F-S)

Hull Surface Pressure, Cp
-1.00 -0.83 -067 -0.50 -0.33 -0.17 0.00 017 033 050 067 083 1.00
o ——

(c) KCS (DB)

Hull Surface Pressure, Cp
-1.00 -0.83 -0.67 -0.50 -0.33 -0.17 000 0.17 033 050 067 083 1.00
e

(e) KVLCC?2 (DB) (f) KVLCC2 (F-S)

bl Surtacepressure, o

Figure 4.1: Pressure distribution around the hull surface of the three benchmark hulls in F'S (side
view).

In Figure 4.2 the formation of wave pattern for the three benchmark hulls for the case of the scantling
draft (the maximum draft at which the ship can withstand all the loads safely) and Fn = 0.1 is
presented. As it was expected, the free surface elevation is resulted quite low, since the speed of the
hulls has low value. As a result, the main contributor of the ship resistance is the frictional one. From
the point of view of energy losses, the generated waves are not the decisive factor for attributing the
increase of total losses to them. However, the hull shape of the benchmark vessels plays the most
essential role in the resistance and losses. As far as the formation of the surface elevation in the wake
of the transom has differences, as long as it is strictly dependent on the shape of each transom, as
well as in the level of its submergence.
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Ll

(a) JBC

Wave pattern, ZILpp
-0.0002 0.0001 0.0005 0.0008

Al

(c) KVLCC2
Figure 4.2: Wave pattern for the JBC, KCS and KVLCC2 test cases in T, and F'n = 0.1 (top

view).
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4.2 Verification and Validation Analysis

The most crucial part before the sensitivity analysis begins is the V&V analysis of the extracted re-
sults in order to ensure that the outcome from the simulations is trustworthy. First of all, sensitivity
analysis regarding the grid refinement of the CFD-based form factor prediction of JBC test case, as it
has been presented in section 4.5 where the variation of transom submergence has been investigated.
Specifically, the variation of the CFD results of £ as the grid is finer and finer keeping a constant
refinement ratio is presented in Figure 4.3. This specific study tries to investigate the suitability of
both turbulence models in MS and FS by comparing the CFD results with the experimental data
from Tokyo Workshop 2010. Moreover, a polynomial fit curve of second order which corresponds
to the CFD results is added. This fitted curve of the extracted data can provide valuable informa-
tion about the asymptotic value of form factor when the number of grid cells tend to infinity, i.e.
hi/hy — 0. The selected refinement range is 1 < h;/h; < 2. The refinement ratio of h;/h; = 1 in FS
indicates that the base cell size is equal to the scale factor (A = 40), while the h;/h; = 2 represents
that it is double increased. In the case of MS the whole domain has been scaled down 40 times, so
the h;/hy = 1 represents the corresponding coarse grid.
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Figure 4.3: Sensitivity analysis of form factor of JBC test case through grid refinement for k - w
SST and realizable k - € models for both MS and FS.

Based on the results illustrated in Figure 4.3, from a turbulence model point of view the k - w SST
model is considered as the most appropriate for the executed simulations in both MS and FS. This
can be explained, as the k w SST model is more compatible and approaches better the flow inside
the BL, which is the focus of interest in the present study due to the main contribution of frictional
resistance in the total one. In general, the two turbulence models give completely different results,
which is also proved in the depicted CFD data of the Figure 4.3 in comparison with the experimental
ones. By comparing the CFD with the EFD data between the two studied turbulence models, the
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k w SST is resulted efficient in a great extent giving -1.5 % and -2.1 % discrepancy in FS and MS,
respectively. On the other hand, according to the realizable k - € model, the CFD result completely
matches with the experimental one in FS, while it gives a discrepancy of 4.3 % in MS. Therefore,
the realizable k - € also gives a good approximation of form factor in both scales. In Appendix B,
thorough tabular presentation of the results of all resistance coefficient components and form factor
is given in Table B.1.

In addition to the grid refinement sensitivity analysis, the discretization error has been investigated
for both MS and FS, as well as both turbulence models. The goal is an holistic study of grid uncer-
tainty, since the systematic variation of its refinement is the only factor which can affect the extracted
results and include a level of error in the solution of all investigated cases, i.e. turbulence models and
scaling. For executing the aforementioned uncertainty analysis, the verification tool from MARIN
[MARIN Tool (2022)] has been used. According to the results of this analysis presented in Figure 4.4
for MS all the estimated uncertainties present a consistent behavior, which means that the errors
between the different refinement levels have similar magnitude and it is also verified from the low
values of uncertainty error. However, the estimated uncertainty of Cy for the case of realizable k -
€ model indicates weakness to establish the observed order of accuracy p. Moreover, the fact that
different uncertainty errors are the result of the same grid refinement ratios shows the impact of each
turbulence model on the solution. The inability of realizable k-¢ model to provide reliable outcome is
proved once again, since the error bars for each resistance component cover a broad range of values,
especially in the case of C'y. It is mentioned that the uncertainty error depicted in the legend of each
graph corresponds to the uncertainty error for h;/h; = 1.
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Figure 4.4: Convergence of C'r, Cyp and Cy with the grid refinement ratio. Fits obtained from
the data with 1 < h;/hy < 2 for k - w SST and realizable k - € models in MS.

In both Figure 4.4 and 4.5 to orders of accuracy p are depicted. The order of accuracy p = 2 is
presented in order the asymptotic value for each resistance component to be estimated, which are
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illustrated in Table 4.1. As it has been mentioned previously, the asymptotic value can give an pre-
diction of the magnitude of a variable when the number of cells n — co. As far as the convergence
study of resistance components in F'S is concerned, the extracted errors indicate the consistency and
convergence of the results for both turbulence models. Therefore, it is proved that the convergence
of the three resistance coefficients are independent of the selected turbulent model and give the same
rate of uncertainty.

Taking all the above into consideration and having a general conclusion for both convergence studies
in MS and FS,based on the chosen grid density and refinement ratios, all the data for k - w SST
model are inside the asymptotic range, which verifies the compatibility of the model in the executed
simulations. Furthermore, the convergence of the three studied coefficient do not show similar trends,
which is expected since the kinetic energy and the specific dissipation rate of flow in turbulence model
are approximated by different differential equations resulting in different results and uncertainties,
despite the dependency of resistance components among them.
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Figure 4.5: Convergence of C'r, Cyyp and Cy with the grid refinement ratio. Fits obtained from
the data with 1 < h;/h; < 2 for k - w SST and realizable k - € models in FS.

Table 4.1: Asymptotic values of Cr, Cyp, Cy and k for JBC.

Scale | Turbulence Model  Cp [-] | Cvp[-]  Cv[] | k[
FS k-w SST 0.07768 0.02166 0.00951 1.231

Realizable k-¢ 0.08103 0.02464 0.04887 0.282

MS k-w SST 0.17031 0.06545 0.19163 1.092

Realizable k-¢ 0.15778 0.05269 0.22009 1.342

In addition to the aforementioned analyses, a study about the iterative error has been implemented
via the open-source MARIN Validation Tool [MARIN Tool (2022)]. This study is executed for both
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turbulence models and both scales by using the DB model. In general, the iterative errors are re-
lated to different characteristics of the solution process, such as corrections in spatial discretisation,
linearization of the convective terms etc. [Eca L. et al. (2019)]. The mentioned characteristics have
similarities in steady and unsteady flows. Nevertheless, iterative errors are more difficult to be de-
termined in unsteady simulations due to its propagation from a given time-step to the next one.

Taking into consideration this characteristic the iterative errors are studied only for the DB approach,
in which steady-state simulation is applied. The iterative error is predicted through the difference
between a ¢;; computed with a convergence criterion €; and a solution derived via reduction of the
error to machine accuracy ¢,,. Thus, the iterative errors are estimated by the Equation 4.2.

€it(Pit) = Qit — Om (4.2)
In the following Figure 4.6 and 4.7 the iterative error of C'r is presented in MS and F'S, respectively.
The selection of C'r for the study of iterative error is made, because it constitutes the main factor
for the form factor estimation, as it has been mentioned above. In case of MS, 2000 iterations has
been selected, whereas 10000 iterations are applied for the F'S simulations. Observing the Figure 4.6,
the simulations are completed before they reach the whole 2000th iterations, which means that the
results are converged relatively rapidly. Moreover, the first 1400 (MS) and 2000 (F'S) iterations have
been removed from the graphical depiction, because the intensive oscillations in the beginning of
simulation are not of a high interest for the prediction of iterative error. Therefore, the illustrated
fir curves have a linear trend and represent the average value of the error.
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Figure 4.6: Iterative error of Cr for k - w SST and realizable k - ¢ models in MS using the DB
approach.

In the Table 4.2, 4.3 and 4.4, the results of the GCI estimation is introduced for each of the three
benchmark test cases. The sequence of calculations for the GCI prediction is based on relations been
presented in the subsubsection 3.4.1.1. In particular, the GCI can give valuable insights into the grid
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Figure 4.7: Iterative error of Cr for k - w SST and realizable k - ¢ models in FS using the DB
approach.

convergence of the solution providing an error band. Two levels of grid refinement has been used,
a medium and a fine one. Therefore, test of whether the solution is within the asymptotic range of
convergence or not is applied. Being a measure of the percentage of how much discrepancy has the
computed from the asymptotic numerical value, the GCI indicates the rate of change with a further
refinement of grid.

According to the depicted results in the following tables, the indices 1, 2 and 3 correspond the finest
grid refinement ratios of Table 3.11. This analysis has been executed for MS and F'S, as well as the
k -w SST model, because this is considered the most compatible model for the C'r estimation and
by extension for the form factor prediction. The GCI,,cqium gives a broader error band than the
GClfipe in the Cr computation for all the test cases and both scales. This can verify that the grid
convergence is effective giving reliable results and the computation of Cr is within the asymptotic
range. As far as the Cyp computation is concerned, its error band is resulted higher for the finer
grid than the coarser. An explanation for this outcome is the potential existence of discontinuities
in the flow field and turbulence phenomena which cannot be captured. Finally, the GCI estimation
for the k give a more qualitative picture of the grid convergence, since the form factor constitutes a
derivative of Cr and Cp and it is closely dependent on them.
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Table 4.2: Estimation of spatial discretization error for model and full scale using the k — w SST
model (JBC).

MS FS

Cel-] Cvpl] Cv[] k[ Crl] OCvel-] Cv[] k[

91 1.180 1.180 1.180 1.180 1.180 1.180 1.180 1.180
739 1.178 1.178 1.178 1.178 1.178 1.178 1.178 1.178
01 0.1332 0.0499 0.1831 0.1332 0.0086 0.0027 0.0113 1.316
0% 0.1288 0.0495 0.1783 0.1288 0.0085 0.0027 0.0113 1.318
O3 0.1326 0.0491 0.1817 0.1326 0.0085 0.0028 0.0112 1.324

P -14.41 0.74 -2.05 2.06 0.74 -2.05 2.06 2.06
zit 0.158  0.052 0.209 1.319 211163 61652 275552 1.305
651 3.31%  0.72% 2.61% 0.73% 0.72% 2.61% 0.73% 0.73%
2| 082% 6.78% 0.05% 2.20% 3.86% 12.66% 4.23%  6.45%
GC[?}M 1.03% 7.94% 0.06% 1.09% 5.02% 18.11% 5.0™% 5.07%
GCI3 4.72%  7.56% 1.75%  2.99% 5.77% 13.39% 7.15%  7.15%

medium

Table 4.3: Estimation of spatial discretization error for model and full scale using the k —w SST
model (KCS).

MS FS

Crll Cvpl] Cv[] k[ Crl[] Cvel-] Cv[] k]

T91 1.180 1.180 1.180 1.180 1.180 1.180 1.180 1.180
739 1.178 1.178 1.178 1.178 1.178 1.178 1.178 1.178

P1 0.0984 0.0103 0.1087 1.104 0.0767 0.0100 0.0867 1.131

P 0.0977 0.0108 0.1084 1.110 0.0767 0.0100 0.0867 1.131
O3 0.0972 0.0115 0.1087 1.119 0.0766 0.0101 0.0867 1.131

P -2.45 2.45 0.00 2.03 -0.54 1.40 -8.38 1.12
(23;1 4.007  0.289 4.295 1.07 81850 10541 92391 1.128
621 0.78% 5.00% 0.24% 0.55% 0.04% 0.22% 0.01% 0.03%
el | 416%  38.46% 1.29% 3.92% 0.24% 121% 0.07% 0.17%
GC’]Z}M 543% 34.72% 1.64% 3.82% 0.30 % 1.50% 0.09% 0.21%
GCI* 3.69% 50.17% 1.66% 5.38% 0.28% 1.91% 0.02% 0.25 %

medium

Table 4.4: Estimation of spatial discretization error for model and full scale using the k — w SST
model (KVLCC2).

MS FS

Crll Cvpl] Cv[] k[ Crl] Cvel-] Cv[] k[
T91 1.180 1.180 1.180 1.180 1.180 1.180 1.180 1.180
739 1.178 1.178 1.178 1.178 1.178 1.178 1.178 1.178
P1 0.0927 0.0290 0.1218 1.313 0.0233 0.0066 0.0332 1.247
103 0.0924 0.0295 0.1219 1.319 0.0266 0.0066 0.0332 1.247
b3 0.0917 0.0302 0.1219 1.329 0.0266 0.0066 0.0332 1.247

P 4.19 3.38 0.00 3.61 -37.48  3.38 -0.68 6.91
Ei,, 8.407  2.358 10.764 1.279 98966 24367 123334 1.246
631 0.36% 1.55% 0.09% 0.46% 0.05% 0.10% 0.06% 0.01%
eg;t 1.98%  9.43% 0.52% 4.41% 0.29% 0.55% 0.34% 0.15%
GC[Qilne 2.53% 10.77% 0.64% 3.18% 0.36% 0.68% 0.42%  0.06%
GCI3 5.13% 18.77% 0.65% 3.18% 0.18% 1.20% 0.38%  0.20%

medium
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The final analysis executed in the context of report of the implemented simulations and the extracted
results is the validation analysis which has been introduced in subsection 3.4.2. As it has been
mentioned previously, the validation assessment verifies if the executed simulation is in agreement
with the physics and compares the CFD data with the experimental ones. The mentioned comparison
is made between the absolute value of comparison error and the validation uncertainty, Equation 3.26
and 3.27. The experimental uncertainty in calm water has been obtained from the database of
FORCE Technology, where the KCS model has been tested in the towing tank. Due to the fact
that there is no available data of the Uy for JBC and the two commercial hulls, the one of KCS,
Up = 0.95%, is used as a verified value for their validation assessment. Experimental uncertainty
for the rest of benchmark hulls of KVLCC2 and DTMB 5415 is derived from the available data of
Gothenburg Workshop. Therefore, based on the illustrated results of Table 4.5, all the executed
simulations are considered validated since the criterion of |E| < Uy is satisfied. Validation evaluation
is not applied for the test case of ONRT, because there is lack of available experimental data, but it
can be proposed as recommendation for future research work.

Table 4.5: Validation analysis for all the test cases.

Test Case | Cp x 107 [[] (CFD) Cr x 1073 [[] (EFD) E [%] Up [%] Usy [%] Uy [%] Comparison
JBC 3.54 4.29 0.397  0.95 3.05 3.19 |E| < Uy
KCS 3.54 3.80 0344 095 517 526 | |El<Uy

KVLCC2 2.17 4.11 0.389 0.424 4.23 4.28 |E| < Uy

DTMB 5415 0.16 0.39 0.373  0.514 7.93 7.95 |E| < Uy
ONRT 0.60 - - - 9.25 - -

180K BC 247 4.48 0.201  0.95 4.94 5.03 |E| < Uy

82K BC 3.63 4.15 0.378  0.95 5.22 5.30 |E| < Uy

4.3 Scaling Sensitivity Analysis

A systematic analysis of different scaling factors is implemented. Specifically, an investigation of
changing the scale factor of the three benchmark hulls of JBC, KCS and KVLCC2 is executed in
order its impact on the Cr, Cyp and Cy to be studied. Apart from the cases of model and full scale,
six additional scale factors (A; = A/16,A/8, A/4,A/3,A/2) have been tested. The main goal of this
specific analysis is the effect of the variation of scale factor on the components of resistance and the
level of their reliability. The change of the scale factor is executed by modifying the scaling of each
hull geometry based on each test case.

In Figure 4.8, the representation of the CFD results and their comparison among the three test cases
is made by the corresponding values of Re number according to each scale factor. Therefore, the
Re = 5.225 x 10% corresponds to the model scale, while the Re = 1.322 x 10? indicates the full scale
case. It is obvious from the depicted results that the extracted values of all the three test cases and
all the resistance coefficients tend to a constant value when the scale factor decreases or Re number
increases, in other words. In particular, essential variation on the results is observed for scale factors
higher than \; = 1/3)\, or Re > 5.842 x 107, where the Cr is more intensively affected since it is
the main contributor of the total resistance, because the inflow speed has been set to be in a low
Fn value. This can be explained as changing the scale factor of the studied geometry also affects
promptly the grid configuration of the computational domain, such as the number of cells, height of
the first cell near to the wall of geometry and boundary layer thickness. Consequently, based on the
illustrated results of Figure 4.8 | as well as the grid characteristics of each executed simulation which
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corresponds to different scale factors, change of A has an upper limit over which it no longer has an
impact to the aforementioned resistance coefficients.
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Figure 4.8: Systematic analysis of Cr, Cyp and Cy by changing scale factor of JBC (left), KCS
(middle) and KVLCC2 (right).

In Figure 4.9, the variation on the form factor by changing the scale factor is presented by comparing
it with the EFD results from Tokyo and Gothenburg Workshops. The extracted values of form factor
result implicitly from the Equation 2.19, which indicates the effect between Cr and Cy. According
to the form factor results, the discrepancy between CFD and EFD results varies in the broad range
from 0.5 % to 35 %. The highest discrepancies are observed for the test cases of JBC and KCS and
1/4X and 1/8), respectively. In these cases, the generated grid does not adapt onto the wall in a way
to satisfy the BL characteristics so as the abrupt flow variations to be captured in this region of the
domain. This grid weakness is due to its lack of adaptation with these certain scaling factors. For
both JBC and KCS cases the results of k present a decreasing trend from MS to FS, which can be
considered as a positive aspect, because the CFD results in FS can be assumed as reliable. Based on
the depicted results, the form factor estimation between the MS and F'S is not considered as reliable.
On the other hand, the CFD-based results of k for KVLCC2 perform arbitrary fluctuations with a
lower discrepancy of 14 % in comparison with EFD one. This occurs because KVLCC2 is a bulky
hull with high C's and the fluid flux cannot remain attached onto the hull surface. As a result, a fast
flow separation is created in the fore part of the hull and this leads to development of turbulence,
which affects the Cr, Cyp, and Cg. In Table C.1, C.2 and C.3 of Appendix C, the extracted results
are presented thoroughly.

4.4 Roughness Sensitivity Analysis

The second executed systematic analysis is related to the roughness height of the hull surface in FS.
The mentioned analysis is also implemented for the test cases of JBC, KCS and KVLCC2 using the
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Figure 4.9: Sensitivity of form factor by changing scale factor.

first approach mentioned in subsection 3.3.3, that is applying a point force in the center of gravity of
hull. As it is referred in subsection 3.3.3, the AHR is set equally distributed as a constant value in the
whole hull surface for all the test cases. That means there is no variation of roughness height along
the hulls. According to the depicted results of Figure 4.10, increase of all resistance components is
noted for a roughness range of 150 < AHR < 250 pum. This occurs due to the fact that the first cell
height of the generated grid near to the wall does not include the roughness heights, which exceed
the critical value of 250 um. It is apparent that effort for improving this issue by increasing the
thickness of the first cell can lead to difficulties in capturing the fast flow fluctuations inside the
BL, as well as keeping the y* value into the recommended range. Taking into account the range of
roughness heights where the Cr and Cy p perform an increased trend, it can be noticed that inclusion
of roughness as a constant value leads to an approximate 9 % increase of C'r and a 7.5 % increase of
Cy p for the three test cases inside the aforementioned AHR range. The CYy, is a result of the other
two resistance components and it shows an 8.5 % increase.
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Figure 4.10: Systematic analysis of C'r, Cyp and Cy by changing roughness height onto the
surface of JBC (left), KCS (middle) and KVLCC2 (right).

In Figure 4.11 below, the sensitivity of form factor through increase of roughness height is presented.
It is visible that a constant trend is resulted for all the three test cases. In other words, the ratio
between the Cr and Cy does not change substantially and it seems that the & is not closely dependent
on the surface roughness. The relation between the first cell height and the roughness height, which
was discussed above, is the decisive factor for the lack of any significant trend in the extracted results
of k. In Table D.1 of Appendix D, the extracted results are illustrated in detail.
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Figure 4.11: Sensitivity of form factor by changing roughness height.

The local flow behind the transom of the three aforementioned test cases has been studied for both
MS and FS in scantling draft, excluding roughness height (smooth surface). In Figure 4.12, compar-
ison of the results between MS and F'S is presented by using the F-S model. The F-S model is chosen
in order for any potential impact of the free surface to be detected. Presenting the u/U isocurves at
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the wake of transom, that is z/Lpp = —0.05, where x/Lpp = 0 corresponds to the aft perpendicular.

Although the Re number is significantly increased from MS to FS, the results indicate that no sig-
nificant change is observed between the two scales. Furthermore, a slight difference of the isocurves
of wake is detected in two main regions for all the test cases, which are in the skeg vortex and close
to the free surface. These local flow discrepancies are expected in these certain areas since intensive
phenomena of vorticity can be noticed, which can affect drastically the general picture of the wake
from MS to FS. In other words, the wake behind the transom is developed alternatively when one
compares two different scales. Moreover, one can verify that the flow separation behind the three hulls
in MS is wider than in FS. As a total observation, the wake behind the hulls of the three test cases
becomes smaller from MS to F'S, which can verify the proposal made by [Korkmaz K.B. et al. (2022)]
about the division of the Cy p, through which the 2 — k& method is introduced.

In the following Figure 4.13, 4.14 and 4.15, visualization of the normalized axial velocity in the wake
by using the DB model and increasing gradually the ARH in FS is illustrated. According to the
depicted results, there is no significant change in the wake of the hulls through the increase of ARH.
The only observable change for all the test cases in in the skeg vortex, which is more and more spread
as the ARH increases. This spreading is negligible in the rest of the wake field, because the biggest
percentage of the illustrated wake is related to the bilge vortex, in which such a gradual increase of
ARH does not have any visible impact to the wake behind the transom that is quite downstream.
Finally, the reason why the DB model is used to implement this analysis of roughness is the lower
computational cost and saving of time for the execution of CFD simulations.

4.5 Systematic Variation of Transom Submergence

Investigation of several drafts is implemented in order to evaluate the effect of transom submergence
on the local flow behind the transom, since it constitutes an inextricable part of 2 — k method. The
benchmark hull of JBC and the two commercial hulls (180K BC, 82K BC) have been chosen for
this systematic analysis. The two commercial hulls are selected since model test EFD results are
available on the database of FORCE Technology. In this way, it is possible the validation of the
executed CFD simulations to be tested.

The analysis is executed in MS and FS, as well as for smooth and rough (AHR = 150 pm) hull
cases using the F-S model. Furthermore, the Prohaska method is applied for the estimation of the
ratios Cpy,/Cpm and Crs/Crs in MS and FS, respectively. Specifically, according to the Prohaska
method (section 2.2), the k estimation is made by obtaining the asymptotic values of each trendline
of the CFD results. As one can see from Figure 4.16, the trend of the CFD results for each draft
is consistent and no significant variation is observed. This is visible even for the case of the two
commercial hulls, whose the geometry is custom-made and it could present discontinuities in their
surface curvature and affect drastically the final CFD results.

Based on the extracted results of JBC test case, the plotted trendlines are parallel to each other and
they give higher and higher values of k as the draft increases. This is considered reasonable, because
the draft increases as the transom is immersed, which creates intense recirculation in its wake and
this has impact on k prediction. It is apparent that the trendlines of the two higher drafts and for
Fn*/Cp, > 0.016 cross each other, which is due to the uncertainty of the results created by the
high level of vorticity. According to the results of the 180K and 82K hulls, which are more distinct
in Figure 4.17, four more CFD simulations has been executed for each of the studied drafts so that
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Figure 4.12: Normalized axial velocity of the wake at x/Lpp = —0.05 for Ty and Fn = 0.1 in
both MS and FS (F-S, k¥ —w model, ARH = 0).
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Figure 4.13: Normalized velocity of the wake for the test case of JBC for T and F'n = 0.1 in FS
for different ARH values (DB, k — w model).

(a) ARH = 150 pum (b) ARH = 200 pum (¢) ARH = 250 pm

Figure 4.14: Normalized velocity of the wake for the test case of KCS for T and Fn = 0.1 in FS
for different ARH values (DB, k — w model).

(a) ARH = 150 pm (b) ARH = 200 pum (¢) ARH = 250 pum

Figure 4.15: Normalized velocity of the wake for the test case of KVLCC2 for Ty and F'n = 0.1 in
FS for different ARH values (DB, k& — w model).
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Figure 4.16: Sensitivity of Cr,,/Cpy, with variation of draft as function of normalized F'n number
for the test cases of JBC, 180K BC and 82K BC (smooth + rough) in MS by using the Prohaska
method and F-S model.

JBC (top), 180K BC (middle), 82K BC (bottom)

the CFD results correspond to the EFD ones.

Taking into account the asymptotic value of the ratio Cr,,/Cpy, in scantling draft resulted from the
Prohaska method, comparing it with the corresponding EFD results, there is a discrepancy less than
2 % and 4.5 % for 180K and 82K, respectively. Even though the EFD results present different incli-
nation of their trendline in both test cases and the EFD results of 82K BC scatter, one can observe
low values of discrepancy. Therefore, the implementation of the CFD model scale simulations can be
considered reliable. On the other hand, the CFD results performs intensive scattering for the 180K
BC test case in the range of 0.005 < Fn*/Cp,, < 0.02, which is expected because the frictional and
viscous pressure resistances do not tend to converge for such a low level of speed, even after a high
number of iterations when the F-S is used. Consequently, the solution for overcoming this weakness
is the increase of inner iterations in the stage of pre-process.

Regarding the systematic variation of transom submergence in FS, the results presents a consistent
behavior, not resulting in a broad range of Crs/Crs asymptotic values, especially for the JBC test
case, as one can see in Figure 4.18. This can verify that when the Prohaska method is applied
for CFD-based form factor predictions in F'S is proved trustworthy even for speed-power predictions.
Once again, the trendlines of the CFD results present intersections to each other for F'nt/Cr, > 0.03,
which means different gradient among them. In FS simulations, when the free surface elevation is
taken into account and transom submergence is studied, the ratio Cps/Cp; is sensitive due to the
fact that the wave generation starts to be a contributor to the total resistance. Even if the wave
elevation is not significant because of the low F'n numbers, it still affects in some extent the ratio of
total over frictional resistance.
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Figure 4.17: Detailed plots of the results for the 180K BC and 82K BC smooth hull case.

In Figure 4.19 and 4.20 the local flow behind the transom of JBC ; KCS and KVLCC2 in scant-
ling draft is depicted, including the generated recirculation in its wake. As it is clear from the two
figures, stronger vorticity is observed in the case of KCS, because the wetted area of its transom is
bigger for T,. The remarkable increase of recirculation is verified from the absolute value of vorticity,
which presents 80 % and 78 % increase of the maximum absolute vorticity for JBC and KVLCC2,
respectively.

In Appendix E, analytical representation of the results is presented in Table E.1. Moreover, the
analysis of transom submergence has been implemented also for the test cases of JBC, KCS and
KVLCC2 in order to obtain visual insights of the flow onto the surface of these benchmark hulls
(Figure E.1), in the disc of the propeller (Figure E.2) and in the wake of transom. The visualisation
of streamlines onto the hull surface and the propeller’s disc, as well as the wake distribution in its
disc is presented for verification that the simulations are consistent with the physics and expected
fluid behavior. As far as the streamlines on the surface are concerned, separation of the flow is
observed in the two sides of the skeg of JBC and KVLCC2, which is also verified in the illustration
of streamlines in the propeller’s disc, since they enter the disc with turbulent behavior. On the
contrary, there is no intense separation of the inflow of the propeller resulting in a laminar behavior
of the streamlines. The existence of flow separation can be mainly attributed to the combination
of low flow speed, which attacks the geometry of these certain skegs. Visual results of velocity and
vorticity regarding two additional drafts are also depicted in Figure E.3, E.4, E.5 and E.6. Finally,
it is clarified that the £ —w SST model has been used for the execution of simulations related to the
systematic variation of transom submergence, as long as it is considered the most suitable turbulence
model for F-S computations in FS.

Additional data about DTMB 5415 and ONRT test cases are given in Table F.1 of Appendix F. In
particular, results regarding Cr, C'r and k are introduced and illustration of their discrepancy with
the experimental data is made. In case of ONRT test case, no experimental data is found available.
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Figure 4.18: Sensitivity of Cry,/Cr,, with variation of draft for the test cases of JBC, 180K BC
and 82K BC (smooth + rough) in FS by using the Prohaska method and F-S model.
JBC (top), 180K BC (middle), 82K BC (bottom)
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.0197 133 26.5
[ )

(e) Ts = 20.8 m (velocity) (f) Ts = 20.8 m (vorticity)

Figure 4.19: Local flow behind the transom of the JBC (a, b), KCS (¢ ,d) and KVLCC2 (e, f)
test cases for Ts and F'n = 0.1 in FS (F-S, k — w model).
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(a) JBC

(b) KCS

(¢) KVLCC2

Figure 4.20: Recirculation of flow in the wake of transom of the JBC, KCS and KVLCC2 test
cases for Ty and F'n = 0.1 in FS (F-S, £ — w model).
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Conclusion and Future Work

This final chapter of the present project includes some concluding remarks according to the ex-
tracted results of the simulations, comparing them with the literature. Moreover, a final answer to
the research question is given which represents and the total scope of this master thesis. Finally,
recommendations for future research work regarding this topic and the field of ship hydrodynamics
in general are presented.

5.1 Conclusion

The overall goal of this master’s thesis has been to set up a series of CFD simulations in both model
and full scale, testing one steady-state and one unsteady solver, as well as two turbulence models.
Furthermore, an investigation of the effect of the form factor by changing the scaling of the five
benchmark hulls and two commercial ones with intermediate levels of scaling, the roughness height
of the surface of the aforementioned hulls in full scale, and the change of their draft in order to
analyze the transom submergence have been conducted.

First of all, the V&V analysis executed for each implemented simulation of this thesis ensures that
the level of uncertainty and error are acceptable, thus credibility of the CFD computations is es-
tablished. As far as the verification study is concerned, the computational implementation of the
executed simulations in both MS and FS is proved correct, since the uncertainty of grid convergence
is in the acceptable limits resulting in low percentages of Up. Also, the study of iterative errors
for both turbulence models and scales show that there are not fluctuations and the resolution has a
normal periodic behavior which leads to convergence of the results. Finally, based on the availability
of EFD data, the simulations implemented for all the seven test cases are validated, satisfying the
criterion of subsection 3.4.2.

Furthermore, as far as the pressure distribution and wave pattern are concerned, consistence of the
results is verified. In particular, extraction of these two kind of results has been made in order for
the reliability of the systematic analyses to be ensured. This can be considered as an alternative way
for verification of the results which is necessary to be implemented. Based on the aforementioned
results regarding pressure distribution, the comparison between the two used models, DB and F-S,
has indicated a difference of the pressure contours. This can validate the different way of approaching
the pressure variations around the hull surface of the three benchmark hulls due to the approximated
way of field computation in the first case and the impact of free surface on the field variables in in
the second case. Regarding the extracted data for the wave pattern, consistency of its formation is
observed with a slight variation of wave length and wave elevation because of the different hull form
among the three investigated benchmark vessels.

According to the systematic variation analyses implemented in the context of the present thesis,
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the scaling sensitivity analysis shows a continuous reduction of resistance coefficients until a critical
Re value. Further increase of scale until the full scale is reached results in negligible variation of
the coefficients. This means that the extracted results have an asymptotic behavior and there is no
effect of further increase of scaling on the final results of resistance components. In other words,
independence of scale effects on resistance components over a critical Re number prevails. On the
other hand, the sensitivity of form factor by changing scale factor shows an arbitrary trend for the
intermediate values of scaling. This can be considered expected, because the form factor is not di-
rectly computed from the CFD simulations, but it is a derivative of the ratio between the Cr and
Cr. Based on that, intense discrepancy between the CFD and experimental results is observed for
all the test cases and scale factor apart from the MS and FS.

Furthermore, the roughness sensitivity analysis indicates the dependency of Cr, Cyp and Cy on
the variation of Averaged Roughness Height. In this investigation a critical value of k, over which
the resistance coefficients do not present any oscillation exists. The fact that the roughness height
exceeds the height of the first cell next to the wall creates this lack of resistance increase, which
is not expected. As it is already mentioned in section 4.4, increase of first cell height and thus y™
can lead to unreliability of the results. Constant behavior of k£ via change of k, is also detected for
ks > 250 pum. Moreover, regarding the systematic variation of draft and by extension the sensitivity
study of transom submergence, the comparison of CFD and EFD data for the test cases of 180K BC
and 82K BC indicates low discrepancy of k, especially for the Ti. In general, CFD-based form factor
estimation in both MS and FS approximates to a high extent the EFD data and also verifies the
applicability of Prohaska method. The higher discrepancy between the CFD and EFD results is due
to the increased wetted area of transom, which leads to creation of vortices and intense turbulence
flow, which promptly affect the resulted ratio Cp/Cp.

Taking into consideration all the aforementioned conclusions, the strengths, shortcomings and un-
certainties regarding the executed CFD computations and the EFD data have been presented and
discussed. This thesis has shown that the form factor can be derived from CFD simulations in model
and full scale ensuring reliability of its estimation in relation to the available EFD data. Even though
weaknesses still exist due to the approximating level of the & CFD-based estimation, the systematic
analysis applied in this project indicate and verify the dependency of form factor on scale effects,
hull roughness and draft variations, establishing the 2 — k approach as an holistic and trustworthy
method.

5.2 Future Work

Further studies and additional research work are needed so as to determine the impact of the change
in scaling, roughness and transom submergence on CFD-based form factor prediction.

Future investigations of similar kind are suggested in order for the availability in experimental data
regrading the several resistance components and form factor of the five used benchmark hulls to
be increased, especially for the test case of ONRT. This can lead to a more comprehensive future
research work and consequently more reliable results. Furthermore, it could set the CFD-based form
factor estimations as the main technique replacing the model scale form factor extrapolation, which
has a high level of uncertainty as an approximation method.

As far as the roughness analysis is concerned, more extended study is recommended including rough-
ness functions to represent the surface roughness instead of using an equal distributed value along the
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hull. Through this, a more realistic modelling method can be developed and the impact of different
roughness heights in different regions of a hull, such as bulbous bow, transom or skeg, can be better
predicted. Using a roughness function in specific regions of the hull, such as the transom, turbulent
phenomena could obviously be captured and approximated, which are known to lead to the increase
of friction resistance and as a result the increase of form factor.

Finally, regarding the sensitivity analysis of transom submergence applied in this thesis, a more de-
tailed investigation of the produced recirculated flow in the wake of the transom would be considered
beneficial, since it affects the total formation of the flow around the hull and the ratio between the
total and frictional resistance. Specifically, more draft cases (i.e. loading conditions) worth to be
studied with a deeper investigation in the vorticity phenomena, which can also create tremendous
energy losses during the operation of the vessel.
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A

Appendix: Characteristics of prism
layering in model and full scale

Table A.1: Characteristics of prism layering for each studied hull in model scale for y* = 50.

Characteristics Test Cases
JBC KCS KVLCC2 DTMB5415 ONRT 180K BC 82K BC
A 40.00 37.89 45.71 24.83 48.94  36.82 29.63
Ty [m] 0.12 0.18 0.20 0.04 0.02 0.04 0.03
10 °y [m] 1.95 1790  263.00 8.50 2.10 2.14 1.90
As 1.20
N 6

Table A.2: Characteristics of prism layering for each studied hull in full scale for y™ = 200.

Characteristics Test Cases
JBC KCS KVLCC2 DTMB 5415 ONRT 180K BC 82K BC
Ty [m] 1.62 1.40 3.29 1.00 1.05 1.61 1.36
107* - y [m] 7.93  9.00 140.00 21.00 10.00 8.00 9.00

As 1.10
N 12
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Appendix: Verification analysis of grid
refinement h;/h;

Table B.1: Verification analysis of grid refinement for JBC.

B

Scale | Turbulence Model hy/h; Base Size Number of Cells Cr Cyvp Cy k

1.00 18 2.01 x10* 0.0768 0.0241 0.101 1.316

1.18 22 1.24x104 0.0767 0.0244 0.1011 1.318

k-w SST 1.39 26 7.39%x10% 0.0762 0.0247 0.1009 1.324

1.65 32 4.52x106 0.0766 0.0254 0.1020 1.331

FS 1.94 40 2.75x10° 0.0752 0.0250 0.1002 1.332
1.00 18 2.01x10* 0.0750 0.0230 0.0980 1.308

1.18 22 1.24x107 0.0750 0.0230 0.0980 1.306

Realizable k-¢ 1.39 26 7.39x10% 0.0753 0.0233 0.098 1.309

1.65 32 4.52x104 0.0731 0.0231 0.0962 1.316

1.94 40 2.75x10% 0.0782 0.0240 0.1021 1.307

1.00 18 9.93x10° 0.1711 0.0641 0.2352 1.374

1.18 22 6.11x10° 0.1655 0.0636 0.2291 1.384

k-w SST 1.39 26 3.65x 108 0.1704 0.0631 0.2334 1.370

1.65 32 2.24x10° 0.1723 0.0637 0.2360 1.370

MS 1.94 40 1.36x 106 0.1857 0.0669 0.2479 1.335
1.00 18 9.93x10° 0.1625 0.0616 0.2241 1.379

1.18 22 6.11x106 0.1579 0.0633 0.2213 1.401

Realizable k-¢ 1.39 26 3.65x 108 0.1568 0.0609 0.2177 1.389

1.65 32 2.24x10° 0.1600 0.0613 0.2213 1.383

1.94 40 1.36x 106 0.1572 0.0590 0.2162 1.375
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C

Appendix: Sensitivity analysis of form

factor for different scale factors

Table C.1: Sensitivity of form factor for different scale factors for JBC.

AL Lwg [m] Vm/s]  Rel] Cvp [ Cr [ Crl[ k[

1 285.00 5.29 1.322 x107 68.06x10% 27.32x10° 20.51x10% 1.332
2 142.50 3.74 4.674 x10® 30.17x10% 60.70x10® 30.53x10° 1.988
4 71.25 2.64 1.652 x10% 4.59%x10% 8.90x10° 4.31x10° 2.065
8 35.63 1.87 5.842 x107  285.88 921.78 635.90  1.450
16  17.81 1.32 2.065 x 107 32.26 125.41 93.15 1.346
20  14.25 1.18 1.478 x107 17.27 67.50 50.2 1.344
30 9.50 0.97 8.045 x10° 6.25 22.5 16.3 1.384
40  7.13 0.87 5.225 x 106 2.54 10.43 7.81 1.335

Table C.2: Sensitivity of form factor for different scale factors for KCS.

A Lwe [m] Vim/s]  Rel[] Cvp [] Cr [] Crpl] k[

1 23250  4.78 0.740 x10°  9.67 x10°  96.32x10° 86.66 x10° 1.112
2 11625  3.38 3.444 x10° 17.49 x10* 34.14x10° 16.65x10*  2.05
4 58.13  2.39 1.218 x10°  2.23x10°  4.58x10°  2.35 x10°  1.947
8 20.06  1.69 4.305 107 592.60 340.03 252.55  1.346
16 1453 119 1.522 x107  31.93 81.60 49.67  1.643
25 9.30 0.96 7.792 x107  7.32 21.98 14.66  1.499
37.89 6.14 0.78 4176 x10°  0.38 4.24 384  1.105

Table C.3: Sensitivity analysis of form factor for different scale factors for KVLCC2.

A Lwr m] Vm/s]  Rel] Cvp [ Cr [] Cpl] k[
1 325.50  5.65 1.613x107  75.98 x10° 12.37 x107 99.25 x10° 1.247
2 16275  4.00 5.704 x10° 1531 x10° 65.60 x10° 50.28 x10° 1.305
4 81.38 283 2.017 x10% 2,19 x10°  9.31 x10°  7.12 x10°  1.307
8 40.69  2.00 7131 x107  296.97 131 x10°  1.02 x10°  1.292
16 20.34 141 2.521 x107  49.64 196.45 146.81  1.338
23 1415 118 1.463 x107 1219 70.29 53.86  1.305
31 10.50 101 0.348 x10°  7.36 30.78 2342 1314
45714 T7.12 0.84 5220 x105 2,53 10.82 824 1313
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Appendix: Sensitivity analysis of
roughness kg

Table D.1: Sensitivity analysis of roughness.

JBC KCS KVLCC2
/i’s [/Lm} 104RT 1U4Rvp 104RF k 104RT 104RVP 104RF k 1U4RT 104RVP 104RF k
150 31.83 7.88 23.95 1.329 11.12 1.07 10.05 1.106 45.82 8.71 3711 1.235
200 33.30 8.21 25.08 1.328 11.64 1.10 10.53  1.105 47.89 9.05 38.84 1.233
250 34.68 8.48 26.19 1.324 12.06 1.13 10.92  1.104 49.28 9.23 40.04 1.231
300 34.64 8.47 26.17 1.324 12.21 1.14 11.06 1.104 49.42 9.27 40.14  1.231
350 34.68 8.48 26.19 1.324 12.22 1.14 11.07  1.104 49.47 9.28 40.19 1.231
400 34.74 8.50 26.23 1.324 12.24 1.15 11.09 1.104 49.47 9.28 40.19 1.231
450 34.74 8.50 26.23 1.324 12.26 1.15 11.10  1.104 49.47 9.28 40.19 1.231
500 34.74 8.50 26.23 1.324 12.28 1.16 11.12  1.100 49.47 9.28 40.19 1.231
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Appendix: Systematic variation of

transom submergence

Table E.1: Systematic variation of transom submergence for JBC and the two commercial hulls.

Smooth Hull

Rough Hull @ ARH = 150 pum

MS FS MS FS
Lo ] Crm [l Crm ] kK Cro[] Crs bl k[F Crm[] Crm [l kE Cr[] Crs[] k[
14.0 0.0876  0.0702 1.248 0.0297 0.0226 1.313 0.1029 0.0785 1.311 0.0368 0.0251 1.469
JBC 16.5 0.1020  0.0768 1.329 0.0347 0.0248 1.399 0.1075 0.0797 1.349 0.0453 0.0279 1.622
18.0 0.0985 0.0796 1.403 0.0413 0.2671 1.531 0.1138 0.0815 1.396 0.0447 0.0315 1.419
19.0 0.1303 0.0824 1.581 0.0474 0.0285 1.663 0.1294 0.0839 1.542 0.0459 0.0333 1.380
14.0 0.0867 0.0715 1.170 0.0315 0.0242 1.281 0.0913 0.0727 1.256 0.0368 0.0274 1.342
180K BC 17.0 0.0887 0.0736 1.205 0.0332 0.0256 1.298 0.0905 0.0736 1.230 0.0379 0.0281 1.350
18.0 0.0947  0.0777 1.219 0.0369 0.0284 1.298 0.0977 0.0759 1.287 0.0413 0.0296 1.395
19.0 0.0986 0.0806 1.223 0.0391 0.0296 1.320 0.1020 0.0785 1.299 0.0424 0.0307 1.380
11.0 0.0747  0.0665 1.123 0.0254 0.0204 1.248 0.0792 0.0674 1.175 0.0300 0.0231 1.301
82K BC 12.2 0.0793  0.0678 1.170 0.0281 0.0223 1.258 0.0837 0.0682 1.227 0.0320 0.0244 1.313
14.5 0.0869 0.0695 1.251 0.0337 0.0245 1.374 0.0893 0.0698 1.280 0.0353 0.0252 1.399
16.0 0.0930  0.0724 1.285 0.0355 0.0258 1.375 0.0993 0.0752 1.321 0.0378 0.0267 1.415
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E. Appendix: Systematic variation of transom submergence

(a) JBC

(b) KCS

(¢) KVLCC2

Figure E.1: Streamlines onto the surface of the JBC, KCS and KVLCC2 test cases for T, and
Fn=0.11in FS (F-S, k — w model).
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(b) KCS

(¢) KVLCC2

Figure E.2: Streamlines and wake distribution in the disc of propeller of the JBC, KCS and
KVLCC2 test cases for Ty and Fn = 0.1 in FS (F-S, & — w model).
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E. Appendix: Systematic variation of transom submergence

(a) T =T, + 1 m (velocity) (b) Ts + 1 m (vorticity)

(c) T =T + 2 m (velocity) (d) T =Ty + 2 m (vorticity)

Figure E.3: Local flow behind the transom of JBC for Fn = 0.1 in FS (F-S, k¥ — w mode).

Velocity (mis)
4.64

(a) T =T, + 1 m (velocity) (b) Ts + 1 m (vorticity)

Velocity (mis)
4.64

(¢) T =T, + 2 m (velocity) (d) T =T, + 2 m (vorticity)
Figure E.4: Local flow behind the transom of KCS for F'n = 0.1 in FS (F-S, & — w model).
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veloity (i)

(a) T =T, + 1 m (velocity) (b) Ts + 1 m (vorticity)

Velocity (mis)
55
-

(¢) T =1Ts + 2 m (velocity) (d) T =T, + 2 m (vorticity)

Figure E.5: Local flow behind the transom of KVLCC2 for Fn = 0.1 in FS (F-S, k — w model).
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E. Appendix: Systematic variation of transom submergence

(a) T =T, + 1 m (JBC) ) T =T, + 2 m (JBC)

() T =T, +1m (KCS) (d) T =T, + 2m (KCS)

(&) T =T, + 1 m (KVLCC2) ) T =T, + 2 m (KVLCC2)

Figure E.6: Vorticity behind the transom of the three test cases for F'n = 0.1 in FS (F-S, k — w
mode).
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Appendix: DTMB 5415 and ONRT:
Form Factor Results

Table F.1: Extracted CFD results for the test cases of DTMB 5415 and ONRT.

Test Case  Scale Turbulence Model No. of Cells y*  Cr [-] Cr[-] k(CFD) k (EFD) Discrepancy [%]

FS k-w SST 2.55 X 10‘? 200 0.007795 0.006418 1.215 -2.72 %

DTMB 5415 Realizable k-e 2.55 x 10° 0.007917  0.006528 1.213 1121 7.66 %

NS k-w SST 5.02 x 10? 2 0.004579  0.004037 1.134 -1.27 %

Realizable k-¢ 5.02 x 10* 0.003886  0.003378 1.150 -2.72 %
FS k-w SST 2.84 x 10° 200 0.007165 0.004480 1.174

ONRT Realizable k-¢ 2.84 x 10’5 0.007192  0.003696 1.177 . )

NS k-w SST 2.13 x 107 2 0.004962 0.006105 1.107
Realizable k-e 2.13 x 104 0.004177 0.006113 1.13
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