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PREDICTION OF WAVE RESISTANCE BY EXPERIMENTAL AND
COMPUTATIONAL METHODS

SUMMARY

The prediction of wave resistance in naval architecture is an important aspect
especially at high Froude numbers where a great percentage of total resistance of ships
and submerged bodies is caused by waves. In addition; during hull form optimization,
especially wave resistance characteristics of a ship must closely be observed. There
are potential, viscous and experimental methods to determine the resistance
components of a ship.

RANSE based methods usually follow the experimental method that determines the
form factor first. However, it is proven in recent studies that the form factor changes
with the Reynolds number. As the Reynolds number increases; this change in the form
factor is being neglected. In this study, a RANSE based prediction of wave resistance
is presented that overcomes this flaw. The methodology is validated with the
submerged and surface piercing bodies for the effectiveness of the proposed method.
The results reveal the robustness of the present methodology.

Single-phase and multi-phase analyses have been done in this study by using the
interface capturing approach that solves the RANS equations on a predetermined grid
which covers the entire domain and Volume of Fluid (VOF) method to simulate the
free surface flow for fully submerged and surface piercing bodies. An ellipsoid model
and Wigley hull are used as benchmark problems to obtain the wave resistance and
these benchmarks employed to validate the numerical resistance tests are presented. In
addition to this, a total resistance estimation for an another ellipsoid which has a
different aspect ratio is tried to be observed for different depths and Froude numbers
by using CFD and experimental method. The comparison of these methods have been
aimed to determine the accuracy of the conventional experimental method. On the
other hand, a submarine model which is created by adding fins and a sail is alike with
ellipsoid. The contribution of the appendages to total resistance is investigated. Only
total resistance coefficients are taken into consideration for validations because the
wave resistance caused by strut can not be negligible during experiments. Therefore,
it is not appropriate to compare the wave resistance components. Finally, the proposed
method for calculating the wave resistance was implemented on a modern
displacement tanker and compared the CFD results with towing tank tests.
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DENEYSEL VE HESAPLAMALI YONTEMLER iLE DALGA DIiRENCi
TAHMINI

OZET

Su {iistiinde ve su altinda giden ii¢ boyutlu cisimler etrafindaki akimi ¢6zebilmek
oldukca karmasik ve zor bir problemdir. Giiniimiizde potansiyel akim teorisinin kisitl
kullanim1 ve baz1 durumlarda yetersiz kalmasindan dolayr model deneyleri, su alt1
veya su Ustiinde belirli hizlarda ilerleyen cisimlerin diren¢ hesaplamalarinda hala
gecerliligini korumakta olan bir yontemdir. Ancak hem akademik ¢alismalarda hem
de sanayi uygulamalarinda deney imkanlariin kisitli ve pahali olmasi, cisimlerin
etrafindaki akim problemlerinin incelenmesinde Hesaplamali Akiskanlar Dinamigi
(HAD) yazilimlarini popiiler hale getirmistir.

Bilgisayar kullaniminin hizla gelismesiyle beraber HAD tabanli ticari programlar da
gelismis ve bu yazilimlara ulasmak daha kolay hale gelmistir. Son yillarda gemi
etrafindaki akim problemlerinin incelenmesiyle ilgili literatiirde yer alan makale ve
tezlerde HAD yazilimlarinin kullaniminda ciddi bir artis oldugu gozlenmistir. Bu tezde
de cisimler etrafindaki akim problemlerinin incelenmesinde ticari bir HAD yazilimi
kullanilmistir.

Tezin konusu, serbest su yiizeyi altinda giden (tamamen batmis) ve gemi gibi suyu
yararak ilerleyen (ylizey yarici) cisimler igin Reynolds Ortalamali Navier — Stokes
(RANS) denklemlerini ¢6zen ticari bir yazilim yardimiyla direng bilesenlerinin
incelenmesidir. Ozellikle dalga direnci igin deneysel ¢alismalarda uygulanan
yontemden farkli bir hesaplama yontemi 6nerilmistir. Bu 6nerilen yontem, elipsoit gibi
tamamen batmuis bir cisim iizerinde uygulanmis olup yontemin yiizey yarici cisimlerde
de dogru sonuclar verdigini gorebilmek amaciyla bir adet Wigley teknesi ile
yumrubasa sahip modern bir deplasman tanker iizerinde de dogrulamasi olmustur.
Elde edilen dalga direnci degerleri literatiirde yer alan bazi caligmalarla
karsilastirilmistir. Bu ¢aligmaya ilave olarak, yine su altinda seyreden fakat farkli bir
boy-genislik oranina sahip ikinci bir elipsoit modeli i¢in deneysel ve hesaplamali
olarak farkli hiz ve derinliklerde toplam direng hesabi yapilmis ve sonuglar
birbirleriyle kiyaslanmistir. Deneyleri yapilan bu elipsoit modeline yelken ve finler
eklenerek ayni boy ve genislige sahip bir denizaltt modeli olusturulmus ve eklenen bu
takintilarin toplam dirence ylizdesel olarak ne kadar katkida bulundugu hesaplamali
analizler yardimiyla incelenmistir. Yapilan ¢ekme deneyinin deneysel kurulumu i¢in
elipsoit modeline bakir bir ¢ubuk baglanmis ve bu cubuga da tek bilesenli
dinamometre baglanmistir. Deney arabasinin ilerlemesiyle beraber ilk 6nce elipsoit ve
cubuga eksenel yonde gelen toplam diren¢ okunmus, daha sonra model ¢ubuktan
cikarilarak yine ayni hiz ve derinliklerde sadece ¢ubuk {izerine gelen direng degerleri
kaydedilmistir. Elde edilen ilk diren¢ degerlerinden sadece cubuga etkiyen direng
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degerleri cikartilip sadece modele etkiyen toplam diren¢ degeri elde edilmeye
calisilmigtir. Deney sirasinda model ile ekipmanlarin birbirleriyle olan etkilesimleri
incelenmis olup, bu tip yan faktorlerin sonuglar iizerindeki etkisi tartigilmastir.

Tez, alt1 ana boliimden olusmakta olup bu boliimler kendi i¢lerinde alt basliklara
ayrilmistir. Giris boliimiinde Oncelikle tezin amacindan bahsedilmistir. Daha sonra
literatlirde konu ile ilgili olan ¢aligmalar ayrintili olarak incelenmis ve sonrasinda tezin
genel icerigi boliimler halinde kisaca anlatilmistir.

[lk olarak galismada kullanilan hesaplamali ve deneysel yontemler aciklanmis, yapilan
bu analizlerin yakinsamasi i¢in dikkat edilmesi gereken hususlar bir liste halinde
verilmistir. Ayrica kullanilan ticari yazilimin cisim etrafindaki diren¢ bilesenlerinin
hesabini yaparken ¢6zdiigi RANS denklemlerinin matematiksel olarak ¢ikarimi
yapilmistir. Dalga direnci hesabi igin Onerilen yontem teorik ve sematik olarak
verilmistir. Bu yontemde, tek ve cift fazli iki adet analiz gerceklestirilerek dalga
direnci elde edilmekte olup, Prohaska yontemi yardimiyla form faktoriiniin
bulunmasina ihtiyagc duyulmamistir. Batmig bir cisim ic¢in deneysel yontem
aciklanirken, cisim {izerine eksenel yonde gelen direncin hesaplanmasinda izlenilen
yoldan bahsedilmistir.

Daha sonra direng hesaplamalar1 yapilan elipsoit, denizalti, Wigley ve modern bir
deplasman tankeri i¢in kullanilan HAD yontemi anlatilmistir. Ilk olarak her bir cisime
ait geometriler ve ana boyutlar1 verilmis, daha sonra olusturulan ag yapilar1 ve numerik
ayarlarin kurulmasi ile ilgili agiklamalar yapilmis ve son olarak da sonuglar verilmistir.
Piramit ve kiip elemanlardan olusturulan ag yapilarindaki avantaj ve
dezavantajlarindan bahsedilmistir. Hem zamanin kisithh olmasit hem de bilgisayar
kapasitesi nedeniyle olusturulan kontrol hacimleri “Karma” (hibrit) ag yapisi
kullanilarak modellenmistir. Uggen elemalarm kompleks geometriler etrafinda,
kontrol hacminin geri kalan kisimlarinda dortgen elemanlar kullanilarak ag yapisinin
olusturulmasi konusu iizerinde durulmustur. Ayrica problemlerin ¢6ziim semalarinin
olusturulmasi da tablolar halinde verilmistir.

HAD yonteminin yanisira kullanilan deneysel yontem de basli basina ayr1 bir tez
konusu olabilecek niteliktedir. Bu ¢alismanin igerigi hesaplamali ve deneysel
yontemlerle elde edilen direng bilesenlerinin karsilastirilmasi oldugu icin belirsizlik
analizi konusuna deginilmemistir. Ugiincii béliim kapsaminda, batmis cisimler icin
L.T.U Ata Nutku Gemi Model Deney laboratuvarinda yapilan gekme tanki testlerinin
deneysel kurulumu ve kalibrasyonu gibi islemler sonucu alinan verilerin dogrulugu
saptanmaya ¢alisilmistir. Elde edilen deneysel sonuclar bir elipsoit modeli i¢in farkli
hiz ve derinliklerde HAD sonuglari ile karsilastirilmistir.

Onceki béliimlerde anlatilmis olan hesaplamali ve deneysel yontemler yardimiyla elde
edilen sonuglar her bir cisim i¢in ayr1 ayr1 bashklar altinda verilmistir. ilk kisimda
batmis cisimler i¢in 6rnek bir problem olan elipsoit modeli i¢in literatiirdeki diger
caligmalarla yapilan karsilagtirmali sonuclar verilmistir. Daha sonra yine farkli bir boy
— geniglik oranina sahip elipsoit modeli icin hem HAD hem de deneysel ¢alisma
yapilmis ve elde edilen sonuglar karsilastirilmistir. Sonuglarin tutarli olmasi ile
beraber, ¢iplak elipsoit geometrisi iizerine yelken ve fin eklenerek yeni bir denizalti
modeli olugturulmugtur. Eklenen bu takintilarin toplam direngte ne kadarlik bir artiga
sebep oldugu incelenmigstir. Ayrica artan 1slak alana baglh olarak siirtiinme
direncindeki degisim gozlenmistir. Batmig cisimler i¢in uygun sonuglar elde ettikten
sonra, Onerilen yontem serbest su ylizeyini yararak ilerleyen cisimler i¢in literatiirde
deneme problemi olarak ele alinan Wigley teknesi lizerinde de uygulanmistir. Wigley
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teknesi i¢in tekne govdesi boyunca olusan dalga profili, basing dagilimlar1 ve boyutsuz
dalga direnci katsayilart literatiirdeki yer alan deneysel ve hesaplamali ¢alismalarla
karsilastirilmis ve potansiyel teoriye gore gayet basarili sonuglar verdigi gézlenmistir.
Son olarak I.T.U Ata Nutku Gemi Model Deney laboratuvarinda deneyleri yapilmus
olan tanker i¢in direng bilesenleri, dalga profili, tekne iizerindeki akim hatlari, basing
dagilimlar1 ve serbest su yiizeyi deformasyonlari incelenmis olup, deneysel ve
hesaplamal1 yontemlerin karsilastirilmasi yapilmistir.

Son bdliimde ise elde edilen tiim sonucglarin degerlendirilmesi yapilmistir. Her ne
kadar bilgisayar teknolojisi yardimiyla yapilan analizler bize daha pratik ve hizli bir
¢oziimler sunsa da, yapilan bu numerik analizlerin belirli kabuller yaparak ¢oziim
yaptig1 unutulmamalidir. Ornegin bu calismada biitiin problemlerde ayni tiirbiilans
modeli kullanilmigtir. Fakat gercekte, akigkanin Reynolds sayisina bagli olarak
tiirbiilans siddetinin siirekli degistigi bilinmektedir. Bunun yaninda yapilan tiim
analizler zamandan bagimsiz (daimi) olarak ele alinmigtir fakat gergekte durum
bundan farklidir. Ancak bu tezde HAD ile yapilan ¢oziimlerde elde edilen sonuglar
zamana bagli analizler ile birbirine yakin sonuglar verdiginden dolay1 zamandan da
tasarruf edebilmek adina daimi analizler tercih edilmistir. Sonu¢ olarak deneysel
sonuclarin dogrulanmasi i¢in yapilan tiim HAD analizlerinde gercekteki tiim fiziksel
etkilerin hesaplara katilarak incelenmesi ger¢ek duruma bir adim daha yaklasilmasin
saglayacaktir.
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1. INTRODUCTION

1.1 Motivation

Model testing has been an indispensable part for the prediction of ship resistance due
to the complexity nature of flow around an underwater hull. However; this dependency
to model tests is decreasing slowly as new calculation methods are developed by
researchers and designers. As widely known, total resistance of a ship could be broken
down into sub parts such as; frictional resistance, viscous pressure resistance and wave
resistance. Frictional resistance of a ship can be calculated by ITTC formulation but it
is still a problem today to compute the viscous pressure resistance and wave resistance
empirically for ship like bodies as similar to the frictional resistance.
In model testing, the viscous pressure resistance is calculated by towing the model at
very low speed generally at the towing tank and implementing the method of Prohaska
or other approaches recommended in ITTC procedures [1]. It is possible to follow the
same procedure using the RANSE based CFD software to obtain the viscous pressure
resistance numerically instead of model tests. The wave resistance can be generally
calculated by implementing the potential flow based boundary element methods [2].
The viscous resistance can be come from RANSE based CFD method and all these
resistance components may be added to obtain the total resistance; however, the
solutions found are still dependent on whether the assumptions made or the mesh
structure etc.
Today, several CFD methods were developed for free surface wave flows to simulate
it according to potential flow or turbulent viscous flow theory. As generally known,
free surface flows are not easy to simulate because of their moving boundaries.
Therefore, two boundary conditions must be dictated on the free surface [3] :

1. Kinematic condition which requires that the free surface assumed to be a

sharp boundary splitting the two fluids that allows no flux transition

between them.



ii.  Dynamic condition which requires that the forces acting on the fluid at the

free surface are in equilibrium, which is momentum conservation.

Using RANSE based CFD, it is possible to calculate the resistance components by
implementing the same boundary conditions mentioned above but RANSE does not
directly calculate the wave resistance of a ship. Instead, it calculates pressure resistance
(which is the addition of viscous pressure resistance component and wave resistance
component) and frictional resistance to obtain total resistance. If a naval architect
wants to solely observe the wave resistance characteristics of a ship, s/he generally
consults to potential flow based solutions which ignore the viscosity of the fluid and
linearize the free surface deformations.

Results of RANSE, linearized and the experimental methods were generally in
accordance with each other and CFD is often correctly predicting the free surface
elevation and the total resistance. However, there was no comparison made in terms
of wave resistance because RANSE solving CFD programs can only predict pressure
and frictional resistance. A gap in the literature exists for a wave resistance predicting
methodology for RANSE. Based on the author’s knowledge, the only method to
calculate the wave resistance is to calculate the form factor first to determine the
viscous resistance with the help of ITTC correlation line; and deduce this value from
the total resistance. Experimental determination of wave resistance assumes the form
factor to be constant for all Froude and Reynolds numbers. However; a study on this
topic made by Garcia Gomez , revealed that the effect of the Reynolds number on the
form factor cannot be neglected [4]. This study proposes a method that automatically

eliminates the flaws that may arise from form factor — Reynolds number dependency.

1.2 Scope of the Thesis

CFD has proved itself to be a great tool to assess a ship’s hydrodynamics in the pre-
design stage. Before making any experiments in the towing tank, it is possible today
to investigate a ship’s performance with CAD and using RANSE. However, a
complete analysis must involve single phase and multiphase setup of the physics of
ship flow.

The initial goal was only the calculation of total resistance for an ellipsoid model
experimentally for infinite depth and validate it with computational fluid dynamics

single phase (SP) results. However; while performing experiments it is nearly
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impossible to avoid from free surface effects due to the limited sizes of the towing
tank. If the ellipsoid model is tried to be scaled smaller to ignore free surface effects
and provided deep water condition, this time Reynolds similarity cannot be provided.
Thus, it was clearly understood that free surface effect should be included in CFD
analysis for proper comparison with experimental results.

First scope of the thesis is total resistance prediction of an ellipsoid for different depths
and Froude numbers by using CFD and experimental method. The methods are
compared that shows the accuracy of the conventional experimental method especially
in high Froude numbers. Also the efficiency of towing tests of submerged bodies is
tried to be determined with conventional method using a strut in L.T.U Ata Nutku Ship
Model laboratory. Only total resistance coefficients are taken into consideration for
validations with CFD. The waves caused by strut can not be negligible during
experiments, therefore it is not appropriate to compare the wave resistance
coefficients. Then by using the ellipsoid geometry, a strategy is developed to optimize
the numerical settings within the FLUENT results were validated with towing tank
tests before analyzing the submarine model geometry for better convergence and
accurate solution. Bare geometry of the submarine which has only tailplane and topsail
is alike with ellipsoid. Also it was investigated the contribution of the appendages

(topsail, fin) to the total resistance.

Second part is about a new method for calculating the wave resistance based on
Reynolds Averaged Navier-Stokes Equations (RANSE) by using CFD. An ellipsoid
and Wigley hull were selected as a benchmark problems to demonstrate the accuracy
of the method applied and the results were compared with the studies in literature. As
with the get reasonable results from the benchmark analyses then the proposed method
was implemented to a tanker and compared the resistance components with its

experimental results.

1.3 Literature Review

There are lots of potential flow theory based papers in the literature to calculate the
wave drag of a body inside the fluid, however generally wave resistance is determined
by linearized potential flow theory and most of them rely on Havelock’s theory [5].
The first known wave resistance calculation starts with the linear theory of wave

resistance developed by John Henry Mitchell in 1898. His works are noticed a quarter
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century after by other scientists. Meanwhile in the early 1900’s, Havelock developed
a potential flow theory for calculating the wave resistance around a hull [6]. Another
significant study is the work of Farrell who has solved the flow around a spheroid at
different aspect ratios. He has solved the problem in the form of a distribution of
sources on the surface of the spheroid and compared his results with Havelock’s
approximation and experimental results [7].

In the work of Rigby et al., wave resistance is calculated by potential theory using
Rankine sources [8]. The method was first evaluated on a sphere with infinite depth
that the analytical solution has been known. Then the effects of the free surface to the
potential method were introduced and the wave resistance of Wigley hull was
computed and compared with the experimental data.

Uslu and Bal have made a numerical prediction of wave drag for fully submerged and
surface piercing bodies [9]. They have used an iterative boundary element method
(IBEM) in their study for the case of a 2-D hydrofoil with an angle of attack. Also, the
effect of Froude number and distance to the free surface of a submerged body on
pressure distribution and wave drag values were investigated. Furthermore, they have
applied Dawson’s method to predict the wave drag of an ellipsoid and a surface
piercing body. The wave pattern and wave resistance of surface piercing bodies were
also predicted by Bal with an iterative boundary element method. The free surface and
surface of piercing body were treated separately to unite for a solution. The
convergence was achieved after several iterations. The effects of cavitation were also
included in the study. [10]

A modified Rankine source panel was used to investigate the flows around Wigley and
Series 60 hulls by Tarafder and Suzuki [11]. In the modified method, Rankine sources
are distributed along the surface of the geometry as well as its image and on the free
surface. They have compared their results with the experiments and found good
accordance in predicting the wave pattern and wave resistance.

Wave drag component of a body is higher than viscous drag in surface piercing
problems at high Froude numbers. Related studies in such cases for surface piercing
bodies also exist in literature. For instance, Pranzitelli A. has performed a study about
resistance predictions for a ship hull with steady-state calculations [3]. He has
implemented Volume of Fluid (VOF) method in Reynolds Averaged Navier-Stokes
(RANS) equations and employed a panel method with free surface effect. Both of these

methods were assessed on Wigley parabolic hull and Series 60.
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A prolate spheroid was used for submerged body and Wigley Hull was used to
demonstrate the power of the method. Belibassakis et al. have investigated the two
phase flow around a prolate spheroid, Wigley Hull and Series 60 ship with an iso-
geometric analysis applied into Boundary Element Method (BEM) [13]. The wave
resistances, pressure distributions and wave profiles are investigated inside their study
and comparisons made with experiments and other numerical results from the
literature. On the other hand, a broad history of the developments in understanding the
waves generated by ships can be found in the works by Wehausen [14], Newman [15]
and Tulin [16].

Other than linearized potential flow methods, fully nonlinear RANSE based solutions
were also studied broadly in the literature. Repetto R.A. has a PhD thesis which is
relevant to free surface flow around ships [17]. He has investigated the accuracy of
free surface RANSE computations to predict frictional and total resistance of a ship at
a constant speed and examined the effects of mesh quality, mesh resolution and

turbulence modelling in CFD analysis.

In 2000, a CFD workshop held in Gothenburg (Sweden) was a stimulating conference
to present the developments in house CFD codes. Three different benchmark vessels
were investigated by different institutions and universities with different codes
implementing RANSE and their results were evaluated in that workshop. A brief
comparison of all the results for these three ships generated with different CFD codes
are made in the study of Larsson et al [18]. In a report published by Bartesaghi and
Viola [19], the total resistance and wave pattern of a Wigley hull is investigated using
RANSE. The pressure, viscous and total resistances along with wave pattern along the
hull is evaluated in the report. . On the other hand, wave resistance values of the Wigley
hull are not given. A multiphase analysis of a surface effect ship with RANSE is made
by Maki et al. investigating the effect of the air cushion between the hulls of the SES
(Surface Effect Ship) [20]. The results of RANSE and the linearized method were in
accordance with each other, correctly predicting the free surface elevation and the total

resistance.



1.4 Thesis Outline

In Chapter 2, the first section outlines a general overview on the RANS equations and
turbulence model used. Second section describes the computational methods and
introduces an overview of the proposed CFD strategy that calculates the wave

resistance in two steps.

Chapter 3 is compromising the experimental methodology of the ellipsoid model. The
steps of model construction, calibration, setup and data recording are explained clearly.
Figures of arrangements used and a setup scheme are also given in this chapter. The
efficiency of towing tests for submerged bodies is tried to be determined with

conventional method using a strut in I.T.U Ata Nutku Ship Model Laboratory.

Chapter 4, Results, exhibits the results obtained through numerical simulations
individually for each geometry. Meshing strategies and general numerical settings are
also explained in this chapter. Hybrid meshing method on complex geometries and
blocking the whole domain is illustrated briefly. The benchmarks employed to validate
the resistance tests are presented. The results for two type of ellipsoid with different
aspect ratios are compared with experimental data and potential based studies. Second
benchmark geometry is Wigley hull that is validated with the other works in literature.
Wave profile on the hull and wave resistance coefficient are compared in the second
part. The other parts of this chapter is concerning with the resistance results of a
submarine model and a tanker whose tests are performed in Ata Nutku Ship Model
Laboratory. Bare geometry of the submarine which has only tailplane and topsail is
alike with ellipsoid. Also it was investigated the contribution of the appendages
(topsail, fin) to the total resistance. The aim of the displacement tanker application is
to show the flexibility and accuracy the proposed method that determines the wave

resistance by using single phase and multiphase analyses in ANSY'S Fluent 14.0.

The last chapter provides a summary of the entire study and highlights of some of the

important conclusions.



2. COMPUTATIONAL METHOD

2.1 A General Overview on RANSE

As widely known, there are three conservation laws of physics which are used to solve
the fluid dynamics problems in the nature. These laws are:

e Conservation of fluid mass

e Conservation of momentum

e Conservation of energy

The conservation equations of fluid mass (2.1) and momentum (2.2) for a steady,
incompressible and viscous flow are:

e Continuity equation becomes:

VU=0 2.1
e Momentum equations become:
X component:
D ]
pD—¥=—£+u|72u+p.fx (2.2)
y component:
Dv dp )
pD—tZ—@-FMV U+p.fy
z component:
Dw dp 5
,DEZ—&'FMV w+p.f,

where p is the fluid density, U=(u,v,w) the fluid velocity, p is the pressure,
t=(fx, fy» f) 1s body force and D/Dt denotes the material derivative that is given

below (2.3) :

9
0z

D a 7] a
E—ai‘lla'i‘va-i-w

2.3)



Here, the energy equation is disregarded since the continuity and momentum equations
are necessary to solve flow field in an incompressible flow.
The velocity components in RANSE is represented by (2.4) :

U=U(x)+U'(x,t) 2.49)
where U(x) is the mean and U’ (x, t) is the unsteady disturbance values, such that U =

0. Then, the equation 2.2 becomes on time averaging (2.5):

o(u?)  owv)  duw)] _ dp , 8 [ du 2
[ax ay t o2 __E+£[M£_pu ] 2.5)

N 0 [ ou - ,]

dy “ay prv

+6[ ou - ,]
Oz‘uaz puw

y and z components are similar with the equation above and the terms of pu'?, pu'v’,

pu'w’ are acting as extra stress that depends on the turbulent flow.
The best way to understand the turbulence effect is to assume that the extra stresses
mentioned above as an additional viscosity that called as “eddy viscosity” and it also
products the local velocity.
k-e model is a two equation turbulence model that is used extensively in industrial
applications due to its stability and easiness in implementation. The general references
and the model’s mathematical background are given in the study of Launder and
Sharma [21] and called in the literature as standard k-e model [22]. The ellipsoid is a
streamlined body with low pressure gradients and k-€ turbulence model is known to
return good results for these cases [22]. Realizable k-e model is an improved version
of the standard model and returns enhanced results [23]. Due to the relatively low
number of mesh that this method requires (y+ is expected to lie in the range between
30 and 300 as dictated in the ANSYS Fluent User Manual), the applicability of k-€
model is suitable [24].
Eddy viscosity is shown as below (2.6):
Cy k2

€

Yoo (2.6)

Where C, is a constant value of 0.09, k is the turbulent kinetic energy per unit mass
and ¢ is the rate of dissipation of the turbulent kinetic energy per unit mass. It should

be noted that the crucial point is the k — € turbulence model is mostly implementable



at high Reynolds number and production and dissipation of turbulence should be in

balance [25].

2.2 Computational Fluid Dynamics Methodology (CFD)

RANSE solving softwares need experienced users. Especially for ship flow problems,
experience may be more important than other fields of engineering due to the complex
geometry and high number of elements to represent the geometry and the domain.
Other than strong fundamentals of fluid mechanics, users also need time to be able to
converge such analyses. The most known and widely used approach to predict the
resistance for 2-D or 3-D bodies using CFD is solving the Reynolds Averaged Navier-
Stokes (RANS) equations.
A traditional RANSE solving software divides total resistance into two parts which is
formulated as:
Cr =Cp+Cp
Here, C; denotes total resistance coefficient while Cp is pressure resistance coefficient
and Cp is frictional resistance coefficient. The pressure resistance coefficent can also
be broken down into:
Cp = Cy + Cyp
Cy 1s wave resistance and Cyp is viscous pressure resistance. Keeping in mind that a
fully submerged body inside a fluid with infinite depth has zero wave resistance;
pressure resistance in this case becomes equal to the viscous pressure resistance.
Cp = Cyp — at infinite depth
Within this context, the viscous pressure resistance of a body inside water may be
derived from single phase analysis; which totally ignores the resistance caused by the
free water surface.
The methodology proposed in this study starts with the calculation of viscous pressure
resistance of the body inside water with a single phase (SP) analysis. After determining
Cyp this way, a multiphase analysis (MP) for the same geometry including the free
surface effects is made. The viscous pressure resistance from the single phase analysis
is subtracted from the pressure resistance determined from the multiphase analysis.
Cw of the boay = Cpamp) — Cvp(sp)

Here, mp and sp inside the brackets refer to multiphase and single phase respectively.



Multiphase analyses may be time consuming because the acquisition of a meaningful
free surface contour is more “painful” in greater depths. One may easily get wrong
results if s/he only watches residuals to be stabilized. Residuals usually perfectly get
stabilized although wave contours and resistance values are not acceptable, misguiding
the user that a correct physical incident is modeled by CFD. There are some parameters
other than residuals that should be watched closely before deciding that the analysis is
finalized.
If any one of these parameters do not seem to be converged or are still oscillating, it
would not be a good decision to stop the analysis because the final condition of the
flow is not yet reached. The list below suggests a check list to be followed if a healthy
case is to be found.
Checklist:

1. Watch all the residuals to get stabilized reasonably.

2. Determine if the total resistance is converged.

3. Check whether the total flux is close to zero, implying the conservation of

mass.

4. Observe if there is a Kelvin wake pattern on the free surface.

5. Pay attention to the pressure resistance obtained from the multiphase analysis.
This value must be greater than the pressure resistance obtained from the single

phase analysis. Wave resistance cannot be less than zero.

6. Check out whether frictional resistance from the multiphase analysis is
compatible with the frictional resistance obtained from the single phase

analysis.

The flow chart of the CFD solution methodology is given in the Figure 2.1.

Multiphase analyses usually require finer mesh due to the complexity of tracking the
surface correctly and obtaining brighter results. A denser mesh around the hull and the
free surface will respond with decreased errors in calculation and stable residuals.
Hexahedral elements are recommended especially for multiphase solutions of ship
flows. On the other hand, tetrahedral elements are easier to use and manage to return
good results for single phase analyses; however, they suffer to capture the free surface

correctly in multiphase analyses.
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Figure 2.1 : Wave resistance computation methodology with CFD.
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3. EXPERIMENTAL METHOD

3.1 Experimental Fluid Dynamics Methodology (EFD)

Experimental testings was performed in the towing tank at Istanbul Technical
University, Ata Nutku ship model basin which has 6 meters breadth, 3.4 meters depth
and 160 meters length, is equipped with a numerically controlled carriage that runs on
two rails on each side. The towing carriage speed is maximum 6 m/s and has a
capability to tow the naked model or follow the self-propelled model, and is equipped
with devices to control. The length of the ship models manufactured in the laboratory
workshop can be up to 5 m. The resistance, self-propulsion, open-water propeller tests
and wake field measurements can be carried out. The wave generator can be used to
measure the motions of ship models in regular and irregular waves.

In this thesis, the towing tank serves to measure the total resistance for an ellipsoid
model for different depths and Froude numbers. Because of the several experimental
studies of Wigley hull exist in literature, only ellipsoid model’s tests were needed to
be performed to validate the CFD results. The ellipsoid model and its dimensions are

shown in Figure 3.1.

Figure 3.1: Ellipsoid model.
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The towing tank testing of fully submerged ellipsoid is carried out by using a strut
arrangement which is between the towing tank carriage and the model. Additionally,
a single component resistance-gauge is integrated to the combined strut. Strut
arrangement is shown in Figure 3.2. It is fixed to the ellipsoid model at its longitudinal

midst.

Figure 3.2: Strut arrangement combined with ellipsoid model.

Using a single strut is enough to test the model due to the size of the model. As the
size of the model increases, only one strut may not be adequate to get accurate results
due to the vibration problem and yaw-pitch motions begin to trouble the experiment
as the speed of the towing carriage increases.

Only one strut is used to hold the model at the desired depth and run to determine total
resistance at increasing Froude numbers. After each test, the strut is run independently
at the same Froude numbers and depths to determine its contribution to the total
resistance. Finally, the resistance of the model is found by subtracting the strut

resistance from the total combined (ellipsoid + strut) resistance.
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3.2 Model Construction

The ellipsoid model manufactured in the Ata Nutku laboratory workshop. Initially,
boundary lines had drawn on the woods before cutting process. Then the dimensions
of the model was entered as inputs into the CNC machine which cuts the model

automatically. The CNC machine and the cutting process are seen in Figure 3.3 and

3.4 respectively.

Figure 3.3 : CNC machine in Ata Nutku Ship Laboratory workshop.

Figure 3.4 : Cutting process on drawn lines of the ellipsoid model.
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After cutting, the model was finished by hand. A hole was opened at the longitudinal
midst of the model to attach the strut. The surface should be smoothed with dry paper,

as seen in Figure 3.5 and therefore it would have been prepared for painting process.

Figure 3.5 : Prepared model for painting.

The final model that is joined with strut can be seen in Figure 3.6. After the drying
process, estimated errors due to the construction that may caused by long drying times

or some shrinkages can be negligible.

Figure 3.6 : Final model with strut.
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3.3 Calibration

In order to calculate only x-axis force throughout experiments, calibration of one-
component force measurement device was carried out before testing. A wire was
attached to measurement device and a pan also attached to the end of wire. Then
putting weights on into the pan one by one, force values corresponding to the weights
was read from computer. CatmanEasy software was used for calibration and data
recording while performing the experimental testings. Figure 3.7 and Figure 3.8

illustrate a plot generated by CatmanEasy and the calibration setup, respectively.
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Figure 3.7 : Measured force values corresponding to voltage values.

Figure 3.8 : Calibration setup.
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3.4 Experimental Setup

The towing tank testing of fully submerged ellipsoid is carried out by using a strut
arrangement which is between the towing tank carriage and the model. After each test,
the strut is run independently at the same Froude numbers and depths to determine its
contribution to the total resistance. Total resistance of the model is found by

subtracting the strut resistance from the total combined (ellipsoid + strut) resistance.

5
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Please refer to Figure 3.9.
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Figure 3.9 : Connection of the strut and dynamometer.

One component resistance dynamometer which can be seen in Figure 3.10 measures

the force on the strut and ellipsoid only in x-axis direction.
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Figure 3.10 : One-component resistance dynamometer.

Dynamometer is connected to amplifier which is an electronic device that increases

the power of a signal with the help of wire, as seen in Figure 3.11.

Figure 3.11 : Amplifier.

After the calibrations of the dynamometer have been done out of the water, then a
connecting element which is made from rigid plank was manufactured in Ata Nutku
Laboratory workshop. Since the strut is heavy, the plank provides a rigid connection

between the strut and dynamometer to decrease the vibration and increasing the
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rigidity while performing the experiments. Figure 3.12 illustrates the connection

between strut and dynamometer.

Figure 3.12 : Connecting element.

Consequently, the final experimental setup scheme is basically shown in Figure 3.13.
The model was towed for two times in all Froude numbers and depths to determine the

experimental errors and uncertainties.

Model |C=>| stut [C=> Connecting

element

ingle

Computer <: Amplifier <: omponent

esistance gauge

Figure 3.13: Experimental scheme for the ellipsoid.
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3.5 Data Recording

Recording of the experimental data was done by using CatmanEasy software package.
Before beginning to each run, zero reading of the force was taken. After this step,
forces were recorded for approximately 10-15 seconds when the carriage velocity had
stabilized. A plot of the measured force (N) as a function of time was created by the
help of a computer. A capture, as seen in Figure 3.14, was taken during the
experiments. Waiting period is at least ten minutes to ensure that the water in the

towing tank is settled adequately so as not to effect the results.
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Figure 3.14: A capture of the measured force from CatmanEasy.

It should be noted that the red lined analysis illustrates the record from beginning to
end. However, the blue line shows the record where the vibration is not occurred and
the velocity of the carriage is stabilized. Hence the final resistance values were taken

from these kind of intervals to get the accurate results.
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4. RESULTS

4.1 Numerical Modeling of Fully Submerged Bodies

Hydrodynamic forces change as a submerged body gets closer to boundaries such as
free surface or sea bottom. Otherwise, there is no interaction between free surface and
submerged body in infinite depth. The most important difference between deeply
submerged and near-free surface conditions is wave resistance factor. Deeply
submerged conditions have only viscous pressure resistance and frictional resistance.
As it gets closer to the boundary defined by the free surface; wave resistance is added

and becomes a major part of total resistance.
4.1.1 Ellipsoid

4.1.1.1 Geometry and Meshing Strategy

An ellipsoid is selected as a benchmark problem due to its simple geometry. Since
several works with different AR (aspect ratio) exist in literature, the proposed method
can solely compared with other experimental and computational results. Aspect ratio
of the ellipsoid model used in this study is selected as approximately 8 which is
suitable for the Farrell’s work to compare the results. Geometry is shown in Figure 4.1

and where b denotes the diameter and ¢ is the chord length.

Ellipsoid

Figure 4.1 : Geometry of the ellipsoid model (profile view).
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As widely known, wave elevations for fully submerged bodies in finite depth are
generally smaller than surface piercing bodies due to the depth and Froude number.
The grid quality is directly relevant with grid type and mesh configuration. In certain
cases, using tetrahedral cell is adequate to obtain accurate results. Also using
tetrahedral/prism type grids shorten the solution time considerably in comparison with
constructing with hexahedral mesh. Especially at high Froude numbers either in fully
submerged and surface piercing conditions, wave pattern and resistance values are
generally satisfactory due to the increasing wave elevations and converges to steady
condition physically. However, it is nearly impossible to get not only proper Kelvin
wave pattern but also sensible resistance values at lower Froude numbers for deeper
conditions or surface piercing cases in steady solutions.

The strategy that is used for the meshing process is generate unstructured tetrahedral
mesh around the ellipsoid and hexahedral mesh on free surface and air. An overall
mesh configuration around the ellipsoid is given in Figure 4.2. As explained in the
previous section, hexahedral cells were used around the free surface is convenient for
this case (fully submerged condition) because of the smaller wave elevations on the

free surface.

e

Ellipsoid
Pressure Inlet

Bottom wall

Figure 4.2: Overall mesh configuration.
The meshing process is completed by checking on the mesh to find any errors that may
cause problems during the analysis. Resulting mesh has 1.2 million cells for all depths.
Hexahedral mesh around free surface is shown in Figure 4.3. For this study the shape
of the domain (fluid volume) is the box shape, since it is convenient for generating the
mesh around the solid body. The domain extents are 4c in the flow direction (1L for
upstream, 1L for the ellipsoid and 2L for downstream), 2L of in the depth direction
and 1.25L in the direction of breadth is found to be appropriate for this study. In
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addition to creating the fluid volume, naming the surfaces that represent the boundary
conditions will help later with FLUENT setup. Also y* values are closely observed to

remain between 30 and 300 during calculations.

Figure 4.3: Mesh configuration around free surface.

The comparison of two different meshing methods are given in Table 4.1.

Table 4.1: Comparison of two different meshing methods.

Comparison of mesh types
Tetrahedral Grids Hexahedral Grids
e Less time consuming e Better convergence characteristics
e Easier meshing for beginners e Uses fewer elements
o Less effective at lower Froude e Accurate results at both low and high
numbers Froude numbers
e Mesh smoothing is automatic to e Ability to control manual meshing at
increase mesh quality all stages
e Compatible with all geometries e Problematic for complex geometries
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4.1.1.2 Numerical Settings

The CFD setup for single and multiphase analyses are all pressure based steady
solutions. Steady-state solutions in all cases were performed to reduce the solution
time. Wall functions may be used in places where adverse pressure gradients are not
high. Flows around bluff bodies will generally have boundary layer separations of
which the boundary layer should be very finely meshed all the way through the wall.
Bodies inside water are generally well streamlined which allows wall functions to be
used. In this study, standard wall function of realizable k-€ turbulence model is used.
The SIMPLE algorithm is selected for pressure-velocity coupling and in spatial
discretization pressure is set to be “Body force weighted”. All the other parameters
under spatial discretization and under-relaxation factors are at default that can be seen
in Table 4.2.
Table 4.2: Default Under Relaxation Factors.

Under Relaxation Factors

Pressure 0.3

Density 1

Body Forces 1
Momentum 0.7
Volume Fraction 0.5
Turbulent Kinetic Energy 0.8
Turbulent Dissipation Rate 0.8

Turbulent Viscosity 1

Besides that, volume fraction in spatial discretization is set to QUICK which was used
for discretizing either the convection and diffusion terms [3]. One difference between
these analyses of an ellipsoid is, inlet is “velocity inlet” in single phase and “pressure
inlet” in multiphase analysis. Open channel flow of multiphase analysis only works
with boundary conditions of “mass flow inlet” and “pressure inlet” and out of the two,
pressure inlet is selected. Flow specification method at the inlet is “free surface level
and velocity” where the user must specify the vertical coordinates of free surface level
and the bottom of the domain. The velocity magnitude specified in pressure inlet of
open channel in multiphase flow is also used as an input for the “velocity inlet” in
single phase flow. All of these settings are shown in Table 4.3 and Table 4.4,
respectively.
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Table 4.3: Numerical Settings of the Ellipsoid for Single-Phase.

Numerical Set-up

Single-phase

Type Pressure Based
General

Time Steady

Velocity Formulation Absolute

Turbulance model k-¢, Realizable
Models

Near Wall Treatment Standard Wall Func.

Inlet Velocity Inlet

Outlet P Outlet

Boundary Conditions utle ressure Lute

Turbulent Intensity(%) 1

Turbulent Viscosity Ratio 1

Pressure-Velocity Coupling SIMPLE

Gradient Least Squares Cell Based
Solution Methods Pressure Second Order Upwind

Momentum Second Order Upwind

Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate Second Order Upwind
Solution Controls Under - Relaxation Factors Default

Solution Initialization

Initialization Method

Standard Initialization

Reference Frame

Relative to Cell Zone
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Table 4.4: Numerical Settings of the Ellipsoid for Multi-Phase.

Numerical Set-up

Multi-phase

Type Pressure Based
General Time Steady
Velocity Formulation Absolute
Multiphase model Volume of Fluid
Scheme Implicit
Body Force Formulation Implicit Body Force
Models Number of Eularian Phases | 2
Options Open Channel Flow
Turbulance Model k-g, Realizable
Near Wall Treatment Standard Wall Func.
Inlet Pressure Inlet
Outlet Pressure Outlet
Operating Density(kg/m3) 1.225
Boundary Conditions | Gravity (m/s2) -9.81
Turbulent Intensity(%) 1
Turbulent Viscosity Ratio 1
Pressure-Velocity Coupling | SIMPLE

Gradient Least Squares Cell Based

Pressure Body Force Weighted
Solution Methods | Momentum Second Order Upwind

Volume Fraction QUICK

Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate | Second Order Upwind
Solution Controls Under - Relaxation Factors | Default

Initialization Method

Standard Initialization

Open Channel Initialization

Solution Initialization | Method

Flat

Reference Frame

Relative to Cell Zone
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4.1.1.3 Validation and Results for a Fully Submerged Ellipsoid

The first validation of the proposed method was first made for a fully submerged body
under free surface. Comparison of the wave resistance coefficient was made with
Farrell’s study. The length of this ellipsoid is same as the previous model whose CFD
results are compared with experiment, however this model has an aspect ratio of 6.
The results of the first ellipsoid which has an aspect ratio of 6 are compared with the
results of Farrell who has solved the flow around an ellipsoid at different aspect ratios
[7]. He has used potential flow theory to generate his results and the comparison is
made for an aspect ratio of 6. The distance of the free surface to the ellipsoid is 0.126c¢.
The wave resistance is calculated with the method explained in the “CFD
Methodology” section above and it is non-dimensionalized by the formulation given
in Farrell’s study:
— RW

npgc3

Cw

The results of the wave resistance coefficient in comparison with Farrell’s work are
shown in Figure 4.4. The wave resistance coefficients in both studies seem in

accordance with each other.
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Figure 4.4: A comparison of wave resistance coefficients. (h/c= 0.126).
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As it mentioned before, meshing strategy plays a crucial role in this section for the
accuracy of viscous solutions. If the grid resolution and grid quality are not sufficiently
good, wave contours are not accurate at low Froude numbers. Please see the Figure

4.5.

w
&

)

Figure 4.5 : Wave pattern obtained after using tetrahedral mesh for entire

domain.

The compatibility of the results seem better for lower Froude numbers and the
discrepancy between both studies seem to get greater as the Froude number increases.
There seems to be only one point where both results overlap at around Fn=0.78; but
then the results seem to go in different paths. This difference at high Froude numbers
may be due to more violent wave patterns that may be observed at higher speeds where
the linearized potential flow theory fails to grab the correct wave contours. RANSE is
fully non-linear and is more pertinent to catch wave patterns at higher speeds. In
addition, the submergence depth ratio (h/c=0.126) for this case is so small that the
nonlinearities on the free surface become dominant.

A second validation was made again for an ellipsoid which has an aspect ratio of 8.
This time comparison was made with experimental results for Froude numbers of 0.16
to 0.48 and different h/c ratios of 0.3, 0.5 and 0.75 where the h is distance from the
free surface and c is the length of the model.

The experimental results of the total resistance and also frictional resistance

coefficients were compared with CFD results for varying depths are shown below:
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Figure 4.6 : A comparison of total resistance coefficients (h/c=0.3).
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Figure 4.7 : A comparison of total resistance coefficients (h/c= 0.5).
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Figure 4.8 : A comparison of total resistance coefficients (h/c=0.75).
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Towing tests were performed two times to see that the results are consistent and then
the obtained results were averaged. An uncertainty analysis which is completed using
the methods of ITTC is implemented to those of the experimental results [26]. It was
calculated from two repeated runs under the same condition. It would be possible to
repeat more runs to obtain efficient results, however there is no time to repeat much
more towings due to its time consuming process. For the best determination of
uncertainities ITTC recommends the use of up to 15 repeats in experiments. The
average uncertainty of total resistance was calculated at 20% for the condition of
h/c=0.3.

In Figure 4.7, experimental method is implemented in CFD to show the accuracy of
the method that the model is towed with the help of a strut. A satisfactory agreement
is obtained with the results. On the other hand, the maximum variation of CFD results
with respect to experimental results is about 20 percent at low Froude numbers whilst
the average variation at high Froude numbers is about %4-5.

ITTC 57’ formulation is normally implementable for surface piercing bodies which
has a length to beam ratio with the range of 5 to 7. However, the comparison of
frictional resistance coefficients which can be seen in Figure 4.9 seem in accordance

with each other for a totally submerged body.

h/c=0.5

ITTC 57
—a— Ellipsoid

4,2

4
4,00E+05 6,00E+05 8,00E+05 1,00E+06 1,20E+06 1,40E+06 1,60E+06

Re

Figure 4.9 : A comparison of frictional resistance coefficients for the ellipsoid.
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The wave pattern for another fully submerged ellipsoid at different submergence
depths for an aspect ratio of 6 are obtained by RANSE for the whole domain. The
results of the wave patterns at Fn=0.7 are given in Figure 4.10. Also, the wave contour
of first ellipsoid which was compared with Farrell’s study at Fn=0.7 for h/c=0.126 is

given with longitudinal wave cut shown at Figure 4.11.

20002
4 a5 i 05 1 156 2 25 3

Paosition {m)

Figure 4.11 : Wave-cuts of a submerged ellipsoid at Fn=0.7 for h/c=0.126. (Ellipsoid
is not scaled in z direction)
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Due to the limited fluid domain at the computations the radiation condition cannot be
seen from Figure 4.11. However, it is possible to visualize the radiation of the waves
at both ends of the domain but this is a matter of time and capability as greater domains
require more time and memory.

Respectively, Figure 4.12 exhibits the free surface effect depending on the depth and
pressure coefficient distribution over the ellipsoid at Fn=0.5 for finite and infinite

depths.
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Figure 4.12 : Free surface effect on pressure coefficient distribution over the
Farrell’s ellipsoid. The figure on the left is at infinite depth while the
one on the right has submergence depth (h=0.126c¢) from the free

surface and Fn=0.5.
4.1.2 Submarine

4.1.2.1 Geometry and Meshing Strategy

After getting the resistance results with the experiment are found compatible with CFD
for the ellipsoid, the next step is to create a new submarine model. The model is tried
to be kept simple with the addition of appendages such as the topsail and the fins to
the ellipsoid. Please refer to Figures 4.13, 4.14 and 4.15 to see the locations of these
appendages. Main dimensions are kept the same with the ellipsoid and the size of
appendages is set arbitrarily. Figure 4.13 and 4.14 shows the submarine geometry and
the appendages are shown in Figure 4.15. As it is mentioned in the previous chapter;

c represents the length and b is diameter.
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Figure 4.13 : Submarine model geometry (profile view).

—* Topsail

Tailplanes

Topsail (Side View)

A2L
|

—

Tailplane (Side View) Tailplane (Top View)

Figure 4.15 : Appendages of submarine model (side and top views).
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A1L denotes the length of the topsail and A1B shows the maximum breadth. Similarly,
A2L refers to the length of the tailplane and A2B describes its maximum breadth.
There are four fins on the aft side of the submarine model and each have the same
dimensions. Figure 4.15 may be referred to see the geometry of all these fins.

Dimensions of these parts are given below, please see Table 4.5.

Table 4.5: Dimensions of Topsail and Tailplanes.

AlL(m) Al1B(m) A2L(m) A2B(m)
Topsail 0.1 0.01 N/A N/A
Tailplanes N/A N/A 0.05 0.035

Mesh processing of the submarine for single phase analyses was carried out by using
ICEM CFD that has a good capability with the ease of quick and good quality meshing
for tetrahedral elements. Maximum element size in the entire domain was defined in
‘Global Mesh Setup’. Increasing mesh size with certain growth rate from the body to
the domain boundaries was determined by using ‘Part Mesh Setup’ option. In addition
to these settings, a denser mesh box was created to represent the turbulence region
around topsail and tailplane zones due to expected flow separation over these chaotic
zones. Since wave deformation is not a case in single-phase analyses, using tetrahedral
elements for meshing is convenient. It is enough to quickly converge single phase
analyses and provide a significant advantage to the user to obtain desired frictional
resistance results quickly. The major difference between the single phase and the
multi-phase analyses is the contribution of free surface effect which needs better
meshing inside the domain.

In multi-phase analyses, a new volume is created for free surface additively and it was
meshed with fine hexahedral grids by using Gambit in order to represent the wave
elevations accurately especially in low Froude numbers. Figure 4.16 illustrates regions
of denser mesh around the appendages and shows the hexahedral meshes on free

surface.
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Figure 4.16 : Mesh configuration around free surface and appendages.

Boundary conditions are easily defined in ICEM CFD or Gambit before exporting the
mesh file to the FLUENT solver. Special attention must be paid while determining the
boundary conditions for single phase analyses; the top side of the domain must be
defined as ‘Symmetry’ in order to create double body solution and to get the accurate
viscous pressure value. Also mesh smoothing may be necessary to improve the mesh
quality. The mesh quality is increasing from 0 to 1 in ICEM CFD while it is vice versa
in Gambit.

The user can smooth the meshes automatically in ICEM CFD by entering the input
values which are ‘Smoothing Iterations and ‘Up to value’. The process is completed
by performing a check on the mesh to find any errors which may cause a problem
during the analyses in FLUENT. Gambit is an older technology and does not support

mesh smoothing.

4.1.2.2 Numerical Settings

Simulation of the submarine is nearly the same with previous benchmark problem. The
effect of the appendages to the total resistance of the body may also be observed in
comparison to the ellipsoid. As it may be detected by just looking at the body forms

of the ellipsoid and the submarine; ellipsoid is a streamlined body and the submarine

37



is a more complex body in contrast to the ellipsoid. Therefore, flow separation from
the body is an incident which may occur; and this will also be examined for the
submarine model.

Flow model which is selected from the model setup is set to viscous and the selected
turbulence model for the simulations is the realizable k — € turbulence model. Standard
wall functions is chosen as it also was in the previous application. Multiphase flow
model is selected to characterize the free surface deformations and its effect on the
submarine. VOF model is used for multiphase analysis and implicit scheme is defined
as volume fraction parameter. For all the applications involving multi-phase analyses
found in this thesis, open channel flow option is selected. Also body force formulation
is set to implicit body force. Especially in low Froude numbers, if the residuals
continued to increase after a number of iterations, the under relaxation factors were
then reduced.

Analyses were performed for the submarine and compare the results with the ellipsoid.
Please refer to Table 4.6. This way, the effect of the appendages on the resistance can

be detected.

Table 4.6: Analysis parameters for the submarine.

Analysis h/c Fne Fnd
1 0.5 0.1596 0.2258
2 0.5 0.2395 0.3386
3 0.5 0.3193 0.4515
4 0.5 0.3991 0.5644
5 0.5 0.4789 0.6773

A summary for single and multi-phase analysis setups are shown in Tables 4.7 and 4.8,

respectively.
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Table 4.7: Numerical Settings of the Submarine for Single-Phase.

Numerical Set-up

Single-phase

Type Pressure Based
General

Time Steady

Velocity Formulation Absolute

Turbulance model k-¢, Realizable
Models

Near Wall Treatment Standard Wall Function

Inlet Velocity Inlet

Outlet P Outlet

Boundary Conditions ute resstre Lue

Turbulent Intensity(%) 1

Turbulent Viscosity Ratio 1

Pressure-Velocity Coupling SIMPLE

Solution Methods

Gradient Least Squares Cell Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind

Solution Controls

Under - Relaxation Factors

Depending on the behavior of

residuals

Solution Initialization

Initialization Method

Standard Initialization

Reference Frame

Relative to Cell Zone
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Table 4.8: Numerical Settings of the Submarine for Multi-Phase.

Numerical Set-up

Multi-phase

Type Pressure Based
General Time Steady
Velocity Formulation Absolute
Multiphase model Volume of Fluid
Scheme Implicit
Body Force Formulation Implicit Body Force
Models Number of Eularian Phases | 2
Options Open Channel Flow
Turbulance Model k-g, Realizable
Near Wall Treatment Standard Wall Function
Inlet Pressure Inlet
Outlet Pressure Outlet
Operating Density(kg/m3) 1.225
Boundary Gravity (m/s2) -9.81
Conditions Turbulent Intensity(%) 1
Turbulent Viscosity Ratio 1
Pressure-Velocity Coupling SIMPLE
Gradient Least Squares Cell Based
Pressure Body Force Weighted
Solution Methods | Momentum Second Order Upwind
Volume Fraction QUICK
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind

Solution Controls

Under - Relaxation Factors

Depending on the behavior of residuals

Solution

Initialization

Initialization Method

Standard Initialization

Open Channel Initialization

Method

Flat

Reference Frame

Relative to Cell Zone
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4.1.2.3 Results for a Fully Submerged Submarine

The effects of the appendages of the submarine on the total resistance is investigated
and observed at different Froude numbers for only one depth. Please see the Table 4.9
and Figure 4.17. As it is mentioned before, the submarine model is tried to be kept

simple with the addition of appendages such as the topsail and the fins to the ellipsoid.

Table 4.9 : The effects of the appendages on the total resistance.

Fn Total Resistance (N) Total Resistance (N) Variations in total
Ellipsoid Submarine resistance respect to
the ellipsoid (%)
0.2258 0.2089 0.2813 25.7
0.3387 0.4335 0.5909 26.6
0.4516 0.7296 1.0092 27.7
0.5645 1.0958 1.5339 28.6
0.6774 1.4864 2.2078 32.7
h/c=0.5
2,5
2
— 1,5
£
o —=— Ellipsoid
! —&— Submarine
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0,15 0,2 0,25 0,3 0,35 0,4 0,45 0,5
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Figure 4.17 : Comparison of total resistance at h/c=0.5.
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According to Table 4.9, contribution of the topsail and fins on the total resistance
approximately thirty percent. It can also be seen that depending on the increase in
Froude number, variations in total resistance slightly grows up. The reason is that the
formation of eddy viscosity depending on the velocity where the flow seperation
occurs. The dimensions and locations of the fins and topsails are determined
arbitrarily, however by making the appendages more streamlined, then the total

resistance can be reduced.

h/c=0.5
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Figure 4.18 : Comparison of frictional resistance coefficients at h/c = 0.5.

Addition of the fins and top sails to the elipsoid changes the frictional resistance due
to the increase in the wetted area. Total surface area of appendages is %10 of ellipsoid.
A plot of the frictional resistance coefficient as a function of Froude number for ITTC
and submarine is given in Figure 4.18. Also the comparison of frictional resistance for

ellipsoid and submarine can be seen in Figure 4.19.
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Figure 4.19 : Comparison of frictional resistance at h/c = 0.5.

4.2 Numerical Modeling of Surface Piercing Bodies

A RANSE based CFD method associated with the Volume of Fluid (VOF) method is
employed to get the free surface wave flow around ship and multiphase flow has been
carried out to compute the resistance forces of surface piercing bodies. Single phase
analyses was performed and double body solution method was used at the same Froude
numbers to get the viscous pressure force for obtaining the wave resistance accurately.
Wave resistance is more dominant in this condition with compared to fully submerged
bodies except the range of Prohaska (Fn =0.12-0.20). Since meshing the free surface
zone with hexahedral elements is not easy as submerged bodies, hybrid mesh method
was used to get accurate results. Entire domain was divided into 12 blocks and 11
blocks was meshed with fully hexahedral elements. Only one block where the ship is
in was meshed with denser tetrahedral elements. Other numerical settings are

explained in later chapters.
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4.2.1 Wigley Parabolic Hull

4.2.1.1 Geometry and Meshing Strategy

Wigley parabolic hull is widely used test case for surface piercing problems since it
has a simple geometry and there is a large amount of experimental and CFD data in
the literature. In these analysis, a fully hexahedral mesh containing approximately 2.1
million cells was created for all Froude numbers by using Gambit. First, hull surface
was meshed with quadrilateral elements. Please see Figure 4.20. Then, hexahedral
mesh was used around free surface and entire domain. It is also shown in Figure 4.21.
Domain extents are 1L upstream, 1L the Wigley hull itself and 2L downstream, L of
depth and 0.5L of breadth; which seems sufficient.

Figure 4.20: Mesh configuration on Wigley hull.

i

Figure 4.21: Hexahedral elements around Wigley hull (top view).
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4.2.1.2 Numerical Settings

CFD setup strategy of the Wigley hull is similar to that of the ellipsoid. The purpose
of this simulation is to obtain the wave resistance coefficient accurately in surface
piercing condition. The settings for single and multiphase analyses are pressure based
steady solutions. The turbulence model was selected as realizable k-¢ with standard
wall function. The SIMPLE algorithm is selected for pressure-velocity coupling and
in spatial discretization, pressure is set to be “Body Force Weighted”. Two phases were
used in multiphase solutions and air was determined as primary phase while water was
assigned as the secondary phase, as it is dictated for multiphase flows in ANSYS
Fluent User Guide [24]. In addition to this, open channel flow mode was selected.
Analyses are carried out using this option that is implemented inside ANSYS Fluent.
Open channel mode allows simulations to be made that are similar to the experiments
being made at the towing tanks. The free surface is still at the beginning; both
experimentally and numerically. To dictate this condition numerically to the solver,
open channel initialization method is selected as flat.

Because of the symmetrical characteristics of the flow, half of the domain was
modelled and symmetrical boundary condition was used to reduce the mesh size and
solution time. The final version of the boundary conditions adopted are shown in

Figure 4.22.

ngle'y hull

Top Wall
Pressure Outlet
Free Surface

/
Bottom Wall

Symmetry Plane

L

Figure 4.22: Boundary conditions of the Wigley hull.
It was mentioned that under-relaxation factors were set as default in the previous
ellipsoid simulation due to its simple geometrical form and lack of turbulence at the
stern side, whereas during the simulation of the Wigley hull, momentum and
turbulence factors may partially be reduced to stabilize the governing equations and
numerical instabilities at higher Froude numbers. All details to summarize the settings

for single and multiphase were given in Table 4.10 and Table 4.11 respectively.
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Table 4.10: Numerical Settings of the Wigley Parabolic Hull for Single-Phase.

Numerical Set-up

Single-phase

Type Pressure Based
General

Time Steady

Velocity Formulation Absolute

Turbulance model k-g, Realizable
Models

Near Wall Treatment Standard Wall Func.

Inlet Velocity Inlet

Outlet Pressure Outlet

Boundary Conditions

Turbulent Intensity(%) 1

Turbulent Viscosity Ratio 1

Pressure-Velocity Coupling SIMPLE

Solution Methods

Gradient Least Squares Cell Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind

Solution Controls

Under - Relaxation Factors

Reduced at higher Froude

numbers manually

Solution Initialization

Initialization Method

Standard Initialization

Reference Frame

Relative to Cell Zone
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Table 4.11: Numerical Settings of the Wigley Parabolic Hull for Multi-Phase.

Numerical Set-up

Multi-phase

Type Pressure Based
General Time Steady

Velocity Formulation Absolute

Multiphase model Volume of Fluid

Scheme Implicit

Body Force Formulation Implicit Body Force
Models Number of Eularian Phases | 2

Options Open Channel Flow

Turbulance Model k-g, Realizable

Near Wall Treatment Standard Wall Func.

Inlet Pressure Inlet

Outlet Pressure Outlet

Operating Density(kg/m3) 1.225

Boundary Conditions | Gravity (m/s2) -9.81

Turbulent Intensity(%) 1

Turbulent Viscosity Ratio 1

Pressure-Velocity Coupling | SIMPLE

Gradient Least Squares Cell Based
Pressure Body Force Weighted

Solution Methods | Momentum Second Order Upwind
Volume Fraction QUICK

Turbulent Kinetic Energy Second Order Upwind

Turbulent Dissipation Rate | Second Order Upwind

Solution Controls | Under - Relaxation Factors | Reduced at higher Froude numbers

manually

Initialization Method Standard Initialization

Open Channel Initialization | Flat

Solution Initialization | Method

Reference Frame Relative to Cell Zone
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4.2.1.3 Validation and Results for a Wigley Parabolic Hull

This validation is made for a Wigley hull of which many studies in the literature exist.
In order to obtain a satisfactory result for wave resistance, the wave profiles of the
wake and along the hull must be correctly predicted. There are various studies (most
of them relying on potential theory) made to predict the wave profiles along the Wigley
hull and all these results are tried to be validated with experiments. One of these studies
is the work of Tarafder and Suzuki [11]. They have used modified Rankine source
panel method to obtain the wave profile along the hull and compared their results with
an experiment made for Fn=0.316. The comparison of computed wave profile with

that of RANSE is given in Figure 4.23.
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Figure 4.23 : Wave profile along the Wigley hull for Fn=0.316.

The wave pattern acquired with RANSE is more compatible with the experiments
especially at the bow region where there is a high free surface elevation.

Another experiment is performed by He at Fn=0.350 to validate the newly developed
based on an iterative Boundary Element Method [27]. The RANSE result produced in
this study is compared with his calculation and experiment for the wave pattern along

the Wigley hull as shown in Figure 4.24.
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Figure 4.24 : Wave profile along the Wigley hull for Fn=0.350.

The wave pattern obtained by RANSE seems in better accordance with the
experiments. The same case applies here as well; potential theory predicts lesser wave
elevations especially in places where the perturbation of the free surface is greater as
in the previous case.

The wave resistance values of the Wigley hull is not published in He’s article. Tarafder
and Suzuki have shared their results up to Fn=0.6. As mentioned before, RANSE is
fully nonlinear and can grab satisfactory wave profiles and wave resistance values even
in higher Froude numbers. For wave resistance coefficient values computed with the
proposed method, comparisons are made with the calculations made by Moraes et al.
who computed the wave resistance up to Fn=0.9 [28]. However, experimental results
are not included in their study. Therefore, experiments made at different Froude
numbers are taken from the work of Millward and Bevan [29]. The compared results

are given in Figure 4.25. The wave resistance coefficient here is calculated as:

2Ry
Cpy =
W psy?

The wave resistance computation seems to be compatible both with the calculations of
Moraes et al. and the experiments of Millward and Bevan. It could also be said that

proposed methodology gives better results.
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Figure 4.25: Comparison of wave resistance coefficients.

The discrepancy between present methodology and the experiments are in an
increasing trend at higher Froude numbers. The same thing applies for Moraes et al.
as well. The reason for this may be due to the calculation of residual resistance at
experiments. The resistance of the static wetted area is subtracted from the residual
resistance to obtain wave resistance in a towing tank. The wetted area of the hull does
not deviate much due to smaller free surface elevations at lower Froude numbers;
however, this is not the case at higher Froude numbers. The deviation of the wetted
area of the hull is greater at higher speeds but during calculation of wave resistance at
the towing tank, only the static wetted area is calculated and subtracted. Rigby et al.
have suffered from the same problem and they have also mentioned such a statement
in their study [8]. This point must be kept in mind while comparing the calculated and
experimented results at high Froude numbers. In other terms, although during the
experiments, the model is free to sinkage and trim, in CFD computations, it is fixed to
trim and sinkage.

The free surface deformation for Fn=0.4 is given in Figure 4.26. The wave profile over

the Wigley hull at the same Fn is given in Figure 4.27.
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Figure 4.26 : Free surface deformations for a Wigley hull at Fn=0.4 compared with
the results of Uslu and Bal [9].
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Figure 4.27 : Wave profile on the Wigley hull at Fn=0.4.
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In Figure 4.27, volume fraction is used as a discretization between air and water; where
0 refers to water and 1 refers to air. The yellow part of the hull shows the wetted surface
area of the Wigley hull. The effect of free surface and viscosity on pressure distribution
on the Wigley hull is given in Figure 4.28. There seems a good compatibility for cases
of unbounded flow domain (which is a single phase solution) and free surface effect

included domain (which is a multiphase solution).
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Figure 4.28 : Effect of free surface and viscosity on pressure coefficient distribution
over the Wigley hull as compared to the inviscid work of Uslu and Bal

[9].

The free surface elevations change the pressure distribution along the hull, as can be
seen from Figure 4.28. The pressure decreases at points where wave troughs are found
while it increases in places of wave crests. From the same figure, the places of wave
crests over the hull can be determined.

In Figure 4.28, there is some difference at the bow in RANSE calculations and that is
due to RANSE being a fully nonlinear method. Keeping in mind the better results
obtained by RANSE given in Figures 4.23 and 4.24, it may be said that the pressure
distribution obtained is better than the potential methods. Wigley hull has a slender
body and the stern part of the hull is not complex. This is the place where the effects
of viscosity must show up the most but due to the thin geometry of the hull, the results

are nearly the same.
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4.2.2 A Modern Displacement Tanker

4.2.2.1 Geometry and Meshing Strategy

A modern displacement tanker was used in the analyses and same approach used for
this ship to prove the robustness of the proposed method that is successfully
implemented on Wigley parabolic hull to obtain the wave resistance. The geometry is
quite different from Wigley parabolic hull due to the presence of bow-bulb and two
skegs at stern side. Also towing tank test results are available for this ship and tests
were carried out in Ata Nutku Ship Model Testing Laboratory at Faculty of Naval

Architecture and Ocean Engineering of Istanbul Technical University.

Since the ship geometry is symmetrical, only half of the domain was considered for
simulations. Position of inlet and outlet surfaces at 1L and 2L from the model,
respectively. Bottom at 1L below the baseline and the distance between side surface
and symmetry plane is 1.5L. Here, L denotes the overall length of the hull. The zero
point is located at the intersection of design waterline and aft perpendicular. Figure

4.29 and Figure 4.30 show the hull geometry and computational domain with its

dimensions.

Figure 4.29 : A general view of the tanker.

Figure 4.30 : Computational domain for the tanker.

53



Since free surface flows in CFD analyses strictly rely on the mesh quality, meshing
process is vital step of the numerical solutions and generally it requires a lot of hours
of work. Actually how much time is spent depends on the type of mesh element.
Tetrahedral elements are easy to construct and less time consuming so it is highly
preferred in ship building industry. However hexahedral elements requires more
ability, experience and time for meshing.

Tetrahedral elements are good to evaluate forces along the ship hull but fail to
smoothly capture the interface in multiphase ship flows. Hexahedral elements are both
good in evaluating resistance and capturing the free surface; however, they are hard to
implement to complex geometries such as ship hulls. Therefore; hybrid mesh system,
which is a mix of both type of elements, offers a good way to go around this problem
and practically solve multiphase ship flows. A hybrid meshing approach using
tetrahedral elements around complex geometries and hexahedral meshing in the rest
of the domain, especially in the vicinity of free surface, was suggested [30]. From this
point of view, in this part of the thesis, hybrid mesh method was preferred to get
accurate results and capturing the free surface elevations adequately.

As it mentioned before, whole domain was divided into 12 blocks and 11 blocks was
meshed with fully hexahedral elements by using Gambit, while unstructured
tetrahedral meshing was used at only one block where the ship is in. Hybrid mesh
generation for the free surface wave flow of a ship (MP analysis) can be seen in Figure

4.31.
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Figure 4.31 : Hybrid meshing for the free surface wave flow of a ship.

Tetrahedral-shaped elements are not adequate to capture the free surface elevations,

especially far away from the ship where the wave height is low. Actually the grid types
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should be flat enough to catch the small wave elevations and sufficiently wide to avoid
an excessive number of elements. On the other hand hexahedral cells are more
appropriate to capture the small variations of wave elevations without sacrificing the
accuracy of the solution [3]. Either size of the hexahedral and tetrahedral elements
have a growth ratio in their own blocks to prevent an excessive number of cells. Please

see Figure 4.32.

Figure 4.32 : Cell size towards the boundaries of blocks.

To prevent the reflection of the waves due to advance of the ship, the domain was kept
widely enough. For obtaining a good calculation, approximately %90 of the domain

was meshed with hexahedral type of grids and final mesh containing 4.5 million cells.

Finally, boundary conditions were determined. For single phase flows, inflow surface
was assumed as velocity inlet and outflow surface is pressure inlet. Symmetry plane
was defined as symmetry because computations had been done for half domain. Top,
bottom and side wall were set as wall. In multi-phase analyses, only difference is

pressure inlet for inflow surface. Please refer to Table 4.12.

Table 4.12 : Boundary conditions for the tanker.

Boundary Conditions

Single Phase Analysis Multi Phase Analysis
Inlet Velocity Inlet Pressure Inlet
Outlet Pressure Outlet Pressure Outlet
Wall Symmetry Symmetry
Top No slip / Stationary wall | No slip / Stationary wall
Bottom No slip / Stationary wall | No slip / Stationary wall
Symmetry Symmetry Symmetry
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4.2.2.2 Numerical Settings

Many multiphase ship flow problems are solved for only the service speed of the hull
in the industry; however, analyses at low speed may also be needed for academic
purposes. If a low Froude number analysis is to be made for a ship flow problem, two
options exist:
o Decrease the size of the mesh elements which will increase the time to
complete one iteration.

e Decrease under-relaxation factors to obtain a solution with more iterations.

A good compromise between these two options must be made to obtain quicker and
compatible results. Many multiphase ship flow problems suffer from momentum
under-relaxation factor; this value should be decreased with great care. The continuity
residual gives a notion of how much to decrease momentum under-relaxation factor
and should be watched closely.

Due to the chaotic flow for ships, turbulent kinetic energy and turbulent dissipation
rate may also pose a problem. Residuals such as k, €, ® etc. (depends on which
turbulence model is selected) should be followed to change under-relaxation factors
dealing with turbulence.

RANSE simulations for this model were carried out at velocities 0.829 m/s to 1.658
m/s which is equal to Froude number of 0.134 to 0.268. The Froude of 0.268 is equal
to service speed of ship. The model was fixed at design draft and there is no trim angle
for the simulations. The volume of fluid method was used to achieve the free surface
flow around the ship. Volume of fluid method (VOF in short notation) is used to track
complicated free surface deformations. Waves generated due to the existence of a hull
with a submerged transom or bulb may be complex and VOF is a widely used method
for even spilling breaking waves and bubbly free surface [31]. Several numerical
schemes that are tested involving the multiphase flow problem of a surface piercing
hydrofoil can be referred from [31]. Simulations were performed by using implicit
scheme and body force formulation was selected as implicit body force. The SIMPLE
algorithm was used for the pressure-velocity coupling, “Body Force Weighted”
scheme for the pressure interpolation. SIMPLE is the most straightforward CFD
algorithm for predicting pressure and velocities in a fluid domain iteratively. Owing
to its simplicity, computational efforts are relatively less compared to its peers. It has

been reported in the book by Versteeg and Malalasekera [32] that although SIMPLEC
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is a more stable algorithm, calculations involved are %30 greater. Its disadvantage is
that the algorithm needs good initial and under-relaxation values or the analysis may
diverge.

Open channel mode was selected as in the previous simulations. Second order upwind
was selected for momentum equations. Also QUICK scheme was set as the solution

of the volume fraction equations.

The primary phase must be the lower density fluid, so air was selected as primary
phase for this simulation and reference pressure location should be set as a region
which always contains the air [33]. There are several RANSE turbulence models in
Fluent. Since simulations in this thesis involve only fixed-body solutions and therefore
the flow is largely attached to the hull, the k- € turbulence model with a standard wall

function was selected as turbulence model.

Under-relaxation factors were changed with the behavior of the residuals, but generally
it reduces with the increasing of Froude numbers. Under relaxation factors between
Froude 0.13-0.27 are shown in Table 4.13 for this displacement ship. There is no
criteria for the residuals to confirm the convergence. For more information about
convergence criteria, please refer to “Checklist” in CFD Methodology in Chapter 2.
All details of the numerical settings for single and multiphase were given as a table

format in Table 4.14 and Table 4.15 respectively.

Table 4.13 : Under Relaxation Factors for the displacement ship for Fn=0.13-0.27.

Under Relaxation Factors

Pressure 0.3

Density 1

Body Forces 1
Momentum 0.3
Volume Fraction 0.5
Turbulent Kinetic Energy 0.5
Turbulent Dissipation Rate 0.5

Turbulent Viscosity 1
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Table 4.14 : Numerical Settings of the Displacement Hull for Single-Phase Solution.

Numerical Set-up

Single-phase

Type Pressure Based
General

Time Steady

Velocity Formulation Absolute

Turbulance model k-g, Realizable
Models

Near Wall Treatment Standard Wall Func.

Inlet Velocity Inlet

Outlet P Outlet

Boundary Conditions ute resstre e

Turbulent Intensity(%) 1

Turbulent Viscosity Ratio 1

Pressure-Velocity Coupling SIMPLE

Solution Methods

Gradient Least Squares Cell Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate Second Order Upwind

Solution Controls

Under - Relaxation Factors

Shown in Table 3.5

Solution Initialization

Initialization Method

Standard Initialization

Reference Frame

Relative to Cell Zone
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Table 4.15: Numerical Settings of the Displacement Hull for Multi-Phase Solution.

Numerical Set-up

Multi-phase

Type Pressure Based
General Time Steady
Velocity Formulation Absolute
Multiphase model Volume of Fluid
Scheme Implicit
Body Force Formulation Implicit Body Force
Models Number of Eularian Phases |2
Options Open Channel Flow
Turbulance Model k-¢, Realizable
Near Wall Treatment Standard Wall Func.
Inlet Pressure Inlet
Outlet Pressure Outlet
Operating Density(kg/m3) 1.225
Boundary Conditions Gravity (m/s2) 29808
Turbulent Intensity(%) 1
Turbulent Viscosity Ratio 1
Pressure-Velocity Coupling | SIMPLE

Solution Methods

Gradient Least Squares Cell Based
Pressure Body Force Weighted
Momentum Second Order Upwind
Volume Fraction QUICK

Turbulent Kinetic Energy Second Order Upwind
Turbulent Dissipation Rate | Second Order Upwind

Solution Controls

Under - Relaxation Factors

Shown in Table 3.5

Solution Initialization

Initialization Method

Standard Initialization

Open Channel Initialization

Method

Flat

Reference Frame

Relative to Cell Zone
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4.2.2.3 Validation and Results for a Modern Displacement Tanker

Up to now, the proposed method has been validated for submerged and surface
piercing benchmark problems. The robustness of the method has also been tested for
a tanker (displacement hull) with a bulb, transom stern and double skeg. The
experiments were carried out in Ata Nutku Ship Model Testing Laboratory located in
Istanbul Technical University [34]. The main dimensions for the vessel are given in
Table 4.16.

Table 4.16 : Hydrostatic properties of the tanker in model scale.

Lbp (m) 3.823
Lwl (m) 4.047
B (m) 0.571
T (m) 0.179
Service
Speed 1.658m?2/s
2r
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Figure 4.33 : Wave resistance coefficient, numerical and experimental.
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Figure 4.33 shows the wave resistance coefficient values of the tanker. As the Froude
number increases, the discrepancy between the numerical and experimental values
decreases. This was not the case as in Wigley hull; however, the analyses for Wigley
hull included Froude numbers up to 0.9 where wetted area is likely to change
considerably. For displacement vessels; on the other hand, the service limit is about
Fn=0.3 and although wetted area is changing (due to trim and sinkage), this is a
negligible deviation. The discrepancy for the vessel is higher at lower Froude numbers
and RANSE has a tendency to exaggerate the values obtained for wave resistance. It

may be due to decreasing Reynolds number where the used turbulence model starts to

fail.
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Figure 4.34 : Frictional resistance coefficient of the tanker.
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RANSE is on the other hand very efficient in calculating the frictional resistance as it
can be seen from Figure 4.34. The calculated total resistance characteristics of the
vessel seem compatible with the experimental results. The form factor can be found

via RANSE based CFD and k is calculated in this study as:

Viscous pressure and frictional resistances are computed by single phase analyses. k
changes with the Reynolds number and this change may be examined from Figure
4.35. The range of this study was between Froude numbers 0.2 and 0.3 (which is about
5-10° < Re < 7+ 10°) and if a quick linear calculation is made, it is found that k is
about 0.14 which in turn gives a form factor of 1.14. Form factor calculated in

experiments implementing the method of Prohaska was 1.12. The calculated form

factor at the ship’s service speed (20knots) is 1.167.
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Figure 4.35 : A linear form factor analysis via single phase solutions by RANSE
based CFD.
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Figure 4.36 : Free surface contours of the tanker at Fn=0.27.

Kelvin wake pattern can be observed from Figure 4.36. The free surface has decreased
the pressure in places of wave trough and increased it in places of wave crest. The

effect of the free surface on the wetted area of the hull can be seen from Figure 4.37.

Figure 4.37 : Free surface effect on pressure coefficient distribution over the
displacement tanker. The figure on the left is a single phase solution
while the one on the right is multiphase.

Calculated and experimented bow wave formation on the hull can be examined from
Figure 4.38. The calculated wave profile over the entire hull is given in Figure 4.39.

The streamlines at the aft region of the ship can also be seen in Figure 4.40 as compared
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with the results of tuft tests carried out at Ata Nutku Ship Model Testing Laboratory
of Istanbul Technical University [34]. The satisfaction is good. The computed nominal
wakes at the propeller disc are given in Figure 4.41 as compared with those of
measured as well. The average nominal wake coefficient is found to be 0.78 with
RANSE while the experimental method returns a value of 0.72. Again a satisfactory

agreement is obtained.

wave crest

wave trough wave crest

Figure 4.38 : A comparison of RANSE and experiment for generated waves at the
bow of the tanker.
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Figure 4.39 : Wave profile on the hull for Fn=0.27.

Figure 4.40 : Streamlines at the aft region of the model tanker (Up: RANSE
solution, Bottom: Tuft test result.)
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Experimental nominal wake Calculated nominal wake

Figure 4.41 : Experimental and calculated nominal wakes at the propeller disc.
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5. CONCLUSION AND DISCUSSION

The flexibility of RANSE based CFD allows users to choose the analysis to be made
either in single phase (SP) or multiphase (MP). There are many parameters that may
be observed by single phase analysis. One of them is the viscous pressure resistance
which helps to determine the wave resistance of a ship. RANSE based CFD software
do not specifically return wave resistance values of ships and in this thesis, a
methodology to calculate wave resistance using RANSE has been proposed. Wave
resistances of benchmark geometries with the proposed method are computed and
compared with the values found in the literature. Our method has produced compatible
results and the efficiency of the method was proved. The method could be used to
optimize high speed marine vehicles’ hull forms where a substantial part of the total
resistance is of wave resistance. Also a towing tank test is performed for an ellipsoid
with the help of a strut, however the incompatibility was observed at low Froude
numbers that may caused by the interaction between the ellipsoid and strut. The
vibration problem was not totally isolated and is caused by possibly due to welding
locations of the rails and motion of the carriage. Isolation of vibration and experimental
uncertainity analyses is recommended for future studies.

The proposed CFD methodology is an alternative to the classical method where the
form factor is found with Prohaska method by subtracting the viscous resistance from
total resistance to calculate wave resistance. The classical method omits the deviations
in Reynolds number for the form factor; however, in this methodology form factor
does not need to be calculated. Single phase analysis automatically resolves the issue
of “zero wave resistance inclusion” inside the total resistance during the form factor
calculation. In single phase analysis, the ratio of viscous pressure resistance to
frictional resistance directly gives the form factor (1+k) value of the ship that is to be
solved and it depends on the Reynolds number. Despite the traditional method that

drives from the experiments that there is only one result for the form factor, this
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method includes the deviations that may happen in the form factor with increasing
Reynolds number.

The methodology returns good results for both submerged and surface piercing
benchmark problems. It is also tested on a displacement tanker and the results once
again encouraging. RANSE tends to return higher values for wave resistance in lower
Froude numbers and this is considered to be due to Reynolds number getting digressed
from the range that the used turbulence model supports. The turbulence models return
good results in fully turbulent flows and if the flow is in transition, the model may not
work properly. As the Froude number is lowered, the Reynolds number is as well
lowered and the flow around the ship model may not be fully turbulent. Exaggerated
values of wave resistance at relatively low Froude numbers for the displacement vessel
may be resolved in time as new turbulence models or modifications to existing models
show up. The discrepancy in lower Froude numbers will hopefully be investigated in

a future work that involves the uncertainty analyses.
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