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ABSTRACT

HYDRODYNAMIC OPTIMIZATION OF THE SUBMARINE WITH
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January 2023, 121 Pages

This study was conducted to compare the performance of four different optimization
studies that can be done to reduce the drag force that a submarine is exposed to in fully
submerged conditions. The submarine used in the study is DARPA SUBOFF AFF-1,
which aims to improve this design's hydrodynamic performance with drag reduction in

fully submerged condition

First of all, to obtain close results with the hydrodynamic experiment of this submarine
design in the literature, a mesh independence study was carried out, and the most suitable
mesh structure was found. Afterwards, the most used design variables and constraints
were investigated by examining the submarine optimization studies in the literature,
divided into four different optimization studies. After that, the design was fully
parametrically modelled in the CAESES environment. During this modelling, changes
were made in the parametric model according to each optimization study's design limits
and design constraints. In all optimization studies, the buoyancy centres of the new
designs derived using the Lackenby method were ensured to remain the same as the
DARPA SUBOFF AFF-1. In this way, only the derived designs' hydrodynamic

characteristics were changed, keeping the manoeuvrability constant. Optimization studies
i



were carried out in two steps. Design of Experiment Methodology was used in the first
step, and Tangent Search Algorithm was used in the second step. In these steps, a total of
1044, 532, 347 and 532 different designs were derived by CAESES, respectively. For
these designs, solutions were obtained with the CFD simulation model verified by
experiment in ANSYS Fluent environment and the results were evaluated over the drag

force.

After the study, approximately 13%, 8%, 9% and 10% lower drag forces were obtained,
respectively, compared to DARPA SUBOFF AFF-1 in the optimum designs obtained in

each optimization study.

In addition, the optimization study that will reduce the drag force the most according to
the design limits that should be considered when optimizing any submarine design and
the relationship of the optimum design obtained as a result of this study with the initial

design was learned.

On the other hand, if there is no design limit before the optimization, an optimization
study that will reduce the drag force at the maximum level without changing the

manoeuvrability of the existing design has also been learned.

Keywords: Computational Fluid Dynamics, Hydrodynamic Optimization, Design of
Experiment Method, Tangent Search Algorithm, DARPA
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Osman GARGI
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Damisman: Doc. Dr. Ozgiir EKICi
Es Damisman: Dr.Ertan KARAISMAIL

Ocak 2023, 121 Sayfa

Bu ¢alisma; bir denizaltinin tam batma durumunda maruz kaldig siiriikleme kuvvetini
azaltmak icin yapilan dort farkli optimizasyon caligmasinin verimliliklerini kiyaslamak
amaciyla yapilmistir. Calismada kullanilan denizalti DARPA SUBOFF AFF-1 olup, bu

tasarimin tam batma durumundaki hidrodinamik performansini artirmak hedeflenmistir.

Ik olarak bu denizalt: tasarimimn literatiirde yer alan hidrodinamik deneyi ile yakin
sonuglar alinmasi hedefiyle agdan bagimsizlik ¢alismasi gergeklestirilmis ve en uygun
¢oziim agr bulunmustur. Devaminda literatiirde yer alan denizalti optimizasyon
caligmalar1 incelenerek en c¢ok kullanilan tasarim degiskenleri ve tasarim kisitlari
arastirilmis ve bunlar dort farkli optimizasyon ¢alismasina boliinmiistiir. Sonrasinda,
tasarim CAESES ortaminda tam parametrik modellenmis olup bu modelleme esnasinda,
her bir optimizasyon c¢alismasinin tasarim limitleri ve tasarim kisitlarina gore parametrik
modelde degisiklikler yapilmistir. Tiim optimizasyon c¢alismalarinda Lackenby yontemi
kullanilarak tiiretilen yeni tasarimlarin sephiye merkezlerinin DARPA SUBOFF AFF-1
ile ayn1 kalmasi saglanmistir. Bu sayede tiiretilen tiim tasarimlarin manevra kabiliyetleri
sabit tutularak sadece hidrodinamik karakteristikleri degistirilmistir. Optimizasyon

calismalari iki adimda gerceklestirilmistir. {1k adimda Deney Tasarimu, ikinci adimda ise



Tanjant Arama Algoritmasi kullanilmistir. Bu adimlarda, CAESES tarafindan sirasiyla
toplam 1044, 532, 347 ve 532 farkli tasarim tliretilmistir. Bu tasarimlar i¢in, ANSYS
Fluent ortaminda, deney ile dogrulanan CFD simiilasyon modeli ile ¢6ziim alinip sonuglar

direng kuvveti iizerinden degerlendirilmistir.

Calisma sonrasinda, her bir optimizasyon ¢alismasinda elde edilen optimum tasarimlarda
DARPA SUBOFF AFF-1’e kiyasla sirasiyla yaklasik %13, %8, %9 ve %10 daha diisiik

direng kuvvetleri elde edilmistir.

Buna ek olarak, herhangi bir denizalti tasariminin maruz kaldig: siiriikleme kuvveti
azaltilmak istendiginde g6z Oniline alinmasi gereken tasarim limitlerine gore siiriikleme
kuvvetini en fazla azaltan optimizasyon g¢alismasi ve bu ¢alisma sonrasi elde edilen

optimum tasarimin ilk tasarimla olan iliskisi 6grenilmistir.

Diger taraftan, optimizasyon Oncesi herhangi bir tasarim limiti bulunmamasi halinde,
mevcut tasarimin manevra kabiliyetini degistirmeden siiriikleme kuvvetini azaltmanimn en

verimli yontemi de 6grenilmistir.

Anahtar Kelimeler: Hesaplamali Akigskanlar Dinamigi, Hidrodinamik Optimizasyon,

Deney Tasarimi, Tanjant Arama Algoritmasi, DARPA
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1. INTRODUCTION

The appearance of submarines on the stage of history dates back to ancient times. Many
successful and unsuccessful attempts have been made to develop today's modern
submarine design technologies. Since the general design principles are similar, the early
and modern submarines look alike Figure 1.1 shared below belongs to the first submarine
designed by John Holland in 1897, which laid the foundations of today's modern
submarine technology [1].

Figure 1.1. HMS Holland-1 Submarine [1]

A submarine is generally divided into four different sections [2].
i.  Hull Surfaces

It is the most exciting part of the design of the submarine. Usually, submarines have two
different hulls nested inside each other. The outer body is entirely waterproof, while the
inner body is resistant to water pressure and has a stronger structure [2].

ii.  Appendages

Submarines use attachments positioned in different parts of their outer hulls. These
obsessions control the submarine's movement in the water by creating lift and drag forces

2]



iii. Ballast Tanks

It was mentioned in the hull surfaces that submarines have two different hulls. The spaces
between the two hulls are called ballast tanks. These tanks control the sinking or surfacing
movements of submarines [2]. These movements are carried out thanks to the Archimedes
principle. When ballast tanks are filled with air, since the force due to the weight of the
air is less than the force due to the weight of the submarine, the submarine has positive
buoyancy and rises to the water's surface. However, when the tanks are filled with water,
the weight of the water inside can be greater than the weight of the submarine. This causes

negative buoyancy, and the submarine begins to sink.

Ballast tanks consist of several sections so that the sinking and rising movements do not
occur suddenly, and water intake or discharge starts from the tanks in the front. For this

reason, submarines start to sink and exit from the front first [3].
iv.  Propulsion Systems

The most researched subject in the development process of submarines, is propulsion
systems. Air-fed diesel engines powered the first designed submarines. However, this
caused these submarines to constantly need air supply over the water with the help of
snorkels. Since this situation restricts the mobility of submarines and causes them to be
easily noticed from the outside, air-independent propulsion systems such as closed cycle

steam turbines and nuclear batteries have been developed and used [4].

Today, the use of submarines has become quite common. Although the first designs were
made for military use, Unmanned underwater vehicles (UUV) are widespread in tourism

and civil activities, and new technologies continue to be developed in this area [5].

UUV designs with different equipment are made especially for search and rescue, target
determination, underwater sampling or underwater observation studies that may pose a

danger to human health [6-8].



On the other hand, UUVs can also be used for communication and logistic support
between all naval systems on the water. While the designs used for communication
purposes are smaller and lighter, the designs used for logistics support are designed large

according to the helpful load capacity they will carry. [9,10].

The UVV design shared in Figure 1.2 below is by Sun et al. It was designed by the

biomimicry method for civilian use in 2021 [11].

Figure 1.2. The Sample UUV Design [11]

1.1.Literature

As in every field, there are new developments in submarine design with the
advancement of technology. Especially the progress in computer-aided engineering has
paved the way for measuring the performance of submarine designs with CFD.
However, the foundations of today's modern submarine technologies have been laid
with the work done in the last 20 years. Therefore, experimental studies by Liu and
Huang on behalf of the Defense Advanced Research Projects Agency (DARPA) in
1998 are very important for the literature. In these studies, drag force measurement tests
were carried out at different speeds for 11 submarine configurations, which are shared
in Figure 1.3 below [12].
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Figure 1.3. Hydrodynamic Test Geometries of DARPA SUBOFF Experimental
Program [12]

Following these experimental studies, experimental verification studies were carried
out with CFD and simulation methods that gave the most accurate results and started
to be researched. In a study by Marshallay and Eriksson in 2012, the experiences
obtained in CFD studies carried out until that year were summarized. In addition, all
the details necessary for obtaining the simulation results closest to the experimental
result with the Reynolds-Averaged Navier-Stokes Equations (RANS) model are

summarized [13].

Although successful results were obtained with RANS, more advanced CFD solution
methods were also tried. A study was conducted for the fully appendaged version of
the DARPA SUBOFF model with Large Eddy Simulation (LES) by Qu et al. in 2021
[14].

At the point reached in today's literature, all the essential details of constructing CFD
simulation models that give approximate results with experimental studies for DARPA
SUBOFF and other submarine forms have been learned. In parallel with these studies,
optimization studies have been started to increase the hydrodynamic performance of
submarines. Although the studies in this field are pretty new, successful results have
been obtained. For example, in a study conducted by Paz and Munoz in 2014,

multiobjective optimization was applied to a submarine form, and the hydrodynamic



performance and mobility of the form were increased separately. With this study, the
most effective design parameters and design limits on hydrodynamic performance and
mobility have been determined. For example, when the initial and optimum forms
presented in Figure 1.4 are examined, it is understood in what direction and how the

form should change to increase the hydrodynamic performance [15].

L
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Figure 1.4. a) Initial b) Hydrodynamically Optimal Submarine Forms of Paz and
Munoz’s Study [15]

Gao et. In 2016, a study was conducted to derive new forms by combining different
nose cones and stern forms, measuring the hydrodynamic performance through
experimental studies, and then optimizing these forms with a Multi-Island Genetic
Algorithm (MIGA), aiming to derive new forms with increased hydrodynamic
performance. This study aimed not to find a submarine form to be produced directly
but to provide information about the design changes that should be made when a form
with increased hydrodynamic performance is desired. Studies were carried out for a
maximum Reynolds number of 4.2x10° at velocities between 0.3 m/s to 1.5 m/s. After
the study, it was suggested that pointed forms should be used as much as possible in
both the nose cone and the stern for minimum drag force. Figure 1.5 shares the initial
form used in this study and the enhanced hydrodynamic performance form [16].



Figure 1.5. a) The test Models b) The Optimized Model’s of Gao et. al’s Study [16]

Many different studies have been carried out similar to the studies shared above, and
the idea of what changes should be made in the design to increase the hydrodynamic
performance of a submarine has begun to emerge. The study conducted by Divsalar in
2019 shared results that summarize the optimization studies using different nose cones
and stern forms. In this study, the nose cone and stern length of the DARPA SUBOFF
AFF-1 model were kept constant while the maximum diameter and middle hull length
were changed. The simulation model, confirmed by the DARPA SUBOFF AFF-1
experiment result, was used in all different geometric configurations, and the

hydrodynamic performance of all of them was calculated [17].

Although the scope of the study is broad, the results' precision could be higher since
full parametric modelling is not performed, and all geometric configurations are created
manually. After the different nose cone and stern forms tried in this study, the form that
produces 15% less drag force than DARPA SUBOFF AFF-1 at 1.5 m/s is shared in
Figure 1.6. While the length of the middle body of the optimum form has been

shortened, its maximum diameter has been increased.



Figure 1.6. An Optimum Form of Divsalar’s Study [17]

Another topic researched in the current literature on submarines is to make designs that
can be affected by supercavitation. In this context, the most extreme point of a
submarine hydrodynamic optimization study is to make a design that can create
supercavitation because such designs have the highest hydrodynamic efficiency. For
this reason, in any hydrodynamic optimization study that is not carried out with the
goal of supercavitation, the direction in which the submarine form should be changed
can be learned by examining the studies aimed at supercavitation.

Cavitation is a physical phenomenon that occurs when the liquid pressure is lower than
the saturated vapour pressure in systems operating in water [18].Supercavitation is a
natural physical phenomenon that occurs when underwater vehicles reach high speeds.
The pressure they create around them becomes much lower than the saturated vapour
pressure of the water in their volume. In the meantime, a space around the vehicle will
enclose almost the whole [19]. At this time, a small part of the nose cone of the vehicle

comes into contact with the water, and the rest comes into contact with the cavity.

This significantly reduces the friction on the vehicle and allows the vehicle to accelerate
to very high speeds. However, it is necessary to make significant design changes,
especially in the nose cone part of the vehicle [20]. Many studies have been done on
this phenomenon, and the design changes that need to be made when it is desired to
increase the speed of a submarine have started to take place in the current literature.
For example, in the study by Kim et al. in 2021, the supercavitation performances of
two structures with blunt and conical nose forms were examined, and it was determined
that the maximum velocity of the conical form was higher [21]. Two different forms

used in the experiments in the study are shared in Figure 1.7.



Figure 1.7. Supercavitation with a) Blunt Type b) Cone Type Nose Cavitator [21]

Since the studies shared above summarize similar studies done before them, they are
sufficient to understand the meaning of the subject in the literature and to examine

innovative submarine designs.

1.2. Motivation

Especially the widespread use of UUV necessitates the development of new designs
with different features in this field. Since the common purpose of these designs is to
increase the hydrodynamic performance, the relationship between performance and
design changes is tried to be learned in the studies.

It is seen that most of the studies in the current literature in the field of submarine design
are optimization studies to increase hydrodynamic performance with high-accuracy
CFD simulations. Although the way to get maximum efficiency from an optimization
study is to work with fully parametric models, according to the author's knowledge,
there is no fully parametric study in the literature. Since optimization studies are
generally based on trying different nose and stern forms, their efficiencies are

controversial.

In addition, there are two crucial parameters in such optimization studies. The first is
the difference in the longitudinal centre of buoyancy (LCB) positions between the
newly derived and original forms. However, whether the longitudinal centre of
buoyancy (LCB) points of the new forms derived in the three optimization studies

shared above have been changed is not mentioned.

Another critical parameter is the difference between the displacement of the newly
derived forms and the displacement of the first form. Divsalar stated in his study that
the displacement was kept constant but did not share any information proving this. In



the other two studies, no information was given about whether the displacement was

preserved.

In the following sections, necessary explanations about why these parameters are
essential will be made, and information about how they reacted to these parameters will

be given in the study conducted within the scope of the thesis.

According to these details, it is clear that there is a need for an optimization study with
a fully parametric model in which both parameters mentioned above are taken into

account in the literature.

1.3. Purpose of the Thesis

In the previous sections, the limitations of the studies in the literature were mentioned.
Therefore, the study conducted within the scope of the thesis aims to conduct a more

comprehensive study using the information obtained from the studies in the literature.

In this context, firstly, how to optimize a submarine was investigated. As a result of the

research, it has been seen that four different optimization strategies are frequently used.

The first is the studies where the length and diameter do not change, but the
displacement is accepted to decrease at specific rates. The second is the studies where
the length over diameter ratio and displacement remain the same, but the length and

diameter are increased equally.
The third is the studies done by decreasing the length and increasing the diameter.

The fourth and last one is the studies carried out by increasing the length and keeping

the diameter constant.

In the study conducted in the thesis, the four optimization strategies mentioned above
were also tried using the fully parametric CAD model. In this way, two essential

inferences will be made.



i.  Determination of the optimization strategy that reduces the drag force the

most

When a submarine is desired to be optimized with no constraint, it will be learned which

strategy reduces drag more.

ii.  Determination of the optimization strategy that will reduce the drag force
the most according to the design constraints

Suppose there are design constraints related to length, diameter or displacement. In that
case, it will be ensured that the most appropriate strategy for these limits can be

determined and an approximate estimation of the optimum design form.

Another highlight of the work to be done in the thesis is keeping the LCB constant in
all the forms derived during the optimization studies. This way, a comparison of the

drag forces will be made most accurately.

In summary, since the fully parametric CAD model will be used in this study, the scope
of the studies can be broad. This way, all optimization studies in the current literature
will be summarized, and the most efficient one will be determined by comparing

different optimization strategies.



1.4. Outline of the Thesis

In this section, the content of the thesis will be summarized.

In the first chapter, the history of submarines is mentioned, and the studies in the
literature are summarized. Then, examining these studies explains what the thesis wants
to add to the literature and which methods it will add to the literature by making

inferences.

In the second chapter, the terms of hydrodynamics are mentioned, and the turbulence
model and Navier-Stokes equations, used as solvent equations, are discussed with basic

literature knowledge.

In the third chapter, optimization studies are evaluated, and the fundamental theories
of optimization strategies used in the thesis are explained.

In the fourth chapter, the simulation model used in the CFD simulations carried out
within the scope of the thesis is shared with details, such as verifying this model with

experimental work and making the results independent from the network.

In the fifth chapter, all the details about the setup of the optimization studies to be done

in the thesis with CAESES and how the simulations are carried out are shared.

In the sixth chapter, the results of four different optimization studies conducted within

the scope of the thesis are shared.

In the seventh chapter, the results obtained were evaluated and discussed, and

predictions were made about future work.



2. THEORY AND MODELLING

In this section, hydrodynamic equations and models are shared. The Navier-Stokes
equations from which Reynolds Averaged Navier-Stokes (RANS) equations are

derived, and the theory of the SST k-w turbulence model are explained.

2.1. Navier-Stokes Equations

Navier-Stokes equations, one of the fundamental equations of fluid mechanics, are
obtained by applying Newton's second law of motion for fluid motion. These equations
are obtained by calculating the forces acting on a control volume when there is a
continuous flow. The Navier-Stokes equations for incompressible flow can be written

in Cartesian tensor notation as: [22]

Mass Conservation:

ou _ 2.1)
axi B
Momentum Equation:
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In the above equation, %, p,u,p,t,v represent the material derivative, density, flow

velocity, pressure, time and kinematic viscosity respectively.

The variables here are instantaneous quantities that depend on both time and spatial

coordinates.



2.2. Turbulence Modelling

Turbulence can be defined as flow motion without any rules in which it is difficult to
distinguish a statistically significant mean in which fluid motions vary in various

magnitudes according to space and time [23].

Another definition characterizes turbulence as a three-dimensional time-dependent
motion that causes velocity oscillations of eddy elongation to propagate over all
wavelengths where viscous forces and boundary conditions determine the minimum

and maximum range [24].

Turbulent flow can be characterized as fluctuations in the velocity domain. Therefore,
using the finer mesh structure elements than the smallest turbulence length scale and
resolving with a shorter time step than the fastest fluctuation ratio (turbulence time
scale) in the flow is called DNS (Direct Numerical Simulation). Conservation equations
can be time mean, group mean, or controlled to remove small-scale occurrences. As a
result, equations to be solved computationally may become more suitable for solution.
However, equations modified in this way may contain unknown variables. Therefore,
turbulence modelling is necessary to determine these variables in terms of known ones.
Generally, the widely used RANS (Reynolds-Averaged Navier-Stokes) and LES
(Large Eddy Simulation) turbulence models can be used to solve N-S equations since
small-scale agitation may not need to be modelled directly depending on the application
[25].

Within the scope of this thesis, a solution was obtained with the SST k-w turbulence

model using RANS methodology.



2.2.1. Reynolds Averaged Navier-Stokes Equations

The Reynolds average of the equation set consisting of mass and momentum equations
is the basis for all algorithms that can perform computational fluid dynamics analysis.
This mean includes the time average of the solution parameters in the Navier-Stokes
equations [25].

According to the RANS mean, the velocity components are decomposed as follows:
Uu; = 'L_Li + u'i (23)

To obtain the Reynolds Averaged Navier-Stokes (RANS) equations, equation 2.3 is
written in the differential form of the conservation of mass and momentum equations.
The Reynolds-averaged Navier-Stokes (RANS) equations for incompressible flow can

be written in Cartesian tensor notation as:

Mass Conservation:

% =0 (2.4)
axi N
Momentum Equation:
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ﬁj’ and u;" are the fluctuating velocity components in the j-th and i-th directions,

respectively

2.2.2. SST k- ® Turbulence Model

Although the standard k— ® model provides high success in boundary layer flows,
Menter's comparison of popular turbulence models for boundary layer flows with
reverse pressure gradients states that the standard k-o model calculates excessive shear
stress realistic velocity profiles. He stated that the reason for this did not include the
calculation of the shear stress transport of the model, and he improved the results with
a slight change in the calculation of the turbulent viscosity. The study states that the
standard definition of turbulent viscosity causes erroneous results in flows containing

reverse pressure gradients [26].



By this idea, Menter made a practical change in calculating the turbulent viscosity,
ensuring that the shear stress is not greater than 0.3 (Bradshaw's constant) k. In addition,
he added an intelligent function to the calculation of turbulent viscosity, ensuring that

this change remains only in the boundary layer region [27].
Accordingly, he changed the calculation of turbulent viscosity as follows:

_ ak (2.5)
~ max (a,w; OF,)

V¢

Here, a1 denotes the constant number equal to 0.3. If Q is considered for a two-
dimensional flow in the boundary layer, it shows the derivative Z—Z , but it can be taken
as the magnitude of eddy for general complex flows. F2, on the other hand, is an

intelligent function that is one inside the boundary layer and O outside, which ensures

smooth formatting in the transition between two values. Accordingly, the F, function

Is defined as:
F, = tanh (arg,?) (2.6)
_ vk 5000 (2.7)
4rgz = max (0.09wy' y2w

Here, y is the distance from the wall in the normal direction.

It has been shown that the standard k- model, especially in free shear flows, is highly
dependent on the values of ® at the inlet boundary and can change the values of
turbulent viscosity more than twice. Thus, in the boundary layer, Menter made a
significant change in the ® transport equation by using the original k-® model, which
was very successful in this region, and aiming to get rid of the dependence of the model
on the free flow values in free shear flows. The equation is used by transforming the
variable in the € transport equation used in the standard k-¢ model, and thus the term
called "cross-diffusion" is added to the o transport equation used in the standard k-o

model.

In order for this term not to affect the original form, which is very successful in the
boundary layer, it is ensured that it is used only in free flows and in the upper regions
of the boundary layer with a smart function. Accordingly, the SST k — ® model uses

the original k — ® model in the boundary layer and the standard k — € model for free



shear flows, except for the change mentioned earlier in the calculation of turbulent

viscosity. The turbulent kinetic energy k and specific dissipation ® equations used in

the SST model are as follows [27]:
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3. OPTIMIZATION METHODOLOGY

Optimization can be mathematically explained as the process by which an objective
function's maximum or minimum value is found [28]. Especially in recent years, it has
become essential to carry out optimization studies as more complex problems have
become solvable through simulations. In this part of the thesis, the study's definition as
an optimization problem will be made, and it will be explained how to choose the most

suitable algorithm for hydrodynamic optimization.

Since this thesis is not a study in the field of statistics, in-depth information about
optimization methods and their algorithmic theories is not given. However, only the
algorithms of the methods used in the thesis are summarized. In Figure 3.1 below, the

optimization steps followed and the algorithms used are shared.

b

Fo—

Figure 3.1. Optimization Process Steps Followed in the Thesis



3.1. Theory of Optimization Methodology

As seen in Figure 3.2, many optimisation methods are used in the literature, but these
methods are generally divided into two classes: exact and approximate [29]. The method

used in the thesis is included in the underlined groups.

Optimization methods

SN

Exact methods Approximate methods

ZINN )

Branch and X  Constraints Dynamic Heuristic Approximation
programming programming algorithms Algorithms

/ N\

Metaheuristics Problem specific heuristics

/N

Single-solution Population-based

Figure 3.2. Classification of Optimization Methods

Exact methods, as the name suggests, can give exact results. However, these methods are
not practical because they require a high computational cost and perform many local
optimization works [30-32]. For this reason, approximate methods are more advantageous
than exact methods, especially in complex optimization problems. Hence, the most
commonly used approximate methods are in the heuristic and metaheuristics classes,

respectively [33, 34].

In this thesis, the optimization is performed in two stages. In the first step, the Design of
Experiments was performed to collect data. Then, the Tangent Search method in the
population-based metaheuristics category was used in the second stage for local

optimization.



3.2. Design of Experiment Methodology (DoE)

Regardless of the field of optimization studies, it is necessary to collect data in the first
step, and at this point, the best-known method is the Design of Experiment (DoE) method
[35,36]. This method collects and analyses data with statistical models such as Latin
squares or full factorial [37]. This process aims to keep the data collected to a minimum

and to maximize the number of data provided by performing as few tests as possible [38].

This methodology DoEs not have an algorithm directly introduced to the science of
statistics, and the underlying terminology is based on the work of Sir Ronald Aylmer
Fisher in the 1920s [39]. However, in the following years, this theory was applied by Box
and Wilson in industrial experiments, and it became widespread use by the DOE method
in the first stage of their post-op optimization studies. This study also paved the way for
the correct evaluation of the results by performing Response Surface Modeling studies
after DoE [40]. In the following process, more detailed studies were made by Genichi

Taguchi, and the DoE terminology was finalized [41].

3.2.1. Terminology in Design of Experiments

To perform DoE in CFD applications, defining the problem and selecting the design
parameters is necessary. Then, the range of variability should be defined by subtracting
each design parameter's minimum and maximum values. Finally, according to the
maximum number of simulations that can be made in these intervals, a design space is
created by randomly changing the design parameters at the specified intervals, and the
results of all designs are collected. However, this situation brings with it a risk. Since
there is no information about the solution space in the first place, the created design space

may exclude the optimum design [42].

In this thesis, different designs to be created while doing DoE were created using the
Sobol sequence algorithm. This risk was minimized by systematically creating the

designs.



3.2.2. Sobol Sequence Algorithm in Design of Experiments

Russian mathematician 1.M. Sobol first proposed the Sobol sequence in 1967 [43]. The
approach aims to get the most accurate integral result with the Monte Carlo method. For
example, the sequence derived by Sobol in equation 3.1 gives the least incorrect result
against [44].

ff(x) = lim (%) Zf(xi) (3.1)

How this algorithm integrates with DOE can be explained as follows. Since the
mathematical basis is not strong in other global optimization methods where Sobol is not
used to derive a new design, the derived designs cannot create the correct design space
and mislead the optimization. On the other hand, the Sobol sequence has a more advanced
mathematical formulation than other methods, thus ensuring more consistent results by
creating a suitable design space and ensuring adequate exploration. At the same time,
since the Sobol sequence is not entirely random but quasi-random, it can be derived much

more quickly from sequences defined in other DOE methods [44].

3.3. Metaheuristics Optimization Methodologies

Metaheuristics methodologies can be defined as stochastic algorithms that continuously
evaluate an objective function and repeat the process, thus aiming to progress towards the
optimum. They can provide adequate solutions with reasonable levels of computational
power but need help to ensure optimality. Nevertheless, these methods are suitable for
use in many optimization problems thanks to the advanced abstraction techniques they
use [28].As seen in Figure 3.1, they are generally divided into two classes single-solution
and population-based [28]. Single-solution methods are also included in the literature as
local search methods, and they need a starting point to start the process. They try to catch
the minimality by looping the solution presented at the beginning with continuous
algorithms [28]. This indicates that determining the starting point for optimization is
critical and can be considered a limitation of the competence of these methods. These
methods are divided into two classes gradient search-based (GSB) and gradient-free
search (GFS) algorithms. Newton-Raphson algorithm [45] GSB class algorithms; Nelder-
Mead simplex [46], random Hill Climbing [47], Simulated Annealing [48], and Pattern

Search [49] can be given as examples of algorithms in the GFS class. Single-solution



methods' devotion to the first solution has led scientists working in this field to focus on
developing other methods. At this point, we come across population-based or global
search methods. Unlike local methods, these methods do not need a starting point. They
aim to reach the optimum by considering the optimization problem very generally by

finding more than one candidate optimum point [28].

This enables the optimization loop to find the optimum by scanning a much larger space
with minimum error. Differential Evolution Algorithms [50], Artificial Bee Colonies
[51], and Genetic Algorithms [52] can be given as examples of the most well-known
population-based algorithms. However, these methods cannot be described as perfect
because they need to use a developed mathematical infrastructure. Therefore, in recent
years, metaheuristic algorithms with highly developed mathematical infrastructures have
begun to be developed. In this context, high efficiency is obtained in optimization
problems that seem pretty complex and challenging by using arithmetic, geometric or

analytical functions in the optimization processes of the studies [53-56].

It cannot be said that a single algorithm is more efficient than the others because they
work with each other with very different efficiency, although these algorithms use

mathematical infrastructure.

At this point, there is a need for a new algorithm that combines the prominent features of
different mathematical algorithms without losing the advantage of using mathematical
infrastructure to solve optimization problems. The solution is Tangent Search Algorithm,

and more detailed information is given in the next section.

3.4. Tangent Search Algorithm

The tangent search algorithm, as the name suggests, is a reasonably new algorithm based
on the tangent function, and it was finalized in 2021 by Abdesslem Layeb [28]. It is
known that the value of the tangent function changes from to, which indicates that the
tangent search algorithm has a vast space scanning capacity. At the same time, since the
tangent function is periodic, this algorithm provides a good balance between scanning
and finding. The T-Search algorithm consists of four basic steps, and the step scheme is
shared in Figure 3.3 [57].



Figure 3.3. Steps of the Tangent Search Algorithm

How this algorithm is used in CFD studies can be explained as follows. First, the output
parameter to be minimized is determined in the simulations to be made. Then the lower
and upper bound values of all design parameters are determined. Next, the algorithm
changes the value of one design parameter while keeping the others constant to
understand the effect of each design parameter on the output parameter. After repeating
this for each design parameter, the answer to the question of which design parameters
should decrease and which should increase. In the ongoing process, it controls the value
of the output parameter by simultaneously increasing or decreasing the design parameters.
This loop continues until the output parameter is minimized. This algorithm promises to
give the optimum result by scanning a considerable space, especially in single-objective

optimization studies such as the work done in this thesis [57].



4.SIMULATION MODEL

This section contains all the details of the standard CFD simulation model used to get the
result of all geometric variations. These details are flow field and boundary conditions,
simulation parameters and solver settings, mesh generation, mesh independence study
and comparison of results with experimental data. After completing this section, a
simulation model was obtained that gives close results to the results of the empirical

studies.

4.1. Geometrical Model

In this study, new designs are derived based on the non-appendages axisymmetric bare
hull of the DARPA SUBOFF submarine model (AFF-1), which was used in the SUBOFF
project carried out by the Submarine Technology Program Office of the Defense
Advanced Research Projects Agency. The performance of these designs is compared with
that of the AFF-1 model [58]. The main details of the geometry are shown in Figure 4.1
with symbols, and the main particulars are shared in Table 4.1.

Lc Ls Lm Ln

L

Figure 4.4. The Symbols of the Main Geometric Details



Table 4.1. The Main Particulars of DARPA SUBOFF AFF-1

Description Symbol Magnitude Unit
Total Length L 4356 mm
Maximum Diameter D 508 mm
Length of the Nose Ln 1016 mm
Length of the Lm 2229 mm
Middle
Length of the Stern Ls 1016 mm
Length of the Cap Lc 95 mm
Volume of Disp 0.708 m?3
Displacement
Centre of Buoyancy LCB 0.4621L -
Wetted Surface A 5.998 m?
Area

4.2. Simulation Domain and Boundary Conditions

In CFD analyses of external flows, the size of the computational domain significantly
impacts the results. Modelling the volume too small may affect the flow around the
submarine and causes results to be inaccurate. On the contrary of this situation, modelling
the domain larger than it should increase the number of mesh elements and prolongs the
solution time. The form and dimensions of the external computational domain used in
this study are shown in Figure 4.2, and its dimensions have been determined by making

preliminary simulations.

In these simulations, a very large computational domain was initially chosen, and the
dimensions of this volume were systematically reduced to determine where the results
were independent of the dimensions of the flow volume. The external flow domain
dimensions obtained at the end of the study also coincide with the guide published by
ITTC [59].



Since the bare hull model is axisymmetric, it can be modelled periodically and
symmetrically. However, since the entire volume is not modelled in periodic modelling,
the 3D flow effects are reduced as the defined periodicity angle decreases. On the other
hand, this is an optimization study and modelling the entire volume means more mesh
elements will be used. Therefore, the volume was modelled symmetrically to keep the

mesh element number optimal and minimize the loss of 3D flow effects.

/
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Figure 4.5. Dimensions of the Computational Domain

Boundary conditions used in the validated simulation model are shown in Figure 4.3. The
inlet boundary condition for a constant velocity of 3.045 m/s normal to the surface is
defined to the right of the flow domain, and the Reynolds number is approximately
12,000,000. All simulations performed within the scope of the optimization study were
performed for a speed of 3.045 m/s, and the performance of the optimum form obtained
at the end of the study at different speeds is shared in the results section. As in this study,
when it is aimed to establish a simulation model that will confirm the experimental results,
it is necessary to model the turbulence characteristic of the flow correctly. In this context,
the turbulence sensitivity and turbulent viscosity ratio values used in the study are taken
from the study, which confirms the RANS model with the experiment of DARPA
SUBOFF AFF-1 [60].



J
Y%
4
Outlet 7
/7
Symmetry -
/
No Slip Wall \
Inlet

Figure 4.6. Boundary Conditions

The outlet boundary condition is defined to the left of the flow domain with zero-gauge
pressure. As mentioned before, half of the submarine hull is modelled, and symmetry
condition is defined at the mid-surface. The surfaces of the submarine hull are modelled
as no-slip walls, the remaining side surfaces are modelled as free-slip, and all boundary

conditions are summarized in Table 4.2.



Table 4.2. Boundary Conditions Details

Name Selection Boundary Parameter Value
Condition Type
Inlet Velocity Inlet Velocity (m/s) 3.045
Turbulent Intensity 1
(%)
Turbulent Viscosity 10
Ratio
Outlet Pressure Qutlet Gauge Pressure (Pa) 0
Side Walls Wall Free Slip -
Symmetry Symmetry - -
Bare Hull Surface Wall No Slip -

4.3. Simulation Parameters and Solver Settings

The working fluid used in the simulations is water. Since these simulations are performed
at low speed and constant temperature conditions, the density and viscosity of the water
are considered constant. Therefore, the fluid properties were defined the same as in the
experimental work of Huang et al. [12], and the water density is 998.2 kg/m3. The
dynamic viscosity is taken as 1.003x10-3 kg/(ms).

These experimental studies were carried out for six different speed values ranging from
3.045 to 9.15 m/s of 8 different DARPA SUBOFF configurations in the fully submerged
condition. In the studies, submarine models were used with their actual dimensions, and
the volume of the test pool is the same as that recommended in the guide prepared by
ITTC.

On the other hand, the turbulence modelling method is one of the most critical parameters
affecting the simulation results. When similar studies [61-64] conducted with the RANS
approach were examined, it was seen that the turbulence model that gave the most
consistent results with the experimental results is SST k-w. Therefore, this model is used

in all simulations.



In the study, only the hydrodynamic performance of the submarine is examined, and this
evaluation is independent of time. In order to verify this situation, transient solutions were
taken, and it was seen that it was independent of time, so a steady formulation was used.
The coupled scheme is used for velocity and pressure relation. Gradient discretization is
performed using the least squares cell-based method. For pressure, momentum, turbulent
kinetic energy and specific dissipation rate, the second-order upwind scheme has been

used, and all schemes and discretization methods are shared in Table 4.3.

Table 4.3. Methods and Discretization Schemes Used

Methods and Discretization Schemes
Pressure-Velocity Coupling COUPLED
Gradient Least Squares Cell-Based
Pressure Second Order Upwind
Momentum Second Order Upwind
Turbulence Kinetic Energy Second Order Upwind
Specific Dissipation Second Order Upwind

Convergence checks are detailed via residual graphs and additional monitors. Velocity
data from 8 different points which are shown in Figure 4.4 and Table 4.4, of the flow
domain were continuously checked to ensure that the solution converged, and the velocity
became stable at these points. On the other hand, the drag and lift forces of the submarine
were also monitored, and these parameters were checked for convergence. Before starting
the solution, all simulations were initialized using the Full Multi Grid (FMG) method and
it was seen that the validation study converged in about 100 iterations.

For this reason, 150 iterations were performed in all optimization studies to ensure that
the results converged. Convergence means that the speed and force values become stable,

and the residual values decrease to 107,
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Figure 4.7. Locations of Convergence Control Points a) Side View b) Top View

Table 4.4. Coordinates of Convergence Control Points

Points X Coordinate (mm) | Y Coordinate (mm) | Z Coordinate (mm)
1 -10 0 0
2 -10 0 1000
3 3250 264 0
4 3250 264 1000
5 4366 0 0
6 4366 0 1000
7 7366 0 0
8 7366 0 1000




The additional monitors assigned to control the simulations' convergence and the
residuals’ graphs are shared in Figure 4.5. It is clearly understood from these graphs that
residual values have dropped to the highest, approximately 10 level, and drag force and

velocity values at eight control points converged.
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4.4. Mesh Generation

Since this study aims to establish a simulation model that confirms the experimental
results and uses this model throughout all optimization studies, a mesh structure is
generated with a minimum number of elements to provide maximum accuracy, and the

mesh generation steps are shown in Figure 4.6.

Figure 4.9. Mesh Generation Steps

One parameter that directly affects the result in CFD studies is meshing. Adequate
modelling is essential to increase the accuracy of simulation solutions, but at this point,
it should be known that the unnecessarily dense mesh will prolong the solution time.
Therefore, mesh structures that give maximum accuracy with the optimum number of
elements should be created. For this, the physics of the problem should be understood
correctly, the requirements should be determined entirely, and a mesh structure should be
created according to these requirements. In the first step, the type of element to be used
should be decided. These element types are commonly used in Figure 4.7 and summarized
as tetrahedral, hexahedral, polyhedral and cartesian with cut cells. Except for a few

specific flow problems, there is no specific requirement on the element type.



For this reason, having several choices of mesh element types can be confusing at this
stage. However, when the advantages and disadvantages of each element type are known,
the element type selection that matches the requirements of the problem can easily be
made. In addition, tetrahedral elements model successfully complex geometries but
cannot be used in boundary layer modelling and can cause convergence problems. While
hexahedral elements can significantly reduce the total number of elements and converge
more efficiently, they are unsuitable for high-quality modelling in complex geometries.
Another element type is polyhedral, which can significantly reduce the total number of

elements and converge more quickly than other elements.

tetrahedron hexahedron prism/wedge pyramid polyhedral

5 AL

Figure 4.10. Different Types of Mesh Elements [65]

When the advantages and disadvantages of common element types are examined, it is
challenging to choose a specific element type for many CFD problems. In this context,
hybrid methods that enable the use of different element types have become quite common
in industry and academia in recent years. These hybrid methods can serve the needs
directly by using different element types. Examples of the most widely used hybrid
methods are hexcore using tetrahedral and hexahedral element types and poly-hexcore
methods using polyhedral and hexahedral element types. Especially in aerodynamic and
hydrodynamic studies, using the poly-hexcore method provides the advantages of
reducing the total number of elements, convergence with less iteration and higher
accuracy. In the case study of Zore et al.[66], which examined the aerodynamic
performance of a high-lift aircraft JSM-WBNP, simulation and experiment results were
compared using hexcore and poly-hexcore methods and detailed images of two different

mesh structures used are shared in Figure 4.8.
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Figure 4.11. Volume Mesh of JSM-WBNP a) Hexcore b) Poly-Hexcore [66]

At the end of the study, it was determined that the total number of elements in the poly-
hexcore method was reduced by about half, and accordingly, the solution time was
shortened by about 41%. When the results of the two different methods were compared
with the experimental results, it was seen that the accuracy rates were very close to each
other and the experimental results. Since this thesis is an optimization study, it is
necessary to use a simulation model that can converge in a minimum time and provide
maximum accuracy. For this reason, it was decided to use the poly-hexcore hybrid method
in the simulation model, and a mesh structure was created with this method in all

simulations.



The most practical method of minimizing the total number of elements without reducing
the accuracy of the solution is to use denser elements in the regions where the flow is
disturbed more than in other regions. When this method is adapted to this study, it can be
concluded that denser mesh structures should be created for volumes close to the
submarine. For this reason, this process was performed with four different refinement
regions, the details of which can be seen in Figure 4.9. Several simulations were made
and optimized by systematically changing the sizes of these regions, and the results were

independent of the sizes of these regions.
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Figure 4.12. Refinement Regions to Control Mesh Density

Another point to be considered in the mesh generation process is near-wall modelling by
creating the boundary layers around the walls. It is imperative to make a near-wall
modelling that will meet the requirements of the turbulence model and can model the flow
physics realistically as closely as possible. At this stage, different studies in the literature
in which the experimental results confirmed the CFD simulation results for the DARPA
SUBOFF submarine model were examined to establish the optimum y+ interval and the
optimum number of layers [67-71]. In addition, Marshallay and Eriksson prepared a study
to summarize all these studies, compared the simulation results for different turbulence
models and y+ intervals with the experimental results, and recommended that the average
y+ value on the hull be approximately 80 for the SST k-w turbulence model [13]. In line
with this information, several preliminary simulations were performed automatically by
constantly changing the height of the first boundary layer. As a result, the boundary layer
parameters giving the y+ distribution of approximately 80 on the bare hull were calculated
for a speed of 3.045 m/s. Its details are shared in Table 4.5, and detailed views are shared
in Figure 4.10.



Table 4.5. Details of the Boundary Layer Mesh

Parameter Value
Number of Layers 15
First Layer Height 1.356 x 10“* m
Growth Rate 1.1

When examining mesh images, it should be known that poly elements are used in the

surface mesh in this poly-hexcore hybrid method.

b) c)

Figure 4.13. Boundary Layer Mesh Around at Different Locations a) the hull b) the
nose c) the stern



4.5. Mesh Independence Study

At this thesis stage, the necessary details of the mesh independence study are shared. A

detailed mesh study was carried out by creating six different mesh structures. The most

critical parameters in the mesh independence study are the upper-lower surface element

sizes in the entire computational domain and the average element size in the refinement

regions. These parameters are systematically reduced from the coarsest mesh to form

different mesh structures. It is aimed to increase the number of elements approximately

two times in each new mesh structure. The total number of elements of these mesh

structures varies between 37 thousand to 1.6 million, and all the details are shared in Table

4.6.

Table 4.6. Details of Mesh Structures ( All sizes are in mm)

Mesh-1 | Mesh-2 | Mesh-3 | Mesh-4 | Mesh-5 | Mesh-6 | Mesh-7
Lower Element 40 20 10 7.5 5 2.5 1.25
Face Size
Upper Element 8000 4000 2000 1500 1000 750 500
Face Size
Refinement 400 200 100 75 50 50 50
Region-1
Refinement 1000 500 250 187.5 125 125 125
Region-2
Refinement 2000 1000 500 375 250 250 250
Region-3
Refinement 6000 3000 1500 1125 750 750 750
Region-4
Number of 37K 71K 178 K 345 K 738 K 1.2M 1.6 M

Elements




For mesh independence control, the drag force was calculated for each mesh structure,
and these values were compared with the results of the experimental study of Huang et
al. [12]. The equation of the dimensionless drag coefficient is shared in the equation
below.

¢ = _Ip_ (4.)
7 lpAU?

Where Fris the total drag force of the axisymmetric bare hull body, p is the density, A is
the wetted surface area and U is the velocity.

The force values calculated for 3.045 m/s with each mesh structure and the error rates
which can be calculated with below equation between these values and the experiment

results are shared in Table 4.7.

Table 4.7. Drag Force Values for Calculated Each Mesh Structure and Absolute Errors
between Mesh-3 and other Mesh Structures

Mesh Drag Force (N) Absolute Error Between
Mesh-3

1 90.6947 3.8685 %
2 89.1509 2.101 %
3 87.3168 0

4 87.8746 0.639 %
5 87.6293 0.359 %
6 87.0852 0.265 %
7 87.5147 0.227 %

As seen from the table, when the drag force values of seven different mesh structures
were examined, all mesh structures created after Mesh-3 gave results close to each other.
Although more mesh structures were tried in the continuation of the study, the results
were obtained in this range. Therefore, the results obtained with the simulation model
detailed in the previous sections will give close results in this value range. Consequently,
the drag force values of 7 different mesh structures created are shared in Figure 4.11,

together with the element numbers of these mesh structures.
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Figure 4.14. Comparison of Seven Different Mesh Structures

If the drag force values obtained with different mesh structures are close to the test result,
one of them can be selected for the verified model. However, if the results are
unacceptably far from the experimental result, it will be necessary to change the

simulation model.

The drag force value calculated for a speed of 3.045 m/s in the referenced experiment is
87.4 N, and it is seen that the drag force values of all mesh structures created after Mesh-
3 are in this range. The absolute error between Mesh-3 and all meshes created after Mesh-

3 is below 1 percent.

Since the drag force values obtained with different mesh structures are close to each other

and the test result, Mesh-3 can be selected as the final mesh structure.

In addition, since this is an optimization study, the total number of elements and every
detail that will speed up the simulation is essential. Nevertheless, the primary priority
here is accuracy, not speed. For this reason, mesh structures have been studied in great
detail.

In summary,there are two reasons for choosing Mesh-3 as the final mesh structure, the
details of which are shared in Figure 4.12. The first is that it gives results close to the
results of the experiment and the results of the mesh structures created after it. The second

is that it has the least number of elements among these five structures.
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Figure 4.15. Mesh Structure to be Used in the Validated Simulation Model a) Overview
b) Boundary Layer Transition on the Nose



5. HYDRODYNAMIC OPTIMIZATION PROCESS OF THE
SUBMARINE

This chapter of the thesis details the steps of the hydrodynamic optimization process.
Initially, the DARPA SUBOFF AFF-1 was modelled in 3-D on CAESES. In the ongoing
process, this model has been made parametric and is ready to create a design space.
Afterwards, global, and local optimizations with DoE and T-Search algorithms, detailed
in Section 3, were carried out using the simulation model shared in Section 4. Finally, the
most optimum design is aimed at, and this process is explained in detail in Figure 5.1.

Figure 5.16. Steps of the Optimization Process



5.1. Geometrical Modelling

First, the DARPA SUBOFF AFF-1 model, the primary geometric details shared in section
4, was modelled in 3D in CAESES with the dimensions of the model used by Groves et
al. [58]. This modelling has been done using different curve equations that calculate the
varying radius of the four main body sections along their lengths: the nose, middle body,
stern, and cap. Geometric sections are given in Figure 5.2, and the equations of each curve
are shared in below equations. Since the equations are shared by NASA in Feet units,

they are scaled in meters after the design is completed.

Cap Stern Middle Body Nose

Bare Hull

Figure 5.17. Geometric Sections of the DARPA SUBOFF AFF-1 Model

x = Model Scale Axial Length in Feet
R = Model Scale Radial Length in Feet
Maximum Body Diameter = 1.666667 Ft (0.508 m)

Total Body Length = 14.291667 Ft (4.356 m)

The Equation of the Nose Cone for 0 Ft < x < 3.333333Ft

R = Ry 4x{1.126395101x(0.3x — 1)* + 0.442874707x?(0.3x — 1)*+1  (5.1)
— (0.3x — 1)*(1.2x + 1)}1/21

5 2
Ryax = gFt (:2)

The Equation of the Middle for 3.33333 Ft < x < 10.645833 Ft

R = Ryax (5.3)



The Equation of the Stern for 10.645833 Ft < x
< 13.979167 Ft
R = Ry4x{0.01380625 + 1.175&% + 0.149075¢3 + 7.29568125¢* (5.4)
— 13.821425¢% + 6.1878625£°}1/2

_13979167 —x . (5.5)
~ 3333333 T
The Equation of the Cap for 13.979167 Ft < x < 14.291667 Ft
R = 0.1175Ryax{1 — (3.2x — 44.733333)2}1/2 (5.6)

5.2. Parametrical Modelling

The full parametrization of the design was again carried out with CAESES. At this stage,
only the nose cone has been made parametric from the four different sections detailed in

the previous section.

5.2.1. Parametrical Modelling of the Nose Cone

In the process of parameterizing the nose cone, similar studies in the literature were
examined, and it was seen that there were two different methods. The first is controlling
the stern and nose sections of the existing submarine form over these equations, such as
Overpelt and Nienhuis [72], Yazici [73], and Budak [74], with different curve equations.
The second is to derive new forms by manually controlling the existing submarine design
without using the curve form of the DARPA SUBOFF model, such as Divsalar [17], Paz
and Munoz [15].

When both methods are examined in terms of advantages and disadvantages, the first
method is weaker in creating design space. Because it is clear that as the order of the
curve equations used in this method increases, more detailed designs can be derived, and
these designs will not differ much from each other since they use a common curve
equation. However, since the design is directly intervened in the second method, the new
designs derived can be very different, and a more comprehensive design space can be
scanned. Therefore, in the optimization study carried out in the thesis, the way to

intervene in the design manually was chosen.



In this context, the nose cone was divided into four equal sections, as seen in Figure 5.3.
Then, each section's diameter and the nose cone's shape were controlled with the help of

variable coefficients.

Figure 5.18. Sections in the Nose Cone (CAESES)

These coefficients in the range of 0.15-1 are directly multiplied by the diameter of each
section and assigned a new diameter. While choosing this range, the optimum forms
obtained in the studies of Budak [74], Yazici [73] and Divsalar [17] were taken, and
sample designs taken for different coefficients are shared in Table 5.1.

Table 5.8. Sample Designs Taken for Different Coefficients

Form No Section Coefficient Form
1 0.7
1 2 0.8
3 0.5
4 0.8
1 0.3
2 2 0.5
3 0.6
4 0.7
1 0.2
3 2 0.5
3 0.4
4 0.8




1 0.15
2 0.3
4 3 0.4
4 0.7
1 0.3
5 2 0.6
3 0.8
4 0.9
1 0.8
6 2 0.6
3 0.7
4 0.7

5.2.2. Parametrical Modeling of the Stern

The stern form is not entirely parametric like the nose form and has been optimized using
the Lackenby method. This method ensures that the centres of buoyancy of all derived
forms are very close to each other. It has been mentioned in the previous sections that the
primary goal of the study in the thesis is to keep constant the centres of buoyancy of the
optimum form and the DARPA SUBOFF AFF-1 form. This point makes this title one of
the most important topics of the thesis, and the theory of the Lackenby method, which is
used to keep the centre of buoyancy constant, and how it is applied in the study will be

explained respectively.

5.2.3. Lackenby Methodology

5.2.3.1. Development of the the Lackenby Metholodogy

Based on the work by Lackenby in 1950, the method basically tries to control the whole
form with a single curve by combining sub-curves belonging to different parts of naval
architectures such as hull and submarine. Furthermore, it allows the design to be changed
by allowing the sub-curves to be shifted to the movement along the length axis according
to the design goals set by the user [75].



This method continued to be used and developed in the following years. In the literature,
the parameterization of the designs of water vehicles such as ships and submarines with
this method first started with the work of Nowacki et al. in 1977. In this study, the hull

curve of a hull is modelled with a 7-point B-spline using 14 different parameters [76].

Later, this study was further advanced, and Krach parametrically modelled the bulbous
bow curve of the same hull form. After this study, when different curves were used, it
was determined that the nose cone directly affected the hydrodynamic performance and

the position of the centre of buoyancy of structures such as submarines and hulls [77].

In the ongoing process, studies that will expand the scope of these two studies have been
carried out. One of them is the study prepared by Jacobsen and Kracht in 1992, and in
this study, the hull form was modelled with 12 different curves, six primary and six

secondaries [78].

A study that will both summarize and expand the scope of all these studies was prepared
by Harries and Abt in 1998. In this study, Sectional Area Curve (SAC) models were made
with 24 parameters, including essential parameters such as displacement, centre of
buoyancy, slopes in anterior and posterior obliques, and position of the maximum cross-
sectional area [79]. In this way, almost all the parameters to be considered in the design
of structures, such as submarines and hulls, have been determined, and in the ongoing

process, modelling has been started with these parameters.

The meeting of mathematical models in this field with CFD is relatively new. In 2007,
Abt and Harries conducted a two-stage study using the Lackenby method and CFD
together with the Friendship Framework infrastructure used in this thesis. In the first
stage, by shifting the different sections of the hull, designs that provide the desired
hydrodynamic performance parameters were obtained. In the second stage, they both
increased their hydrodynamic performance by aiming these designs to have the same
buoyancy centre and displacement as the first design. As a result, they obtained an

optimum hull design with the same hydrostatic properties as the first design [80].
5.2.3.2. Theory of the Lackenby Methodology

Since the Lackenby method was first developed for a hull form, its theory is explained
over the hull form. In the next section, the integration of this method into the work done
in the thesis will be detailed. First, the terms used in the methodology and the calculation

methods of these terms will be explained.



i.  Sectional Area Curve (SAC):

Sectional area curve (SAC) forms the basis of naval architectures as it directly controls
the design. The sections with significant changes in the design are treated as separate
sections to create this curve, and a single curve connecting these sections is created [75].
The literature studies detailed in the previous section aimed to bring this curve to the

maximum change with the minimum parameter.

The SAC of the hull, which Lackenby considered as two different sections, is shown in
Figure 5.4.
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Figure 5.19. First Sectional Area Curve Derived by Lackenby [75]

ii.  Length between parpendiculars (LPP):

It is the length of a ship or submarine from the initial point along the longitudinal axis to
the beginning of the stern. The distance between the start and end points of the cross-
sectional area curve is equal to this length. Figure 5.5 shows the LPP measurement over
the DARPA SUBOFF AFF-1 model.

LPP

Figure 5.20. LPP of the DARPA SUBOFF AFF-1



iii.  Prismatic Coefficient (CP)

The prismatic coefficient is also an essential parameter for naval architecture. It is the
ratio of the volume of the ship or submarine to the volume of the smallest prism that
these structures can fit [81]. This ratio can be calculated for a hull with the parameters
shared in the Figure 5.6 below. This coefficient directly changes the form of the
sectional area curve created for the Lackenby method. However, this change varies
according to the method of obtaining the curve, and its effect in this study is explained

in the next section.

Figure 5.21. Parameters of Prismatic Coefficient [81]

L: Length of the ship

Ay Cross sectional area of the middle of the ship
Volume of the prism (Vp) = Lx Ay (5.7)
Volume of the ship (Vs) = Displacement of the ship

Prismatic coefficient (Cp) = Vs/Vp (5.8)



iv.  Longitudinal Centre of Buoyancy (LCB)

Naval architectures are not just designed for hydrodynamic performance concerns. At the
same time, the stability of these structures is of great importance in the design phase.
Especially in submarine designs, the stability of the submarine at complete submergence,
surfaced and transition travel depths are studied separately. As seen in Figure 5.7, the
forces that a submarine is exposed to are the gravitational force acting from the centre of
gravity and the buoyancy force acting from the buoyancy centre. All stabilization

calculations are made by calculating these forces [82].

Figure 5.22. Gravity and buoyancy forces acting on a submarine a) Side view b) Front
view [82]

Since there is no aim on the stability of the submarine in the study conducted in the thesis,
it is aimed that the buoyancy centres of all the derived designs are the same. The Lackenby
method calculates the position of the buoyancy centre of the new form obtained after the
change on the sectional area curve. After that, it calculates the difference in the distance
along the length between the buoyancy centres of the first and last forms. After that, by
shifting the form by this difference, the buoyancy centres equalize their positions. In this
study, designs with the same stability capability but different hydrodynamic

performances were derived by the Lackenby method.

For this, first, the buoyancy centre of the first form was calculated, then the buoyancy
centres of all the forms derived with the same formulation were calculated, and the
difference between them was found. In the next step, the Lackenby method is aimed to

minimize this difference.

The LCB calculation method is shown below for a ship in its simplest form. First, the
volume is calculated by taking the definite integral of all cross-sectional areas along the

length, as seen in Figure 5.8 [83].
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5.2.3.3. Application of the Lackenby Methodology

This chapter will be detailed how the Lackenby method was included in the optimization
work for this thesis in the CAESES environment. In the first stage, geometric changes in
the initial form are carried out without concern for hydrostatic properties. Then, the new
form is updated with the Lackenby method to obtain the final form. In order to make this

process easier to conceptualize, the steps are shared in Figure 5.9.



Figure 5.24. Steps of the Parametrization

After the geometric changes in the first form are made, the sectional area curve (SAC)
should be calculated as described in the theory of the method. CAESES allows the use of
several different methods in the creation of this curve, and the last method in the literature
is the one used in the study of Abt and Harries [79]. In this method, an initial sectional
area curve is created with the Lackenby formulation by using the length between the
perpendicular and the volume of the submerged part of the submarine. The first curve

created for the thesis study is shared in Figure 5.10.



Figure 5.25. The first Sectional Area Curve

Step 1: Calculating the Difference Between Form-1 and Form-2 Displacements:

The Lackenby method tries to approximate the displacements of Form-1 and Form-3.
First, the prismatic coefficient values for Form-1 and Form-2 are calculated using the
equation which was given in previous section. The difference between these values
affects the area scanned by the SAC form. If the prismatic coefficient of Form-1 is higher
than Form-2, the Lackenby method should move toward increasing the displacement, and
the area covered by the SAC form should be increased. In Table 5.2, how the same initial
SAC form is affected by the Form-1 and Form-2 prismatic coefficients and the curves
created for Form-3 are explained in more detail.



Table 5.9. Change of the SAC Form According to The Displacement Difference
Between Form-1 And Form-2

Comparison of the The new SAC forms created for Form-3
prismatic

coefficients

Form-1 < Form-2

Form-1 > Form-2

Step 2: Calculating the Difference between Longitudinal Centres of Buoyancy

Form-1 and Form-2:

At this step, the buoyancy centres of Form-1 and Form-2 are calculated, and the difference
between them is found. In order for Form-3 to have the same coordinated buoyancy centre

as Form-1, Form-2 must be shifted by the difference.
Step 3: Specifying the Domain of The Lackenby Method:

As mentioned in the previous titles, in this thesis, the nose cone of the DARPA SUBOFF
AFF-1 form was made parametric, and the stern form was optimized using the Lackenby
method to restore the hydrostatic changes (centre of buoyancy) made by the nose cone to

the design.



For this reason, the SAC has been divided into two different sections, and the nose cone
has been excluded from the Lackenby method because the method should be provided to
work only in the stern form. This strategy will affect the displacement holding
performance of the Lackenby method. In Figure 5.11, the last SAC form and the working

area of the Lackenby method are shared.

Section-2 Section-1
Lackenby

Figure 5.26. The Last SAC Form and the Working Area of the Lackenby Method

In Table 5.3 shared below, the full images of the Form-2 forms with nose cones in Table
5.2 and the images of the Form-3 forms obtained after applying the Lackenby method are
shared. In all designs, the diameter and length between the perpendicular (LPP) are

constant.

In addition, the displacement and LCB differences of these forms with Form-1 are also
shared in Table 5.4.

ALCB-1: The absolute value of the LCB difference between Form-1 and Form-2;
ALCB-2: The absolute value of the LCB difference between Form-1 and Form-3;
ADisp-1: The absolute value of the Displacement difference between Form-1 and Form-
2;

ADisp-2: The absolute value of the Displacement difference between Form-1 and Form-
3



Table 5.10. Centers of Buoyancy Positions without the Lackenby Method

Design | Form Figure
2 4l
: -4l
3
: 4l
z -4l
3
2 4l
: -4l
3
2
4 -4l
3
|, | <l
3
2 4
: -4l
3




Table 5.11. LCB and Displacement Differences of Derived Designs

Design ALCB-1 (m) ALCB-2 (m) ADisp-1 (m®) ADisp-2 (m®)
1 0.237 0.001 0.059 0.058
2 0.284 0.001 0.076 0.075
3 0.293 0.002 0.079 0.078
4 0.322 0.002 0.090 0.089
5 0.220 0.001 0.049 0.049
6 0.246 0.001 0.063 0.062

As seen from the table, the Lackenby method is crucial to keep the centres of buoyancy
almost the same. On the other hand, working the method only in the stern is not efficient
in keeping the displacement the same. Additional studies have been carried out on this

subject and will be detailed in the following sections.

5.3. Constraints of the Optimization Process

The DARPA SUBOFF AFF-1 model is fully parametrically modelled in the CAESES
environment using the methods detailed in the previous chapters, and the design spaces
have been created.

In the study conducted in this thesis, four different optimization studies were carried out
considering several different constraints, which are displacement, the length between the
perpendicular, diameter, and centre of buoyancy and four optimum designs were found.
By examining similar studies in the literature with these criteria, it is aimed to scan all

design targets that can be set in a submarine optimization.

All the optimization processes in this thesis performed were aimed at keeping the centre
of buoyancy constant, and the stability of the forms was kept the same. In this way, all
forms can be easily compared with each other without any doubt, and Table 5.5 shared

below shows the design constraints of four different optimization studies.



Table 5.12. Design Constraints of the Optimization Processes

Optimization LPP Diameter L/D LCB Displacement
Process
1 Constant Constant Constant Constant +10%
2 Increased Increased Constant Constant Constant
3 Decreased Increased Decreased Constant +10%
4 Increased Constant Increased Constant +10%

Optimization Process-1: This is the first process described above. Then, the resulting
Form-2 is rederived with the Lackenby method. It is aimed that the displacement will

remain the same at about 10 percent.

Optimization Process-2: In this process, after the displacement difference between Form-
2 and Form-1 is calculated, the ratio of this difference to the first displacement is found.
Then, Form-3 obtained by the Lackenby method is scaled with this ratio throughout the
diameter and length. Therefore, as LPP and diameter increase, all other constraints are

constant.

Optimization Process-3: In this process, the submarine model is optimized by increasing

its diameter and decreasing its LPP.

Optimization Process-4: In this process, the submarine model is optimized with constant

diameter and increased LPP.
The design constraints values used in these processes will be detailed in Section 6.

5.4. Running the Optimization Process

After the fully parametric geometry is created and the design spaces are determined,
optimization studies should start. In this section, CAESES and Fluent integration for

creating the automated workflow have been detailed.

At this stage of the study, using the optimization methods detailed in Chapter 3, single-
objective optimization studies were carried out to reduce the drag force under certain

design constraints of the first model.



CAESES provides ready-made DoE and T-Search methods used in this study. However,
the design spaces to be scanned by the optimization works must be specified by the user
at the DoE stage. At this point, 1000 designs were scanned for the first study in four
optimization studies. However, in this study, the details of which will be shared in the
next section, it was seen that scanning 1000 designs could not significantly affect the
results, and other studies were conducted by scanning 500. The optimum design found
after each DoE scan was optimized with the T-Search method, and the most optimum

design was found.

After the methods are determined, CAESES should automatically derive the geometries
in the determined design space. Then, fluent should automatically re-establish the
simulation model for each design and transfer these results to CAESES so that these
results can be evaluated. This loop can be set up in the CAESES environment and can be
done with the help of the SoftwareConnector interface shared in Figure 5.12 below.

4= Input Geometry Input Files [
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+ & Result Files Q ””””” Result Values +

Figure 5.27. SofwareConnector Interface on CAESES



The interface consists of four panels, and their functions are as follows.

i.  Input Geometry:

This panel enables CAESES to derive new designs according to the specified design
constraints and variable values to export these designs in formats that can be opened by

the software to be used in the simulation.
ii.  InputFiles:

This panel covers the stages of creating a mesh structure and running the simulation of
the obtained geometry. Two files were attached to this panel for the study carried out
within the scope of the thesis. First, the journal file was prepared in the language of
FLUENT for the simulation model, the details of which are shared in Chapter 4, and the
second one is the batch file that will run FLUENT. Then, the mesh structures were created
to the derived geometries by CAESES with the previously clarified settings of FLUENT,

and simulations were performed.
ii.  Result Files:

This panel ensures that the desired result images are taken from the same angle after each

simulation. In this way, result images of all simulations can be collected.
iv.  Result Values:

This panel allows the output parameters to be transferred to CAESES after the simulations
are performed. In this study, the drag force values of the submarine designs were
calculated in each simulation, and optimization studies were carried out according to

these values.



5.5. Review the Optimization Process

As mentioned in the previous section, all automatically generated geometries were

simulated, and the results were collected in the CAESES environment.

After the DoE stage, Pareto analyses were performed to determine the Pareto frontier.
This way, the effects of the different design variables used on the submarine performance
and other targeted design criteria can be seen, and the order of magnitudes and optimum

ranges of these variables can be calculated.

Pareto analyses create a frontier by calculating the points that allow all objectives to
intersect in multi-objective problems and are very useful in reaching the optimum design.
This method calculates the percentage deviations from the objectives and obtains a curve,
as shared in Figure 5.6, and on this curve, the design points where all objectives are met

at the maximum rate can be determined [84].
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Figure 5.28. Pareto frontiers for the multiobjective optimizations a) convex b)
nonconvex

The work done in the thesis should be described as something other than as a multi-
objective optimization study. Because as a result of simulations, only the submarine's
hydrodynamic performance is wanted to be optimized. Form-2 is derived according to
the design variable values shared in the previous sections. Then the Lackenby method is
performed to derive Form-3, ensuring that all parameters except the drag forces are within

the desired ranges.



In other words, if 2 is considered as the drag force in the graph above and f1 is the
difference of hydrostatic parameters between the initial design and the final design, the

points f1 are already evident before the simulations.

However, Pareto analyses performed on the optimum form obtained after DoE can
provide efficient T-Search scanning in a smaller design space. Because in this way, the
optimum values of the upper and lower bounds of the defined design variables can be
calculated. On the other hand, it can also show the effect of the Lackenby method on

hydrodynamic performance and whether it works efficiently.

Because there is a possibility that the defined design variables will work inefficiently in
the Lackenby method, for example, suppose the diameter changes on the nose cone are
larger or smaller than a specific coefficient. In that case, it may cause the Lackenby
method not to work and cause deviations from the hydrostatic properties. However,

thanks to the Pareto frontier, more efficient work can be done in the T-Search stage.

After all these steps, designs with improved hydrodynamic performance and the design
variable values of these designs can be calculated by using two different optimization

methodologies.



6. RESULTS

This section will share and examine the results of the optimization studies detailed in the
previous section. Since four different optimization studies were carried out, each is

discussed in separate sections.

6.1. Optimization Process-1

The first optimization study aims to decrease the drag force of the DARPA SUBOFF
AFF-1 model without changing hydrostatic parameters other than displacement. For this,
as stated in the previous section, the diameters of the four different parts of the nose cone
shared in Figure 6.1 were controlled with constant coefficients and the Lackenby method

was defined in the stern part.

Lackenby Parametrical

S-4 S-3 S-2 §-1

Figure 6.29. Workfields of Optimization Process-1

The bounds of the design variable values and design constraints used to control the

diameters of the nose cone sections are shared in Table 6.1 and Table 6.2, respectively.

Table 6.13. Design Variables of Optimization Process-1

Design Variable Coefficient
S-1 0.15<S-1<1
S22 0.15<8-2<1
S-3 0.15<8-3<1
S-4 0.15<S-4<1




Table 6.14. Design Constraints of Optimization Process-1

Design Constraints Objective Functions
L Keep constant
Diameter Keep constant
L/D Keep constant
LCB Keep constant
Displacement Can change +10%

6.1.1. DoE-1 Results

This is the optimization study in which the most drag reduction is expected in the study
conducted in the thesis. Therefore, this study was done before the others, and 1000

different designs were scanned by keeping the design space huge at the DoE stage.

The Table 6.3 below shows the design variable values of the best 20 designs with LCB
and displacement changes.

(LCB; — LCBy) (6.1)

ALCB = LCE, 100

ADisp — (Displacement,—Displacement) +100 (62)

Displacement,




Table 6.15. Top 20 Designs of DoE-1

No S-1 S-2 S-3 S-4 ALCB (%) ADisp Drag
(%) Force (N)

951 | 0.277002 | 0.172412 | 0.277002 | 0.851416 | 0.013086 | -9.28707 76.4174

847 | 0.25376 | 0.262061 | 0.419775 | 0.814893 | 0.009568 | -8.70243 76.4921

575 | 0.172412 | 0.277002 | 0.305225 | 0.922803 | 0.011863 | -8.29996 76.5712

143 | 0.239648 | 0.299414 | 0.206445 | 0.658008 | 0.017158 | -10.9086 76.5785

287 | 0.194824 | 0.347559 | 0.347559 | 0.882129 | 0.012344 | -8.24054 76.7146

455 | 0.324316 | 0.244629 | 0.404004 | 0.812402 | 0.009967 | -8.80373 76.7213

519 | 0.311865 | 0.203955 | 0.192334 | 0.650537 | 0.016929 | -11.1845 76.8057

791 | 0.286963 | 0.228857 | 0.532666 | 0.755127 | 0.016294 | -8.81889 76.8131

383 | 0.158301 | 0.291113 | 0.516895 | 0.765918 | 0.01686 -8.66725 76.8787

215 | 0.299414 | 0.239648 | 0.319336 | 0.916992 | 0.009402 | -8.28569 76.8805

359 | 0.347559 | 0.194824 | 0.234668 | 0.689551 | 0.016414 | -10.7205 76.934

699 | 0.388232 | 0.233838 | 0.262061 | 0.773389 | 0.013752 | -9.78581 77.0208

479 | 0.178223 | 0.178223 | 0.57666 | 0.905371 | 0.009508 | -7.29015 77.1753

167 | 0.35918 | 0.36582 | 0.166602 | 0.857227 0.011 -9.13089 77.2067

631 | 0.265381 | 0.396533 | 0.345068 | 0.697021 | 0.013692 | -9.68443 77.2112

7 0.309375 | 0.415625 | 0.415625 | 0.734375 | 0.01242 -8.90482 77.3039

639 | 0.162451 | 0.220557 | 0.647217 | 0.866357 | 0.010421 | -7.16433 77.3198

719 | 0.248779 | 0.187354 | 0.36167 | 0.527686 | 0.015293 | -11.5021 77.3361

119 | 0.262891 | 0.183203 | 0.488672 | 0.581641 | 0.01165 -10.5631 77.3869

23 | 0.282813 | 0.282813 | 0.601562 | 0.867188 | 0.011748 | -7.12987 77.4098




When the results are examined in terms of displacement and LCB, it is seen that the

displacement is in the 10% change band as expected, and the LCB remains almost
constant with little change.

On the other hand, as mentioned before, it is possible to examine the effect of the constant
coefficient with which each section is multiplied on the drag force value with Pareto

parameter sensitivity analysis. Figure 6.2, shared below, shows the Pareto analysis results
of the top 50 designs detailed above.
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Figure 6.30. Pareto Analyses of DoE-1 a) S-1 b) S-2 c) S-3d) S-4

When the graphs are examined, it is seen that the optimum coefficient range for S-1, S-2,
and S-3 is between 0.15-0.55, while this range for S-4 is 0.55-1.

In optimum design, S-1, S-2, and S-3 may have values close to each other, but S-4 will
necessarily have a more excellent value than them.

If a different optimization method were used instead of T-Search after this stage, it would

be essential to determine the optimum values of these design variables, but this is not a
requirement for T-Search.



On the other hand, since the limits defined for the hydrostatic parameters (LCB,
Displacement) for this process are primarily provided, and the deviation rates of these
parameters are very close to each design, it is not necessary to examine them in detail

with Pareto.

In Table 6.4 below, the visuals of the five designs and the first design that creates the
lowest drag force obtained from DoE are shared with the drag force values obtained in

the simulations.

Table 6.16. Top 5 Designs of DoE-1

Design Drag Force (N) Figure
SUBOFF 87.3168
AFF-1
DoE-1 287 76.7146
DoE-1 143 76.5785
DoE-1575 76.5712
DoE-1 847 76.4921
DoE-1 951 76.4174

When the designs are examined, it is seen that the nose cone designs are similar to each
other in general, but they are different enough to be distinguished by the eye. This
indicates that the optimization study achieves almost have the same drag force with

different values and therefore gives very successful results.



6.1.2. T-Search-1 Results

It was stated in Section-3 that a starting point is needed for the T-Search method.
Therefore, at this point, a design should be chosen as a starting point among the optimum
designs obtained in the DoE phase. Among all the designs shared in Table 6.4, no one has
a form different from the optimum forms suggested in the literature. For this reason, five
different designs can be selected as the starting point for T-Search because T-Search will
find the intersection of these five designs. At this point, DoE-1 951 design, the most
optimal form obtained due to DoE, was chosen as the initial form for the T-Search

method.

On the other hand, since the T-Search method will repeat the parameter sensitivity

analysis within itself, the design variable bounds have not been changed.

The T-Search method has found the most optimum form by scanning additional 44
designs, and in Table 6.5 shared below, the design variable values of all scanned designs
are shared with LCB and displacement changes. The change in LCB and displacement

values was calculated by equations 6.1 and 6.2 respectively.

When the table is examined in detail, the working principle of the T-Search method is
more clearly understood. As explained before, this method first examines the effects on
the parameter to be optimized by increasing or decreasing all design variable values. After
this stage, it decides whether all design variables should increase or decrease for optimum
design. When the table is examined, it is understood that the design variable values were
tested one by one in the first seven designs, and it was determined in which direction they
should be changed. Afterwards, all design variables were changed in the selected
direction at the same time, and the optimum design was found.



Table 6.17. Results of T-Search-1

No S-1 S-2 S-3 S-4 ALCB (%) | ADisp (%) | Drag
Force
(N)

0 0.277002 | 0.172412 | 0.277002 | 0.851416 | 0.0130862 -9.28707 | 76.4174
1 0.319502 | 0.172412 | 0.277002 | 0.851416 | 0.0135078 -9.25772 | 76.6468
2 0.234502 | 0.172412 | 0.277002 | 0.851416 | 0.0131752 -9.31569 | 76.2781
3 0.234502 | 0.214912 | 0.277002 | 0.851416 | 0.0138795 -0.21873 | 76.2833
4 0.234502 0.15 0.277002 | 0.851416 | 0.0133208 -90.36745 | 76.2878
5 0.234502 | 0.172412 | 0.314502 | 0.851416 | 0.012985 -0.14463 | 76.2319

6 0.234502 | 0.172412 | 0.314502 | 0.888916 | 0.011642 -8.79368 76.52
7 0.234502 | 0.172412 | 0.314502 | 0.813916 | 0.009107 -9.45821 | 76.1163
8 0.176064 | 0.172412 | 0.366064 | 0.762354 | 0.011644 -90.72821 | 76.0786

9 0.15 0.172412 | 0.436963 | 0.691455 | 0.018137 -10.0469 | 76.382
10 0.197979 | 0.172412 | 0.366064 | 0.762354 | 0.011543 -9.7154 76.1991
11 0.15415 | 0.172412 | 0.366064 | 0.762354 | 0.011059 -9.73421 76.117
12 | 0.176064 | 0.194326 | 0.366064 | 0.762354 | 0.011285 -9.67187 | 76.0628
13 | 0.176064 | 0.194326 | 0.3854 | 0.762354 | 0.012705 -9.58468 | 76.2416
14 0.176064 | 0.194326 | 0.346729 | 0.762354 | 0.011436 -9.75975 | 76.1472
15 0.176064 | 0.194326 | 0.366064 | 0.781689 | 0.010946 -90.50499 | 76.1728
16 | 0.176064 | 0.194326 | 0.366064 | 0.743018 | 0.015333 -9.86713 | 76.0798
17 | 0.176064 | 0.224458 | 0.366064 | 0.762354 | 0.010924 -9.59056 | 76.1094
18 | 0.184282 | 0.194326 | 0.366064 | 0.762354 | 0.010934 -9.66429 | 76.1637
19 0.167847 | 0.194326 | 0.366064 | 0.762354 | 0.011161 -9.67592 | 76.0875
20 0.176064 | 0.202544 | 0.366064 | 0.762354 0.01112 -9.64994 | 76.1369
21 | 0.176064 | 0.186108 | 0.366064 | 0.762354 | 0.011236 -9.69206 | 76.1005
22 0.176064 | 0.194326 | 0.373315 | 0.762354 | 0.011326 -9.64001 | 76.2189
23 1 0.176064 | 0.194326 | 0.358813 | 0.762354 | 0.011339 -9.70519 | 76.1565




24 | 0.176064 | 0.194326 | 0.366064 | 0.769604 | 0.011098 -0.60888 | 76.1186

25* 1 0.176064 | 0.194326 | 0.366064 | 0.755103 | 0.011515 -9.73555 | 76.0449

26 | 0.176064 | 0.194326 | 0.366064 | 0.745132 | 0.015397 -9.83267 | 76.1717

27 | 0.179146 | 0.194326 | 0.366064 | 0.755103 | 0.011568 -0.73413 | 76.0693

28 | 0.172983 | 0.194326 | 0.366064 | 0.755103 | 0.011472 -0.73701 | 76.1056

29 | 0.176064 | 0.197408 | 0.366064 | 0.755103 | 0.011466 -0.7274 | 76.1968

30* | 0.176064 | 0.191245 | 0.366064 | 0.755103 | 0.011517 -9.74321 | 76.0298

31 | 0.176064 | 0.191245 | 0.368784 | 0.755103 | 0.011584 -9.73064 | 76.1253

32 | 0.176064 | 0.191245 | 0.363345 | 0.755103 | 0.011532 -0.75549 | 76.1501

33 | 0.176064 | 0.191245 | 0.366064 | 0.757822 | 0.011487 -0.72011 | 76.1283

34 | 0.176064 | 0.191245 | 0.366064 | 0.752383 | 0.011497 -9.76627 | 76.1698

35 | 0.176064 | 0.187007 | 0.366064 | 0.755103 | 0.011558 -9.75334 | 76.2639

36 0.17722 | 0.191245 | 0.366064 | 0.755103 | 0.011531 -9.74268 | 76.1517

37* | 0.174909 | 0.191245 | 0.366064 | 0.755103 | 0.011499 -9.74378 | 76.001

38 | 0.174909 | 0.1924 | 0.366064 | 0.755103 0.0116 -0.74098 | 76.0829

39* | 0.174909 | 0.190089 | 0.366064 | 0.755103 | 0.011491 -9.74653 | 76.022

40* | 0.174909 | 0.191245 | 0.367084 | 0.755103 | 0.011505 -9.73916 | 76.0581

41 0.174909 | 0.191245 | 0.365045 | 0.755103 0.0115 -0.7484 | 76.1161

42 0.174909 | 0.191245 | 0.366064 | 0.756122 | 0.011483 -0.7351 | 76.1945

43 | 0.174909 | 0.191245 | 0.366064 | 0.754083 | 0.011524 -0.75241 | 76.1854

44 0.17332 | 0.191245 | 0.366064 | 0.755103 | 0.011473 -0.74451 | 76.2341

*: Top 5 Designs of T-Search-1

After the local optimization with the T-Search method, it was observed that there was a
slight decrease in the drag force values. At the same time, the lowest drag force value
obtained after DoE was 76.4174 N, which decreased to 76.0010 after T-Search.

The five designs with the lowest drag force value were examined, and the optimum design
was decided. The drag force values obtained in the simulations are shared in Table 6.7

from the largest to the smallest.



Table 6.18. Top 5 Designs of T-Search-1

Design Drag Force (N) Figure
DoE-1 951 76.4174
T-Search-1 40 76.0581
T-Search-1 25 76.0449
T-Search-1 30 76.0298
T-Search-1 39 76.0220
T-Search-1 37 76.0010

When the designs are examined, it is seen that they have forms that are clearly different
from DoE-951 but very similar to each other. As the previous section shared, the designs
intersect the five most optimal forms proposed after DoE.

On the other hand, it is seen that the drag forces are not much different compared to DoE-
951. This result shows that the T-Search method can optimize the targeted performance
parameter and the form. For this reason, it is crucial to benefit from the T-Search method
in the study.




6.1.3. Specifying Optimum Design-1

The optimum design was determined after the DoE and T-Search optimization results,
the details of which were shared above. Since the optimum forms obtained after T-Search
are very similar to each other and show intimate performance at the point of meeting all
design limits, it was deemed appropriate to choose the design with the least calculated
drag force as the final design. At this point, while the first optimum design was DoE-1

951, the final optimum design was chosen as T-Search-1 37.

The optimum design's hydrostatic characteristics and the drag force are compared with
the DARPA SUBOFF AFF-1 in Table 6.7 below.

Table 6.19. Comparison between DARPA SUBOFF AFF-1 and the Optimum Design-1

Design LCB Disp L (m) D (m) L/D Drag
(m) (m?®) Force (N)
DARPA SUBOFF | 2.013| 0.708 4.356 0.508 8.57 87.3168
AFF-1
Optimum Design-1 | 2.013 | 0.639 4.356 0.508 8.57 76.0010

When the table is examined, it is seen that the hydrostatic parameters have not changed
much, and the drag performance has been significantly improved. Therefore, the rates of
change of hydrostatic and hydrodynamic parameters are shared in Table 6.8 below. The
rate of change of hydrostatic parameters was calculated by Equations 6.1 and 6.2, the
change of drag performance parameter was calculated with following Equation 6.3.

(FDl - FDz)
Fp

(6.3)

AFp = 100

1



Table 6.20. Comparison of Hydrostatic and Hydrodynamic Parameters between
Optimum Design and Initial Design

Parameters Values

ALCB (%) 0.0115

ADisp (%) -9.7439
AFD(%) -12.9595

Hydrostatic parameters, longitudinal centre of buoyancy and displacement values
changed as intended. While the LCB remained almost constant, the displacement change
did not exceed 10%. On the other hand, an improvement in drag performance is observed
in the band of about 13%.

The figures from different angles are shared in Figure 6.3 below for a more accessible

examination of the Optimum Design-1 form.

b)

Figure 6.31. Optimum Design-1 a) Section View b) Isometric View



6.2. Optimization Process-2

The second optimization study aims to keep the displacement of the DARPA SUBOFF
AFF-1 model constant. For this, the form obtained after Lackenby is modified again
without entering the simulation. The steps are explained in detail to understand this

process better.
I.  After Lackenby

The displacement ratio between the form obtained after Lackenby and the DARPA
SUBOFF AFF-1 forms is calculated with the help of the following Equation 6.4.

Dispparpa (6.4)
D iSpLackenby

Ratiopg, =
i.  Scaling
The form obtained after Lackenby is scaled in all axes with the ratio calculated above. In

this way, since the LCB position is preserved, there is no need to use the Lackenby

method again. This stage is detailed in Figure 6.4, shared below.

It is scaled with the ratio of displacements in all axes

Lackenby Parametrical

S-4 S-3 S-2 §-1

Figure 6.32. Workfields of Optimization Process-2

The bounds of the design variable values and design constraints used to control the

diameters of the nose cone sections are shared in Table 6.9 and Table 6.10, respectively.



Table 6.21. Design Variables of Optimization Process-2

Design Variable Coefficient
S-1 0.15<S-1<1
S-2 0.15<S-2<1
S-3 0.15<S-3<1
S-4 0.15<S-4<1

Table 6.22. Design Constraints of Optimization Process-2

Design Constraints Objective Functions
L Increased
Diameter Increased
L/D Keep constant
LCB Keep constant
Displacement Keep constant

6.2.1. DoE-2 Results

In the first optimization process, a space covering 1000 designs was scanned in the DoE
stage, but when the top 25 forms were examined, it was seen that most of them were in

the first 500 forms, and a space of 500 designs was scanned in this process.

The Table 6.11 below shows the design variables and scaling coefficients (SC) values of
the best 20 designs obtained due to DoE being shared with the LCB and displacement

changes. These changes are calculated with the same methods as Process-1.



Table 6.23. Top 20 Designs of DoE-2

No S-1 S-2 S-3 S-4 ALCB ADisp SC Drag
(%) (%) Force (N)
439 | 0.277832 | 0.384082 | 0.556738 | 0.965137 | 0.0088 | 1.1*10° | 1.03 | 81.5106
127 | 0.159961 | 0.432227 | 0.817383 | 0.950195 | 0.0068 | 7.1*10® | 1.02 | 81.6825
103 | 0.342578 | 0.528516 | 0.780859 | 0.926953 | 0.0090 | 1.8*10*“ | 1.02 | 81.7357
047 | 0.216406 | 0.349219 | 0.375781 | 0.986719 | 0.0104 | 3.9*107 | 1.03 | 81.7552
215 | 0.299414 | 0.239648 | 0.319336 | 0.916992 | 0.0094 | 8.1*10° | 1.04 | 81.7973
399 | 0.237988 | 0.423926 | 0.755957 | 0.845605 | 0.0088 | 3.4*107 | 1.03 | 81.8078
63 | 0.169922 | 0.488672 | 0.528516 | 0.833984 | 0.0074 | 2.6*10* | 1.03 | 81.8415
383 | 0.158301 | 0.291113 | 0.516895 | 0.765918 | 0.0169 | 1.6*10° | 1.04 | 81.8712
379 | 0.374121 | 0.221387 | 0.47373 | 0.928613 | 0.0101 | 9.3*10° | 1.03 | 81.9156
238 | 0.233008 | 0.598242 | 0.651367 | 0.983398 | 0.0071 | 3.2*107 | 1.02 | 81.9184
287 | 0.194824 | 0.347559 | 0.347559 | 0.882129 | 0.0123 | 4.6*107 | 1.04 | 81.9408
455 | 0.324316 | 0.244629 | 0.404004 | 0.812402 | 0.0100 | 1.1*10° | 1.04 | 81.9944
267 | 0.420605 | 0.413965 | 0.440527 | 0.868848 | 0.0078 | 5.8*10° | 1.03 | 82.0796
443 | 0.384082 | 0.277832 | 0.875488 | 0.858887 | 0.0069 | 1.5*10° | 1.02 82.104
375 | 0.267871 | 0.540137 | 0.79248 | 0.822363 | 0.0109 | 5.8*107 | 1.02 82.186
459 | 0.430566 | 0.563379 | 0.935254 | 0.918652 | 0.0052 | 6.0*10® | 1.01 | 82.2269
171 | 0.46543 | 0.25957 | 0.697852 | 0.963477 | 0.0075 | 4.4*10° | 1.02 | 82.2606
335 | 0.25459 | 0.47373 | 0.194824 | 0.941895 | 0.0107 | 1.9*10° | 1.03 | 82.3214
418 | 0.410645 | 0.729395 | 0.742676 | 0.938574 | 0.0060 | 3.5%107 | 1.02 | 82.3469
6 0.25625 | 0.68125 | 0.89375 | 0.89375 | 0.0073 | 2.1*107 | 1.02 | 82.3753

When the results are examined in terms of displacement and LCB, it is seen that both

remain almost constant.




In this process, Pareto parameter sensitivity analyzes were made, and the effect of form
change on the drag force value was examined. The Figure 6.5, shared below, shows the

Pareto analysis results of the top 50 designs detailed above.
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Figure 6.33. Pareto Analyses of DoE-2 a) S-1 b) S-2 ¢) S-3d) S-4

When the graphs are examined, it is observed that the S-1 value varies between 0.15-0.55,
the S-2 value varies between 0.15-0.75, and the S-4 value varies between 0.75-1. At the

same time, there is no specific range for S-3 in the most optimal designs.

In the optimum design, S-1, S-2, and S-3 may have values close to each other, just as in

Process-1, S-4 will necessarily have a more excellent value than them.

In Table 6.12 below, the visuals of the five designs and the first design that creates the
lowest drag force obtained from DoE are shared with the drag force values obtained in
the simulations.



Table 6.24. Top 5 Designs of DoE-2

Design Drag Force Figure
(N)
SUBOFF 87.3168
AFF-1

DOE-2 215 81.7973 _<-
DoE-2 47 81.7552 ,‘_
DOE-2 103 81.7357 B <-
DoE-2 127 81.6825 _‘_-
DOE-2 439 81,5106 B ‘_’

When the designs are examined, it is seen that they are different from each other, just like

in DoE-1, but the drag force values are very close. For this reason, at this stage, one of

these five designs can be chosen as the starting point of the T-Search method.

6.2.2. T-Search-2 Results

While choosing the initial design for the T-Search method, the experience gained in
Optimization Process-1 was used. As a result, it was seen that the optimum form obtained
after T-Search in that process was the intersection of the first five optimum forms

obtained after DoE. In this way, it was ensured that the method works efficiently.

In order to increase the reliability of the method, two different T-Searchs were run,
starting with DoE-2 103, DoE-2 215 and DoE-2 439. The processes that started with DoE-
2 215,103 and 439 reached almost the same optimum form by scanning 57, 32 and 46
new designs, respectively.For this reason, the result will not change no matter what form

is given to the T-Search method.

In this way, it has been proven that the result of the T-Search method is independent of

the initial form, and the results of the optimization started with DoE-2 103 are shared.



On the other hand, since the T-Search method will repeat the parameter sensitivity

analysis within itself, the design variable values have not been changed.

The T-Search method has found the most optimum form by scanning additional 32
designs, and in Table 6.13 shared below, the design variable values of all scanned designs
are shared with LCB and displacement changes. The change in LCB and displacement

values was calculated by Equations 6.1 and 6.2 resprectively.

Table 6.25. Results of T-Search-2
No S-1 S-2 S-3 S-4 ALCB | ADisp SC Drag
(%) (%) Force (N)

0 | 0.342578 | 0.528516 | 0.780859 | 0.926953 | 0.0090 | 1.8*10“ | 1.02 | 81.7357

1* | 0.385078 | 0.528516 | 0.780859 | 0.926953 | 0.0073 | 1.3*10° | 1.02 | 81.4955

2 |0.385078 | 0.571016 | 0.780859 | 0.926953 | 0.0084 | 1.3*10° | 1.02 | 81.4268

3 |0.385078 | 0.571016 | 0.823359 | 0.926953 | 0.0063 | 2.5*107 | 1.02 | 81.9662

4 | 0.385078 | 0.571016 | 0.738359 | 0.926953 | 0.0094 | 4.6*107 | 1.03 | 81.8460

5 |0.385078 | 0.571016 | 0.780859 | 0.969453 | 0.0066 | 1.1*10“ | 1.02 | 81.9690

6 | 0.385078 | 0.571016 | 0.780859 | 0.884453 | 0.0090 | 4.2*107 | 1.03 | 81.9661

7 | 0.443515 | 0.629453 | 0.780859 | 0.926953 | 0.0083 | 4.4*107 | 1.02 | 82.1849

8 | 0.401015 | 0.571016 | 0.780859 | 0.926953 | 0.0091 | 2.2*107 | 1.02 | 80.9654

9* | 0.36914 | 0.571016 | 0.780859 | 0.926953 | 0.0083 | 3.5%107 | 1.02 | 80.1686

10 | 0.36914 | 0.586954 | 0.780859 | 0.926953 | 0.0086 | 3.1*10° | 1.02 | 81.9365

11 | 0.36914 | 0.555078 | 0.780859 | 0.926953 | 0.0089 | 2.7*107 | 1.02 | 81.8857

12 | 0.36914 | 0.571016 | 0.796797 | 0.926953 | 0.0082 | 7.5*107 | 1.02 | 81.9605

13 | 0.36914 | 0.571016 | 0.764921 | 0.926953 | 0.0090 | 2.3*10*“ | 1.02 | 81.9036

14 | 0.36914 | 0.571016 | 0.780859 | 0.942891 | 0.0082 | 2.8*107 | 1.02 | 81.8815

15* | 0.36914 | 0.571016 | 0.780859 | 0.911015 | 0.0085 | 2.4*107 | 1.02 | 80.8034

16 | 0.347226 | 0.571016 | 0.780859 | 0.926953 | 0.0091 | 1.1*10° | 1.02 | 81.8588

17 | 0.375117 | 0.571016 | 0.780859 | 0.926953 | 0.0083 | 3.5*107 | 1.02 | 81.9281

18 | 0.363164 | 0.571016 | 0.780859 | 0.926953 | 0.0091 | 1.9*10° | 1.02 | 81.9397




20 | 0.36914 | 0.565039 | 0.780859 | 0.926953 | 0.0084 | 4.3*10" | 1.02 | 81.8497
21 | 0.36914 | 0.571016 | 0.786836 | 0.926953 | 0.0082 | 4.6*10" | 1.02 | 81.8394
22 | 0.36914 | 0.571016 | 0.774882 | 0.926953 | 0.0083 | 4.5*107 | 1.02 | 81.8396
23* | 0.36914 | 0.571016 | 0.780859 | 0.93293 | 0.0080 | 4.2*10" | 1.02 | 81.1203
24 | 0.36914 | 0.571016 | 0.780859 | 0.920976 | 0.0083 | 4.5*107 | 1.02 | 81.8887
25 | 0.371382 | 0.571016 | 0.780859 | 0.926953 | 0.0083 | 4.4*10" | 1.02 | 81.8462
26 | 0.366899 | 0.571016 | 0.780859 | 0.926953 | 0.0083 | 4.2*10" | 1.02 | 81.8530
27 | 0.36914 | 0.573257 | 0.780859 | 0.926953 | 0.0082 | 3.2*107 | 1.02 | 81.8608
28 | 0.36914 | 0.568775 | 0.780859 | 0.926953 | 0.0083 | 3.8*107 | 1.02 | 81.6339
29 | 0.36914 | 0.571016 | 0.7831 | 0.926953 | 0.0083 | 4.3*107 | 1.02 | 81.8376
30 | 0.36914 | 0.571016 | 0.778618 | 0.926953 | 0.0083 | 6.0*10" | 1.02 | 81.8421
31 | 0.36914 | 0.571016 | 0.780859 | 0.929194 | 0.0083 | 2.2*10" | 1.02 | 81.8473
32* | 0.36914 | 0.571016 | 0.780859 | 0.924712 | 0.0083 | 4.1*107 | 1.02 | 80.8030

*: Top 5 Designs of T-Search-2

After the local optimization with the T-Search method, it was observed that there was a
slight decrease in the drag force values. While the lowest drag force value obtained after
DoE was 81.5106 N, this value decreased to 80.1686 after T-Search. Compared to the

Optimization Process-1, more improvements have been made at this stage.

The five designs with the lowest drag force value were examined, and the optimum design

was decided. The drag force values obtained in the simulations are shared in Table 6.14

from the largest to the smallest.




Table 6.26. Top 5 Designs of T-Search-2

Design Drag Force Figure

(N)

DoE-2 103 81.7357

T-Search-2 1 81.4955

T-Search-2 23 81.1203

T-Search-2 15 80.8034

T-Search-2 32 80.8030

— N >

T-Search-2 9 80.1686

When the forms are examined, it is seen that they are very similar to each other. This is
an indication that very delicate work has been done. Therefore, the optimum five designs
obtained after T-Search-2 are candidates for being the most optimal design.

6.2.3. Specifying Optimum Design-2

The optimum form was determined after the DoE and T-Search optimization results, the
details of which were shared above. All suggested optimum forms are very similar to each
other. Therefore, T-Search-2 9 form, which has the lowest drag force, was chosen as the

optimum form since it provides the other design limits at almost the same rates.

Table 6.15 below compares the hydrostatic properties and drag forces of the optimum
form with the DARPA SUBOFF AFF-1.



Table 6.27. Comparison between DARPA SUBOFF AFF-1 and the Optimum Design-2

Design LCB Disp L (m) | Diameter L/D Drag
(m) (m3) (m) Force (N)
DARPA SUBOFF | 2.013 | 0.708 4.356 0.508 8.57 87.3168
AFF-1
Optimum Design- | 2.013 | 0.708 4.460 0.520 8.57 80.1686
2

When the table is examined, it is seen that LCB, displacement, and L/D parameters remain
constant. Therefore, the target design limits for this process have been successfully
achieved.

However, the drag force has not been reduced as much as the Optimization Process-1.
Therefore, the rates of change of hydrostatic and hydrodynamic parameters are shared in
Table 6.16 below. The rate of change of hydrostatic parameters was calculated with
Equations 6.1 and 6.2, the change of drag force parameters was calculated with Equation
6.3.

Table 6.28. Comparison of Hydrostatic and Hydrodynamic Parameters between
DARPA SUBOFF AFF-1 and the Optimum Design-2

Parameters Values

ALCB (%) 0.0083

ADisp (%) 3.52*10-7
AFD(%) -8.1867

While the LCB and displacement remain nearly the same, the drag force is decreased by
about 8 percent, much less than the Optimization Process-1.

Figures from different angles are shared in Figure 6.6 below for a more accessible

examination of the Optimum Design-2 form.



b)

Figure 6.34. Optimum Design-2 a) Section View b) Isometric View

6.3. Optimization Process-3

The third optimization process aims to decrease the drag force of the DARPA SUBOFF
AFF-1 by reducing its length and increasing its diameter. The four forms described in the

diagram shared in Figure 6.7 will be used until the final form is obtained.



Figure 6.35. The Forms Derived in Optimization Process-3

In this process, while the nose cone is changed like in other processes, the stages of
obtaining the optimum form differ. Nevertheless, the general summary of the process is
shared in Figure 6.8.

It is scaled in length and diameter axes with different ratios

Lackenby Parametrical

S-4 S3 S2 51

Figure 6.36. Workfields of Optimization Process-3
The bounds of the design variable values and design constraints used to control the

diameters of the nose cone sections are shared in Table 6.17 and Table 6.18, respectively.



Table 6.29. Design Variables of Optimization Process-3

Design Variable Coefficient
S-1 0.15<S-1<1
S-2 0.15<S-2<1
S-3 0.15<S-3<1
S-4 0.15<S-4<1
DV5 7<DV5<8.5

Table 6.30. Design Constraints of Optimization Process-3

Design Constraints

Objective Functions

L Decreased

Diameter Increased

L/D Decreased
LCB Keep constant

Displacement

Can change +5%

Since this process is more complex than the others, it is explained step by step through

an example process for proper understanding.
I.  Changing the nose cone form and L/D ratio:

This step is the same as the other processes. Form-2 is obtained by making changes to
Form-1. The following content will give the lower and upper limits of the design variables

in which the nose cone is controlled.

At this point, Form-2, chosen as an example, was created with the parameters in Table
6.19, and the design is shared in Figure 6.9.



Table 6.31. Design Variables of Sample Form-2

Design
Variables | i otficients
= 0.3
55 05
53 038
S-4 0.9

Figure 6.37. Sample Form-2

ii.  Changing the L/D ratio of Form-2

It has been shared in the previous sections that the L/D ratio of the DARPA SUBOFF
AFF-1 model is 8.57. In this process, a displacement difference will occur as the length
of the submarine is reduced. This displacement difference will be tried to be eliminated
by increasing the diameter. At this point, the L/D ratio of the submarine is assigned as a
design variable, as are the cross sections of the nose cone. Therefore, the L/D ratio will
decrease due to the decrease in the height of the design. However, the optimum L/D range

has been investigated to determine how much it will reduce.

At this point, the study prepared by Moonesun et al. by comparing the drag forces of
submarine hulls with different L/D ratios was examined, and it was learned that this range
is between 7-10 [85].

The L/D ratio, which CAESES automatically changes, obtains Form-3 by changing the

geometry with a few parameters.

Firstly, Form-3 is considered a cylinder with the same volume but different diameter and
length, as shared in Figure 6.10. The length and diameter, in this case, are calculated with

the following method.



LCylinder

i D Cylinder

<dlEE | -

LForm—3

Figure 6.38. A Cylinder Created for Dimension Calculation for Form-3

Displacementpyrm—1 = Displacementcyinger (6.5)
) Deytinder” (6.6)
Displacementcyinger = T % Leytinger
Leyii 6.7
DZJ/lll'nc;er = The fifth design variable of this process (DV5) 67)
ylinder
Do _ LCylinder (68)
Cylinder — DV5
. Leyiina 2 (6.9)
Displacementcyinger = T ﬁ%ﬂindw
1 6.10
Displacementcyimger4(DV5%)\3 (6.10)
LCylinder = T

Lcyiinger aNd Deyiinger are calculated by performing these calculations again for each
changed L/D ratio. However, there is much difference between the cylinder and
submarine form, which may reduce the performance of the Lackenby method to keep the
displacement difference within the desired range in the next step. For this reason, an
additional coefficient was initially calculated for DARPA SUBOFF AFF-1 (Cp;sp), and
the calculated cylinder length value for each derived form was multiplied by this

coefficient.

LForm—l (6.11)
Cpisp = = 1.081
bisp LCylinder (Form-1)

Lrorm-3 = CDispLCylinder (6.12)



Drorm-3 = CDispDCylinder (6.13)

For Form-2, chosen as an example, when the L/D ratio is changed to 8, the parameters

shared in Table 6.20 are reached.

Table 6.32. The parameters of Form-2

LCylinder DCylinder LForm—3 DForm—3

3.864m 0.483m 4.177m 0.522 m

ii.  Scaling
After calculating the length and diameter of Form-3, the coefficients required to scale

Form-2 are summed to obtain this form.

C _ LForm—3 (6'13)
Length — LForm—l
_ DForm—3 (6-14)
CDL’ameter - DF R
orm-—

The calculated length and diameter coefficients for Form-2, shared in Figure 6.9, are

0.959 and 1.028, respectively, and the resulting Form-3 is shared in Figure 6.11.

Figure 6.39. Sample Form-3

iv.  Lackenby

As in the other processes, the final geometry was obtained by working on Form-3 with
the Lackenby method. There is no change in the Lackenby procedure, and the Form-3

shared above is transformed into Form-4 Figure 6.12 after Lackenby.



Figure 6.40. Sample Form-4

To see the process's effect, the hydrostatic properties of all forms are shared in Table 6.21.

Table 6.33. Comparison of Hydrostatic Properties of Sample Forms

Design LCB Disp L (m) | Diameter L/D
(m) (md) (m)
Form-1 (DARPA | 2.013 0.708 4.356 0.508 8.57

SUBOFF AFF-1)

Form-2 2.074 0.6871 4.356 0.508 8.57
Form-3 2.042 0.6918 4.177 0.522 8
Form-4 2.013 0.6986 4.177 0.522 8

6.3.1. DoE-3 Results

In this process, a space of 250 designs is created at the DoE stage. In Table 6.22, shared
below, the drag forces, design variables and L/D values of the best 20 designs obtained
as a result of DoE are shared with LCB and displacement changes. These changes are

calculated with the same methods as Process-1.



Table 6.34. Top 20 Designs of DoE-3

No S-1 S-2 S-3 S-4 DV5 | ALCB | ADisp Drag
(%) (%) | Force (N)

24 | 0.367188 | 0.367188 | 0.648438 | 0.882812 | 7.88281 | -0.019 | -3.37 80.3925

48 | 0.308594 | 0.425781 | 0.449219 | 0.988281 | 7.98828 | -0.021 | -3.42 80.7166

68 | 0.548828 | 0.267578 | 0.865234 | 0.947266 | 7.87695 | -0.005 | -0.88 | 81.5459

8 | 0.390625 | 0.484375 | 0.484375 | 0.765625 | 7.67188 | -0.023 | -5.15 | 82.8564

30 | 0.648438 | 0.273438 | 0.929688 | 0.789062 | 7.97656 | -0.015 | -2.34 83.4322

14 | 0.671875 | 0.578125 | 0.390625 | 0.859375 | 7.76562 | -0.016 | -3.74 83.5057

80 | 0.337891 | 0.337891 | 0.748047 | 0.736328 | 7.61914 | -0.008 | -4.07 | 83.7909

91 | 0.572266 | 0.666016 | 0.794922 | 0.876953 | 7.75977 | 0.018 | -0.66 | 83.9440

47 | 0.332031 | 0.777344 | 0.378906 | 0.824219 | 7.63672 | -0.002 | -3.34 84.1566

36 | 0.566406 | 0.355469 | 0.425781 | 0.777344 | 7.49609 | -0.007 | -5.24 84.3091

32 | 0.285156 | 0.449219 | 0.707031 | 0.683594 | 7.77734 | -0.026 | -4.93 84.3122

7 | 0.34375 | 0.71875 | 0.90625 | 0.90625 | 7.71875| 0.035 | -2.40 84.6472

28 | 0.460938 | 0.460938 | 0.367188 | 0.976562 | 7.41406 | 0.050 | -1.70 | 85.2608

64 | 0.267578 | 0.548828 | 0.583984 | 0.853516 | 7.4082 | 0.060 | -1.15 85.5372

82 | 0.900391 | 0.525391 | 0.560547 | 0.923828 | 7.80664 | -0.001 | -1.30 85.5747

34 | 0.847656 | 0.261719 | 0.519531 | 0.871094 | 7.58984 | 0.001 | -3.51 85.6081

57 | 0.730469 | 0.941406 | 0.683594 | 0.847656 | 7.94141 | 0.007 | -1.26 86.2141

54 | 0.777344 | 0.332031 | 0.355469 | 0.707031 | 7.89453 | -0.041 | -7.03 | 86.2720

75 | 0.595703 | 0.970703 | 0.537109 | 0.806641 | 7.92383 | -0.003 | -0.79 86.3346

17 | 0.695312 | 0.976562 | 0.507812 | 0.929688 | 7.83594 | 0.015 | -1.15 86.5900

A result not seen in previous processes is examined when the table is scanned. While the
drag performance of all the first 25 designs is better than the first form in other processes,
there are those with worse performance than the first form among the first 25 designs.



This indicates that the design space should be at least 250. Suppose a multi-purpose
optimization study was carried out. In that case, the DoE study of this process could be
repeated, but the T-Search method used from now on will eliminate this situation by
scanning more designs. Although the results lag behind Optimization Process-1 in terms
of drag performance, the fact that the displacement has changed very little indicates that

this process will bring a different perspective.

Since there are forms with worse performance than the first form in the first 50 designs,

the Pareto analyses to be made in this process were made for the first 20 designs and the
graphics are shared in Figure 6.13.
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Figure 6.41. Pareto Analyses of DoE-3 a) S-1 b) S-2 ¢) S-3d) S-4e) DV5



When the graphs are examined, it is observed that the S-1 value varies between 0.25-0.65,
the S-2 value varies between 0.25-0.75, the S-3 value varies between 0.35-0.75, and the
S-4 value varies between 0.75-1 in the most optimal designs.

In optimum design, as in other processes, S-1, S-2, and S-3 may have values close to each

other, but S-4 will necessarily have a more excellent value than them.

It is seen that the value of the DV5 variable controlling the L/D ratio is at least 7.5, and

the drag force decreases as it approaches 8.

In Table 6.23 below, the visuals of the five designs that create the lowest drag force
obtained from DoE and the first design are shared together with the resistive force values

obtained in the simulations.

Table 6.35. Top 5 Designs of DoE-3

Design Drag Force (N) Figure
SUBOFF 87.3168
AFF-1

When the designs and parameters are examined, it is seen that the drag forces are not very
close to each other, unlike other processes. DoE-3 24 and DoE-3 48 have better
performance than other designs. When these two designs are examined among
themselves, it is seen that the parameters are almost the same in terms of hydrodynamics
and hydrostatics. For this reason, the DoE-3 24 design with the best performance was
chosen as the initial design for T-Search-3.



6.3.2. T-Search-3 Results

Due to scanning a smaller space compared to other processes, DoE-3 could not give as
accurate results as other processes. For this reason, T-Search-3 took longer than other

processes to scan a space of 97 designs.

All designs scanned in the T-Search stage in other processes were shared, but as more

designs were reviewed, the results of the top 10 designs were shared in Table 6.24.

Table 6.36. Top 10 Designs of T-Search-3
No S-1 S-2 S-3 S-4 DV5 ALCB | ADisp Drag
(%0) (%) | Force (N)

23 | 0.330631 | 0.249757 | 0.390992 | 0.882812 | 7.91937 | -0.035 | -5.88 79.467

16 | 0.330631 | 0.249757 | 0.390992 | 0.882812 | 7.88281 | -0.036 | -5.89 | 79.5467

19 | 0.330631 | 0.249757 | 0.427549 | 0.882812 | 7.88281 | -0.034 | -5.66 79.5785

62 | 0.25011 | 0.282813 | 0.601562 | 0.867188 | 8.09375 | -0.024 | -4.48 79.5825

44 | 0.282813 | 0.320313 | 0.639062 | 0.867188 | 8.09375 | -0.022 | -4.01 79.6197

71 | 0.320313 | 0.282813 | 0.601562 | 0.867188 | 8.09375 | -0.024 | -4.41 79.632

56 | 0.282813 | 0.320313 | 0.639062 | 0.904688 | 8.14375 | -0.019 | -3.51 | 79.6574

83 | 0.282813 | 0.320313 | 0.601562 | 0.867188 | 8.09375 | -0.023 | -4.28 79.6759

35 | 0.282813 | 0.320313 | 0.639062 | 0.904688 | 8.09375 | -0.021 | -3.54 79.7754

47 | 0.282813 | 0.371875 | 0.690625 | 0.95625 | 8.2125 | -0.014 | -2.21 | 80.3142

After the local optimization with the T-Search method, it was observed that there was a
slight decrease in the drag force values. While the lowest drag force value obtained after
DoE was 80.3925 N, this value decreased to 79.467 N after T-Search. This decrease is
more significant than that achieved in the T-Search phase in the two previous optimization

processes.

The five designs with the lowest drag force value were examined, and the optimum design
was decided. The drag obtained in the simulations is shared in Table 6.25 with the force

values from the largest to the smallest.



Table 6.37. Top 5 Designs of T-Search-3
Design Drag Force (N) Figure

T-Search-3 62 79.5825

T-Search-3 19 79.5785 - —>

When the forms are examined, it is seen that there is a different result from the T-Search

studies carried out in the previous processes. While in other processes, the forms are
pretty similar to each other, and the forms are visibly different in this process. Since their
drag forces are very close to each other, all five designs are candidates for being the most

optimum design.
6.3.3. Specifying Optimum Design-3

The optimum form was determined after the DoE and T-Search optimization results, the
details of which were shared above. The fact that the proposed forms are visibly different

indicates that the design limits defined in this process may differ for each design.

When Table 6.24 is examined, the displacement differences of T-Search-3 23,16 and 19
designs with DARPA SUBOFF AFF-1 are over five percent.

The LCB rate of change is very close in all designs. For this reason, the displacement
difference is less than five percent and T-Search-3 62 design with the best drag

performance was chosen as the most optimum form.

Table 6.26 below compares the hydrostatic properties and the drag forces of the optimum
form with the DARPA SUBOFF AFF-1.



Table 6.38. Comparison between DARPA SUBOFF AFF-1 and the Optimum Design-3

Design LCB (m) Disp L (m) | Diameter L/D Drag
(md) (m) Force (N)
DARPA 2.013 0.708 4.356 0.508 8.57 87.3168
SUBOFF
AFF-1
Optimum 2.013 0.676 4.192 0.536 7.82 79.5825
Design-3

When the table is examined, it is seen that the volume changes little while the LCB

remains constant.

The drag performance is improved less than Optimization Process-1 but more than
Optimization Process-2. The rates of change of hydrostatic and hydrodynamic parameters
are shared in Table 6.27 below. The rate of change of hydrostatic parameters was
calculated with Equations 6.1 and 6.2, the change of the drag force parameters was
calculated with Equation 6.3.

Table 6.39. Comparison of Hydrostatic and Hydrodynamic Parameters between
Optimum Design-3 and DARPA SUBOFF AFF-1

Parameters Values
ALCB (%) -0.0239
ADisp (%) -4.4834

AFD(%) -8.8579

While the hydrostatic parameters and longitudinal centre of buoyancy remained almost
constant, the displacement variation did not exceed 5%. On the other hand, an
improvement in drag performance is observed in the band of about 9%. Images from
different angles are shared in Figure 6.14 below for a more accessible examination of the

Optimum Design-3 form.



b)

Figure 6.42: Optimum Design-3 a) Section View b) Isometric View

6.4. Optimization Process-4

The fourth and final optimization process is the same as the Optimization Process-3.
However, in this process, the length of the submarine is extended, and the diameter is
kept constant. Therefore, while the L/D ratio was decreased in the previous process, it
was increased in this process. Since the diameter is kept constant in this process, the
length of Form-3 can be calculated directly at each L/D ratio that is changed. Therefore,
there is no need to perform extended operations as in Optimization Process-3 to reach the
CLengtn CO€fficient. Instead, form-3 is obtained by scaling Form-2 along the length axis
with this coefficient, which is calculated by dividing the length of Form-3 by the length
of Form-1, and then the Lackenby method generates Form-4.

The Figure 6.15, shared below, shows the working areas of this process.



It is scaled in only length axis with Ciepgp coefficient

Lackenby

Parametrical

S-4 S3 S-2 §-1

Figure 6.43. Workfields of Optimization Process-4

The bounds of the design variable values and design constraints used to control the

diameters of the nose cone sections are shared in Table 6.28 and Table 6.29, respectively.

Table 6.40. Design Variables of Optimization Process-3

Design Variable Coefficient
S-1 0.15<S-1<1
S-2 0.15<S-2<1
S-3 0.15<S-3<1
S-4 0.15<S-4<1
DV5 8.5<DV5<10

Table 6.41. Design Constraints of Optimization Process-4

Design Constraints

Objective Functions

L Increased
Diameter Keep constant
L/D Increased

LCB Keep constant

Displacement

Can change +5%




6.4.1. DoE-4 Results

In line with the experience gained in previous processes, it is known that the space to be

scanned at the DoE stage should contain at least 250 designs.

DoE studies can be completed by performing multiple simulations simultaneously
according to the computational power. However, the T-Search method DoEs not allow
this as it changes the design according to the simulation result. Therefore, optimization
work gains great speed when an ample design space is scanned by performing multiple

simulations simultaneously in the DoE phase.

For this reason, a design space containing 500 designs was scanned in this process, just
like Process-2. In Table 6.30, shared below, the drag forces, design variables and L/D
values of the best 20 designs obtained as a result of DoE are shared with LCB and
displacement changes. These changes are calculated with the same methods as other

processes.

When the table is examined, it is seen that the displacement and LCB changes are as
targeted, and the drag forces have decreased. Therefore, the drag performance
improvement is the second best among the four processes.

A more detailed analysis has been done with Pareto analyses for the top 20 designs shared
in Figure 6.16.



Table 6.42. Top 20 Designs of DoE-4

No S-1 S-2 S-3 S-4 DV5 ALCB | ADisp Drag
(%) (%) | Force (N)
127 | 0.159961 | 0.432227 | 0.817383 | 0.950195 | 8.77913 | 0.010 | -4.57 79.277
23 | 0.282813 | 0.282813 | 0.601562 | 0.867188 | 8.96372 | 0.023 | -4.74 | 79.2947
103 | 0.342578 | 0.528516 | 0.780859 | 0.926953 | 8.769 | 0.009 | -4.59 | 79.3031
238 | 0.233008 | 0.598242 | 0.651367 | 0.983398 | 8.77603 | 0.009 | -4.57 | 79.3667
63 | 0.169922 | 0.488672 | 0.528516 | 0.833984 | 8.96907 | 0.023 | -4.75 79.6227
6 | 0.25625 | 0.68125 | 0.89375 | 0.89375 | 8.69007 | 0.005 | -4.48 79.6556
47 | 0.216406 | 0.349219 | 0.375781 | 0.986719 | 8.95934 | 0.023 | -4.70 79.765
160 | 0.624805 | 0.631445 | 0.857227 | 0.910352 | 8.67649 | 0.005 | -4.47 79.8922
51 | 0.535156 | 0.455469 | 0.907031 | 0.880469 | 8.74852 | 0.008 | -4.55 79.9367
215 | 0.299414 | 0.239648 | 0.319336 | 0.916992 | 9.04214 | 0.030 | -4.75 79.9538
114 | 0.422266 | 0.661328 | 0.541797 | 0.953516 | 8.81064 | 0.012 | -4.62 79.9616
90 | 0.515234 | 0.621484 | 0.767578 | 0.860547 | 8.77421 | 0.010 | -4.62 79.989
267 | 0.420605 | 0.413965 | 0.440527 | 0.868848 | 8.98279 | 0.024 | -4.74 | 80.0109
171 | 0.46543 | 0.25957 | 0.697852 | 0.963477 | 8.85157 | 0.014 | -4.63 80.0418
291 | 0.513574 | 0.453809 | 0.666309 | 0.988379 | 8.78703 | 0.010 | -4.59 80.0446
219 | 0.405664 | 0.558398 | 0.638086 | 0.810742 | 8.8998 | 0.019 | -4.74 80.0839
198 | 0.272852 | 0.638086 | 0.452148 | 0.89043 | 8.91382 | 0.019 | -4.70 | 80.1229
263 | 0.314355 | 0.307715 | 0.971777 | 0.975098 | 8.71241 | 0.006 | -4.47 80.2145
131 | 0.478711 | 0.325977 | 0.498633 | 0.843945 | 8.99426 | 0.026 | -4.75 80.3083
178 | 0.438867 | 0.711133 | 0.830664 | 0.830664 | 8.7391 | 0.008 | -4.56 80.3969
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Figure 6.44. Pareto Analyses of DoE-4 a) S-1 b) S-2 ¢) S-3d) S-4e) DV5

When the graphs are examined, it has been observed that the S-1 value varies between
0.15-0.75, the S-2 value between 0.15-0.75, and the S-4 value between 0.75-1 in the most

optimal designs. At the same time, there is no specific range for S-3 in the most optimal

designs.

In optimum design, as in other processes, S-1, S-2, and S-3 may have values close to each

other, but S-4 will necessarily have a more excellent value than them.

It is seen that the value of the DV5 variable controlling the L/D ratio is at least 8.6, and

the drag force decreases as it approaches 9.



Table 6.31 below shows the visuals of the five designs that create the lowest resistive
force obtained from DoE, and the first design is shared with the drag force values obtained

in the simulations.

Table 6.43. Top 5 Designs of DoE-4

Design Drag Force (N) Figure
SUBOFF AFF-1 873168

When the designs and parameters are examined, it is seen that the drag forces are very
close to each other. However, Table 6.29 shows that the +5% variable target for

displacement is close to the limit for all.

There is no problem with being close to the limit at this stage. However, designs that are
far from the lowest values of the S-1 and S-2 parameters, especially those that adhere to
this evaluation, may deviate from the displacement target if used as a starting form for T-

Search.

For this reason, the fact that the DoE-4 127 design has a coefficient of 0.159961 for S-1
indicates that this design may deviate less from the displacement target in the T-Search

stage compared to the others.

To explain in more detail, when the S-1 and S-2 values of the DoE-4 103 design are
examined, it is seen that they are 0.342578 and 0.528516, respectively. Therefore, if this
design is used as the initial form in the T-Search method, these values may approach 0.15

and cause deviation from the displacement target, which is already at the limit.



6.4.2. T-Search-4 Results

As can be understood from the detailed explanations made in the previous section, the
DoE-4 127 design was chosen as the initial form of T-Search-4. No changes were made
in the design variable ranges, and the T-Search method scanned an additional 32 designs
and derived the most optimal form.

T-Search-4 results are shared in Table 6.32 shared below.

Table 6.44. Results of T-Search-4
No S-1 S-2 S-3 S-4 DV5 ALCB | ADisp Drag
(%0) (%) | Force (N)

0 | 0.159961 | 0.432227 | 0.817383 | 0.950195 | 8.77913 | 0.010 | -4.57 79.277

1 |0.202461 | 0.432227 | 0.817383 | 0.950195 | 8.77586 | 0.009 | -4.57 | 79.3645

2 0.15 0.432227 | 0.817383 | 0.950195 | 8.77942 | 0.010 | -4.58 79.341

3 ]0.159961 | 0.474727 | 0.817383 | 0.950195 | 8.76555 | 0.009 | -4.58 | 79.2567

4 | 0.159961 | 0.474727 | 0.859883 | 0.950195 | 8.74505 | 0.008 | -4.55 79.3007

5* 10.159961 | 0.474727 | 0.774883 | 0.950195 | 8.786 0.010 | -4.62 78.5201

6 | 0.159961 | 0.474727 | 0.774883 | 0.992695 | 8.75463 | 0.008 | -4.54 79.3847

7 10.159961 | 0.474727 | 0.774883 | 0.907695 | 8.81696 | 0.013 | -4.66 79.1901

8 ]0.159961 | 0.533164 | 0.716446 | 0.950195 | 8.79589 | 0.010 | -4.59 79.2216

9 ]0.175898 | 0.474727 | 0.774883 | 0.950195 | 8.78498 | 0.010 | -4.59 | 79.1797

10 0.15 0.474727 | 0.774883 | 0.950195 | 8.78707 | 0.010 | -4.60 79.1987

11 | 0.159961 | 0.490664 | 0.774883 | 0.950195 | 8.78123 | 0.010 | -4.60 79.218

12 | 0.159961 | 0.458789 | 0.774883 | 0.950195 | 8.79099 | 0.010 | -4.60 | 79.2175

13 | 0.159961 | 0.474727 | 0.790821 | 0.950195 | 8.77827 | 0.010 | -4.60 79.237

14* | 0.159961 | 0.474727 | 0.758945 | 0.950195 | 8.79373 | 0.011 | -4.64 79.1674

15 | 0.159961 | 0.474727 | 0.774883 | 0.966133 | 8.77442 | 0.009 | -4.58 79.296

16 | 0.159961 | 0.474727 | 0.774883 | 0.934257 | 8.79781 | 0.011 | -4.63 79.2775

17 | 0.165938 | 0.474727 | 0.774883 | 0.950195 | 8.78585 | 0.010 | -4.61 79.2069

18* | 0.153984 | 0.474727 | 0.774883 | 0.950195 | 8.78652 | 0.010 | -4.60 | 79.1598




19 | 0.159961 | 0.480704 | 0.774883 | 0.950195 | 8.78424 | 0.010 | -4.60 | 79.3226

20 | 0.159961 | 0.46875 | 0.774883 | 0.950195 | 8.78813 | 0.010 | -4.61 79.2122

21 | 0.159961 | 0.474727 | 0.78086 | 0.950195 | 8.78345 | 0.010 | -4.61 79.1806

22 | 0.159961 | 0.474727 | 0.768906 | 0.950195 | 8.78883 | 0.010 | -4.60 | 79.2936

23 | 0.159961 | 0.474727 | 0.774883 | 0.956172 | 8.78177 | 0.010 | -4.61 79.1697

24* |1 0.159961 | 0.474727 | 0.774883 | 0.944218 | 8.79237 | 0.011 | -4.59 79.0474

25 | 0.162202 | 0.474727 | 0.774883 | 0.950195 | 8.78878 | 0.010 | -4.58 79.2698

26 | 0.15772 | 0.474727 | 0.774883 | 0.950195 | 8.78643 | 0.010 | -4.61 | 79.2221

27 | 0.159961 | 0.476968 | 0.774883 | 0.950195 | 8.78544 | 0.010 | -4.60 | 79.2488

28 | 0.159961 | 0.472486 | 0.774883 | 0.950195 | 8.7869 | 0.010 | -4.61 | 79.1953

29 | 0.159961 | 0.474727 | 0.777124 | 0.950195 | 8.78515 | 0.010 | -4.61 79.1893

30 | 0.159961 | 0.474727 | 0.772642 | 0.950195 | 8.78716 | 0.010 | -4.60 79.2277

31* | 0.159961 | 0.474727 | 0.774883 | 0.952436 | 8.78446 | 0.010 | -4.61 78.8404

32 | 0.159961 | 0.474727 | 0.774883 | 0.947954 | 8.78775 | 0.010 | -4.57 79.2551

*: Top 5 Designs of T-Search-2

After the local optimization with the T-Search method, it was observed that there was a
slight decrease in the drag force values. While the lowest drag force value obtained after
DoE was 79.277 N, this value decreased to 78.5201 after T-Search. Compared to

Optimization Process-2 and 3, more improvements have been made at this stage.

The optimum design was decided by examining five designs with the lowest drag force
value. In Table 6.33 below, the visuals of the five designs that create the lowest drag force
obtained as a result of this method and the optimum design obtained after DoE are shared

from largest to smallest, together with the drag force values obtained in the simulations.



Table 6.45. Top 5 Designs of T-Search-4

Design Drag Force (N) Figure
DoE-3 24 79.2770 -
T-Search-4 14 79.1674 -
T-Search-4 18 79.1598 -
T-Search-4 24 79.0474 -
T-Search-4 31 78.8404 -
T-Search-4 5 78.5201 -

When the design variable values shared in Table 6.32 are examined, it is seen that they
rarely change. For this reason, the forms shared in Table 6.33 are almost identical. For

this reason, it will be sufficient to look at the drag force to choose the most optimal form.
6.4.3. Specifying Optimum Design-4
The optimum form was determined after the DoE and T-Search optimization results, the

details of which were shared above. The fact that the suggested forms are almost identical

to each other facilitates the selection of the optimum form.

It is understood from Table 6.33 that the LCB change rates of all forms are close to each

other, and the displacement change rates are below five percent.

For this reason, T-Search-4 5 design, which has the best drag performance among the

forms shared in Table 6.33, was chosen as the most optimum form.

Table 6.34 below compares the hydrostatic properties and the drag forces of the optimum
form with the DARPA SUBOFF AFF-1.



Table 6.46. Comparison between DARPA SUBOFF AFF-1 and the Optimum Design-4

Design LCB (m) Disp L (m) | Diameter L/D Drag
(m3) (m) Force (N)
DARPA 2.013 0.708 4.356 0.508 8.57 87.3168
SUBOFF
AFF-1
Optimum 2.013 0.675 4.463 0.508 8.79 78.5201
Design-4

When the table is examined, it is seen that the volume changes little while the LCB
remains constant.

The drag reduction is less than Optimization Process-1 but more than other processes.
The rates of change of hydrostatic and hydrodynamic parameters are shared in Table 6.35
below. The rate of change of hydrostatic parameters was calculated with Equation 6.1,
the change of the drag force parameters was calculated with Equation 6.2.

Table 6.47. Comparison of Hydrostatic and Hydrodynamic Parameters between
DARPA SUBOFF AFF-1 and the Optimum Design-4

Parameters Values
ALCB (%) 0.0104
ADisp (%) -4.6155

AFD(%) -10.0747

While the hydrostatic parameters and longitudinal centre of buoyancy remained almost
constant, the displacement variation did not exceed 5%. On the other hand, an
improvement of approximately 10% is observed in the drag force.

In order to examine the Optimum Design-4 form more efficiently, the figures from
different angles are shared in Figure 6.17 below.
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Figure 6.45. Optimum Design-4 a) Section View b) Isometric View

6.5. Review of the Optimization Processes

Four different optimization process methods and results are shared in detail. In this
section, these processes will be summarized and compared with each other. First,
however, the design constraints and objective functions defined for all optimization

processes are summarized in Table 6.36, which is shared below.



Table 6.48. Design Constraints and Objective Functions

Process L Diameter L/D LCB Displacement
Optimization Keep Keep Keep Keep Can change
Process-1 constant constant constant constant +10%
Optimization Increased Increased Keep Keep Keep constant
Process-2 constant constant
Optimization | Decreased Increased Decreased Keep Can change
Process-3 constant +5%
Optimization Increased Keep Increased Keep Can change
Process-4 constant constant +5%

6.5.1. Review of Hydrostatic and Geometrical Properties

Although the steps followed in the optimization processes are similar, the optimum
designs obtained are geometrically different. Since the changes in the first design are
based on the length and diameter change directions shared in Table 6.36, the effects of
these changes on the result can be made by examining the LCB and Displacement change
rates between the first form and the optimum forms. Table 6.37 below shares the rate of

change of these parameters between the first form and the optimum form.

Table 6.49. Rate of Change of LCB and Displacement Compared to DARPA SUBOFF

AFF-1
Process ALCB (%) ADisp (%)
Optimization Process-1 0.011499 -9.7439
Optimization Process-2 0.008300 3.52*10-7
Optimization Process-3 -0.023980 -4.4834
Optimization Process-4 0.010354 -4.6155

When the table is examined, it is seen that the changes in the LCB values in each
optimization process are so small that they do not change the initial value. Likewise,
displacement changes are below the targeted rates in all processes. For this reason, it can
be easily said that all processes reach the target in terms of hydrostatics. The hydrostatic
and geometric properties of the optimum designs obtained in all processes are

summarized in Table 6.38 below.



Table 6.50. The Hydrostatic and Geometric Properties of All Designs

Design LCB (m) Disp L (m) | Diameter L/D
(m°) (m)

DARPA 2.013 0.708 4.356 0.508 8.57
SUBOFF

AFF-1
Optimum 2.013 0.639 4.356 0.508 8.57
Design-1
Optimum 2.013 0.708 4.460 0.520 8.57
Design-2
Optimum 2.013 0.676 4.192 0.536 7.82
Design-3
Optimum 2.013 0.675 4.463 0.508 8.79
Design-4

The figures of the optimum designs were shared in the previous titles, but all designs and
the DARPA SUBOFF AFF-1 design were shared in Figure 6.18 for more precise

comparison.
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Figure 6.46. Review of all Designs a) DARPA SUBOFF AFF-1 b) Optimum Design-1
¢) Optimum Design-2 d) Optimum Design-3 d) Optimum Design-4



When the designs are considered and examined only as forms without being controlled
by any parameter in terms of hydrostatics and hydrodynamics, it is clear that they are
visibly different from each other. This indicates that the effects of different optimization
studies carried out within the scope of the thesis are also different. This will help to

determine the design limits correctly when optimizing any submarine design.

6.5.2. Review of Hydrodynamic Properties

The designs comply with all the design limits set before the hydrostatic optimization
studies. Therefore, all four optimization studies are equal in terms of hydrostatics. For
this reason, the improvement rates in drag performance should be examined to compare
the studies' efficiency. In structures driven by propulsion systems such as submarines, it
IS more accurate to compare the optimization studies over the drag force. In all of the
optimization studies used throughout the thesis, optimization studies were carried out to
reduce the drag force. In addition, although the surface areas of all forms are different, it
will be helpful to examine the dimensionless drag coefficients to understand the
hydrodynamic characteristics of the obtained forms. Table 6.39 shared below shows the
drag forces, dimensionless drag coefficients of the designs and the rate of change of these
values compared to the first form. The ACD calculation was performed with the same
method as the AFD.

Table 6.51. The Drag Forces and Coefficients of All Designs

Model Drag Force (N) AFD(%0) Drag ACD (%)
Coefficient

DARPA 87.3168 - 0.003146 -
SUBOFF

AFF-1
Optimum 76.0010 -12.9595 0.002806 -10.7942
Design-1
Optimum 80.1686 -8.1867 0.002906 -7.6277
Design-2
Optimum 79.5825 -8.8579 0.002934 -6.7243
Design-3
Optimum 78.5201 -10.0747 0.002877 -8.5300
Design-4




When the results are examined, it is seen that the drag force reduction performance of the
processes is between 13 percent and 8 percent; It is seen that the dimensionless drag
coefficient reduction performances also vary between 11 percent and 7 percent.
Optimization Process-1 is the process with the highest performance of both drag force
and dimensionless drag coefficient reduction. This process provides the most
improvement among all processes, which indicates that optimization studies are carried
out with high efficiency. Because the length and diameter of the submarine were kept
constant for Optimization Process-1, a minor intervention in the design was made in this
process. The velocity and pressure distributions for 3.045 m/s velocities from the

symmetry centres of all designs are shared in Figures 6.19 and 6.20, respectively.







Figure 6.47. Velocity Contours (m/s) for a) DARPA SUBOFF AFF-1 b) Optimum
Design-1 c¢) Optimum Design-2 d) Optimum Design-3 e) Optimum Design-4









Figure 6.48. Static Pressure Contours (Pa) for a) DARPA SUBOFF AFF-1 b) Optimum
Design-1 ¢) Optimum Design-2 d) Optimum Design-3 e) Optimum Design-4

In all models, the region where the pressure is maximum and the speed is minimum is
around the nose cone. When the optimum designs and the initial design are compared, it
is seen that the pressure distribution around the nose cone is higher than the distributions
in the optimum designs. The fact that the pressure distribution around the nose cone has
lower values indicates that the flow separation in this region is stronger. With the flow
separation, the boundary layer thickness increases and the drag force due to friction
decreases in this area. On the other hand, when the stern forms are examined, it is seen
that a trace area is formed in a larger area after the stern in optimum forms. This shows
that the flow leaves the submarine body more smoothly in optimum forms. In other words,
in optimum forms, the flow leaves the submarine body at smaller angles. This provides a
lower drag force in the stern form. Changing the trace area does not pose a problem in a
study that aims to reduce the drag force. However, after this study, if the performance of
a propeller to be mounted on the stern of the submarine is desired to be examined, these
propellers will have to be compatible with the traces of both the optimum forms and the

first form.



7. CONCLUSION

7.1. Conclusion and Discussion

Within the scope of the thesis, four optimization studies were performed, and their
efficiencies were compared. During these studies, the LCB positions of the derived
submarine designs were kept the same as the DARPA SUBOFF AFF-1, so the the drag
performance comparison was made with the most accurate method. Since this situation is
not considered in most studies in the literature, it is one of the details that make the studies

in the thesis unique.

When the four different optimization studies are analyzed separately, it has been observed

that the drag reduction has been achieved in the top 13% band at a speed of 3.045 m/s.

These studies have two different achievements. First, it has been learned what the most
efficient method is when it is desired to improve the drag performance of a submarine.
Optimization Process-1 was the most efficient method, achieving maximum performance
improvement without changing the overall length and maximum diameter. Therefore,
even if there are no design constraints regarding the total length and maximum diameter,
the drag performance of submarines will be maximized by following the Optimization

Process-1.

The second gain is determining the most critical design constraints in hydrodynamic
optimization studies, where the total length and maximum diameter parameters must be

changed separately or simultaneously.

When an optimization study is carried out by keeping the length and diameter constant,
the optimum design will be similar to Optimum Design-1. It is seen that the starting point
of the stern form was pulled forward to achieve this design. Therefore, when an
optimization study is carried out with these targets, the most critical design constraint will
be how far forward the starting point of the stern form can be moved. In the thesis, a drag
performance improvement of approximately 13% was achieved for this process at a speed
of 3.045 m/s.



A form like Optimum Design-2 will be achieved when aiming for a design that is
maximally similar to the DARPA SUBOFF AFF-1 but more hydrodynamically efficient
than it. The most crucial design constraint will be the maximum dimensions the length
and diameter can reach while obtaining the optimum design. In the thesis, the drag

reduction approximately 8% was achieved for this process at a speed of 3.045 m/s.

When it is desired to improve the drag performance of the submarine by shortening its
length and increasing its diameter, a form similar to Optimum Design-3 will be obtained.
Since the length and diameter are changed simultaneously, a study should be carried out
by keeping the L/D ratio within the optimum range of 7-10._The most essential design
constraint will be how close the L/D ratio of the final design can be to the optimum ratio.
In the thesis, the drag reduction of approximately 9% was achieved for this process at a
speed of 3.045 m/s.

Finally, it is seen that the sharpest nose cone form is used in Optimum Design-4.
Therefore, if the diameter of the submarine is kept constant while extending the length of
the submarine, as in the fourth process, the nose cone will need to be sharped to achieve
the optimum form for maximum performance. On the other hand, the L/D ratio is also
changed, and since the change in the ratio is only due to the length, it may be challenging
to keep this ratio within the optimum ranges. However, when the sizes of Optimum
Design-4 and DARPA SUBOFF AFF-1 designs are compared, they seem pretty close.
Therefore, it cannot be said that the increase in length directly improves the drag
performance. The most essential design constraints will be how much the nose cone can
be sharped and how long the length can be increased. In the thesis, the drag performance
improvement of approximately 10% was achieved for this process at a speed of 3.045

m/s.

In addition, other points to be considered in all optimization processes are the dimensions
and layouts of the components that must be used in the submarines. For example, if there
is a component whose layout will deteriorate when the size of the submarine is reduced,
Optimization Process-3 cannot be used. On the other hand, if the design is to be optimized
and a component can be placed when the submarine is extended, Optimization Process-4

can be preferred.

When all these inferences are brought together, it has been learned what the most crucial

design constraints are according to the geometric and hydrostatic targets set in any



submarine optimization study and what form will be obtained at the end of the study.
Therefore, these studies carried out within the scope of the thesis will ensure that the first
step of the hydrodynamic optimization study of any submarine in the literature will be

completed with maximum efficiency.

7.2. Future Works

It has been mentioned in the previous section that the studies carried out within the scope
of the thesis are the first step of the submarine hydrodynamic optimization studies.
Therefore, the most efficient optimization process can be selected after this study
according to the design limits. A hydrodynamic optimization study can be performed on
the fully submerged AFF-8 model of the DARPA SUBOFF. During this study, the
appendaes in the stern and middle parts of the submarine can also be examined

parametrically.

The previous titles mentioned that the submarine has three modes of the voyage:
submerged, surfaced and transition. Therefore, a hydrodynamic optimization study can
be carried out to minimize the drag force in these three voyage modes.

In addition, hydrodynamic noise is an essential parameter in submarine-style structures.
Therefore, after obtaining the most hydrodynamically optimum form covering three
different voyage modes, a study can be carried out to increase the hydroacoustic
performance of this form, and designs with increased efficiency in all voyage modes can

be obtained in terms of both hydrodynamics and hydroacoustics.
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