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EDITORDEN / EDITORIAL

Degerli Meslektaslar ve Okurlar,

Bu sayimizda ilgi ¢ekici konularin calisildigi on adet makale yayinliyoruz. Son yillarda 6nemi artan agik
deniz riizgar enerjisi alaninda iki makale yer almaktadir. ilk makalede Tiirkiye icin agik deniz riizgar enerji
potansiyelinin 6nemi vurgulanarak Dikili (izmir) aciklarinda yer alacak bir agik deniz riizgar ciftliginin
teknik acidan kavramsal tasarimi sunulmaktadir. Diger calismada iki ylzer riizgar tiirbini platformu
lizerinden acik kaynakli panel yontemi kodlarina dair bir kiyaslama ¢alismasi sunulmustur.

Su alti deniz araclan ile ilgili iki makale yer almaktadir. Birinci makalede bir denizaltinin manevra
tiirevlerinin ve enine stabilitesi incelenmistir. Denizaltilarin havadan bagimsiz tahrik sistemlerini
inceleyen iki makale sunulmustur. ilk makalede denizaltilarda kullanilan bir havadan bagimsiz tahrik
sisteminin termodinamik performans analizi gerceklestirilmistir. Diger bir makalede ise denizaltilarin
havadan bagimsiz tahrik sistemleri derleme bir calisma olarak sunulmustur. Gemi manevralari konusunda
bir baska makalede bir su listli deniz aracinda azimut itcinin manevra karakteristikleri incelenmistir.
Otonom su Ustu araclar icin ¢arpisma onleyici sistem Onerisinin yapildigi bir makale, eklemeli imalat
teknolojilerinin deniz endustrisi acisindan degerlendirildigi iki ayri makale ve Bodrum yat endiistrisini
inceleyen bir makale yer almaktadir.

Bilimsel makale, mesleki ve teknik konulari raporlayan yazilarinizin dergimize gli¢ katacagini belirtiyoruz.
Bir sonraki sayimizi Aralik 2022 ay1 sonunda ¢ikaracagiz.

Saglik ve mutluluklar dileriz.

Dear Colleagues and Readers,

In this issue, we publish ten articles on interesting topics. There are two articles in the field of
offshore wind energy, which has gained importance in recent years. In the first article, the technical
conceptual design of an offshore wind farm to be located off the coast of Dikili (Izmir) is presented,
emphasizing the importance of offshore wind energy potential for Tirkiye. In the other study, a
comparison study of open source panel method codes over two floating wind turbine platforms is
presented.

There are two articles about underwater marine vehicles. In the first article, the maneuvering
derivatives and the transverse stability of a submarine are examined. There are two articles
examining the air-independent propulsion systems for submarines are presented. In the first
article, the thermodynamic performance analysis of an air-independent propulsion system used in
submarines is presented. As a review article, the air-independent propulsion systems of submarines
are studied. In another article, the maneuvering characteristics of the azimuth thruster in a surface
vessel were examined. As regards the concerns of the remaining articles, an anti-collision system is
proposed for autonomous surface vehicles, two separate articles in which additive manufacturing
technologies are evaluated in terms of the needs of the marine industry, and an article that
examines the analyses of Bodrum (Tiirkiye) yacht industry.

We are looking forward your valuable submissions including scientific articles, technical and
professional reports for our next issue to be published at the and of December 2022.

We wish you a healthy and happy days.
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Gemi ve Deniz Teknolojisi (GDT) Dergisi; TMMOB Gemi
Mihendisleri Odasi'nin 1955 yilindan beri yilda en az 2 kez
yayimlanan, tyelerinin meslekle ilgili bilgilerini gelistirmeyi,
gemi ve deniz teknolojilerine katkida bulunmayi, 6zellikle
sektorlin Ulke cikarlar yoniinde gelismesini ve teknolojik
yeniliklerin duyurulmasini amaclayan bir dergidir. GDT,
uluslararasi diizeyde, hakemli, ¢ok disiplinli, alaninda 6zgiin
calismalara yer veren bir bilimsel dergidir.

Dergide; basta Gemi Insaati ve Gemi Makineleri/Deniz
Teknolojisi Mihendisligi olmak tizere, Denizcilik, Makine,
Elektrik/Elektronik, Endustri Muihendisligi  alanlarinda
bilimsel nitelikli arastirma makaleleri, derlemeler, teknik
notlar, kitap incelemeleri, editore mektuplar ile konferans
ve toplantilarin genisletilmis raporlarina yer verilmektedir.
Dergide yer alan makaleler Tirkce veya Ingilizce olarak
yayimlanmaktadir.

Acik erisimli yayin politikasi izleyen GDT Dergisi, degisik
bilimsel bakis agilarini okuyucularina sunmaktadir. Dergide
yayinlanan makalelerin bilim, icerik ve dil bakimindan
sorumlulugu vyazarlarina aitti. Basin  Ahlak Esaslari,
ulusal ve uluslararasi etik kural ve mevzuatlarina uyulur..
Dogrudan veya dolayli olarak ifade edilen gorisler
kurumun resmi gorisleri olarak gorilmemelidir. Dergide,
makale degerlendirme strecinde cift-kor hakemlik sistemi
kullanilmaktadir.

GMO Journal of Ship and Marine Technology (GMOShipMar);
is a journal that has been published annually since 1955,
aiming to improve its members’ knowledge about the
profession of ship and marine technologies, to develop
the sector especially in the interests of the country and to
announce technological innovations. GMOShipMar is an
international, refereed, multidisciplinary scientific journal
that has been published at least 2 times a year.

In the journal; scientific research articles, reviews, technical
notes, book reviews, letters to the editor, and extended
reports of conferences and meetings, particularly in Naval
Architecture and Marine Engineering, Maritime Technology,
Machinery, Electrical / Electronics, Industrial Engineering and
other related sciences. Articles in the journal are published in
Turkish or English.

Following Open Access Model of Publishing, GMOShipMar
presents a variety of scientific viewpoints. The authors are
responsible for the scientific, contextual, and linguistic
aspects of the articles published in the journal. The views
expressed or implied in this publication, unless otherwise
noted, should not be interpreted as official positions of
the institution. In the journal, double-blind review system,
which means that both the reviewer and author identities
are concealed from the reviewers, and vice versa, is used
throughout the review process.

Makale gondermek icin liitfen asagidaki DergiPark
sistemimizi kullaniniz / Please use our online system for
paper submissions

www.dergipark.org.tr/en/pub/gdt/
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Dikili Agiklarinda Bir A¢ik Deniz Riizgar Ciftliginin Kavramsal
Tasarimi

Erdem Acar !, Serdar Beji 2
L2 Gemi insaati ve Deniz Bilimleri Fakiiltesi, istanbul Teknik Universitesi, istanbul, Tiirkiye

Y acarerdem@itu.edu.tr, ORCID: 0000-0002-4645-2606
2 (sorumlu yazar), sbeji@itu.edu.tr, 0000-0002-1927-9262

OzZET

Bu calismada, Turkiye icin acik deniz riizgar enerji potansiyelinin dnemi vurgulanarak bir acik deniz
razgar ciftliginin teknik agidan kavramsal tasarimi sunulmaktadir. 640,000 m2 biiyukliginde bir alani
kapsayacak sekilde dnerilen agik deniz riizgar ciftligi icin secilen yer Tlrkiye'nin Ege Denizi bolgesinde
bir sahil kasabasi olan Dikili'nin glineybati kiyilaridir. Riizgar tiirbini modeli, gobek yiiksekligi 78 m olan
Vestas V80-2.0 Offshore (IEC IIA sinifi) tipi olarak tavsiye edilmekte olup, 6nerilen acgik deniz riizgar
ciftliginin kurulu glicii 20 MW olacaktir. Sebeke baglanti noktasi, dnerilen agik deniz rlizgar giftligine en
yakin ve en uygun yer olan Narlidere Limani olarak belirlenmistir. Temel tipi ise su derinligi ve deniz
tabani kosullari dikkate alinarak tek kazikli (mono-pile) temel olarak segilmistir. Onerilen acgik deniz
razgar ciftliginin yilhk tahmini ortalama eneriji tiretimi 72 GW olacaktir.

Anahtar kelimeler: Acik deniz riizgar enerjisi, acik deniz riizgar ciftlikleri, acik deniz rlzgar ciftligi
tasarimi
Makale ge¢misi: Gelis 29/12/2021 — Kabul 23/03/2022

https://doi.org/10.54926/gdt. 1050615
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A Conceptual Design of an Offshore Wind Farm off the Dikili Shores

Erdem Acar !, Serdar Beji 2
L2 Faculty of Naval Architecture and Ocean Engineering, Istanbul Technical University, Istanbul, Tiirkiye

L acarerdem@itu.edu.tr, ORCID: 0000-0002-4645-2606
2 (corresponding author), sbeji@itu.edu.tr, 0000-0002-1927-9262

ABSTRACT

In this study, importance of the offshore wind energy potential for Turkey is emphasized by working
out a technical conceptual design of an offshore wind farm (OWF). The site selected for the proposed
OWEF with an area of 640,000 m2 is located in the southwestern shores of Dikili, a coastal town in the
Aegean Sea region of Turkey. The wind turbine model recommended is Vestas V80 - 2.0 Offshore (IEC
IIA class) type with a hub height of 78 m, hence the installed power of the OWF composed of ten units
is 20 MW. The grid connection point is determined as the Port of Narlidere, which is the nearest
convenient place to the proposed OWF. The foundation type is selected as mono-pile foundation
according to the water depth and seabed conditions. The proposed OWF is estimated to yield average
annual energy of 72 GW.

Keywords: Offshore wind energy, offshore wind farms, design of an offshore wind farm

Article history: Received 29/12/2021 — Accepted 23/03/2022
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1. Introduction

Presently, an appreciable number of onshore wind farms is realized in Turkey but as yet no offshore
wind farm (OWF) is installed (Argin and Yerci, 2015). Conceptual design suggestions and feasibility
studies on potential OWFs are also lacking. The purpose of this study is to emphasize the importance
of offshore wind potential of Turkey and suggest a conceptual design case for the use of this potential.
Accordingly, without considering environmental and financial aspects, a conceptual technical design
of a potential OWF off the Dikili shores is presented by making exemplary use of the Horns Rev | Wind
Farm, which is the first large-scale offshore wind farm in the world, located on the west coast of
Denmark.

Turkey has a significant wind energy potential due to her available high power densities, especially in
coastal areas. Compared to European countries, Turkey has the highest technical wind energy potential
with 83 GW over the wind class 3 (Satir et al., 2017). The use of technical wind energy is considered
economically viable up to wind class 3 (annual average wind speed of 6.4 - 7.0 m/s at 50 m height)
(Hau, 2013). As can be observed from Figure 1 the Aegean Sea has wind speed profiles similar to the
North Sea (above 8 m/s at 50 m height), where approximately 70% of offshore wind projects are
located today. Despite the significant offshore wind capacity indicated by the European Environment
Agency, Turkey is one of the countries that has not yet started to exploit this capacity. To pave the
way, feasibility studies and possible conceptual design suggestions should be done first (Satir et al.,
2017).

Figure 1 shows an overview of the annual average wind speed at 50 m height with a coverage area up
to 50 km. Offshore wind projects are potentially feasible at wind speeds above 7 m/s; these areas are
marked with orange and red. Offshore wind potential of Turkey is summarized below (World Bank
Group, 2020):

‘‘‘‘‘‘‘
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Figure 1. Annual average wind speed map of Turkey (Global Wind Atlas, 2020).

e The most suitable areas for offshore wind are in the northwest of the Aegean Sea where wind
speeds reach up to 9 m/s.
e The Marmara Sea and the Black Sea have good wind speeds of 7 - 8 m/s.
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e There are many opportunities on the west coast.
e The regions with water depth of less than 50 m have an offshore wind energy potential of 12
GW for bottom-fixed foundations.

2. Design Parameters for an Offshore Wind Farm

The lifecycle (estimated 25 years) of a typical OWF project consists of four stages (Aquaret, 2018):
e Design and planning,
e Construction and installation,
e QOperation and maintenance,
e Decommissioning.

The design of an OWF process begins with a detailed assessment of the internal (size of wind farm,
financing of project, potential locations) and the external (water depth, marine life, shipping routes,
borders, grid connection, soil, restrictions) design conditions at the site of interest (Beji and Liitzen,
2017). The following points must be decided for the design of an OWF:

1. Alocation for the wind farm,

2. The size and layout of wind farm,

3. The type, model and hub height of wind turbine,
4. The type of foundation.

We will be following this order in the technical design approach of the OWF off the Dikili shores.

2.1. Location

First, a suitable location must be determined (Aquaret, 2018). The site selected for the proposed OWF
is the southwestern shores of Dikili, located in the Aegean region of Turkey, is a district of lzmir
province. The location of the proposed OWF is opposite the Island of Karaada in the Bay of Narlidere,
the Gulf of Candarli as shown in Figure 2.

il s y Srenice

frjea poli
£

1

#<Bademli

Figure 2. Location of the proposed offshore wind farm.
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The minimum distance from the Dikili shores to the northwest corner of the proposed OWF is 1.16 km
and the coordinates defining the boundaries of the proposed OWF as obtained from the Google Earth
Pro are indicated in Figure 3.

26°51'07.39'E

38°53/34.70'N 26°50'26.55'E V/_ 9.76"N 26°50'41.89'E

Figure 3. Coordinates of the proposed offshore wind farm.

Northwest corner: 38°54'22.61"N 26°50'52.05"E
Northeast corner: 38°54'17.67"N 26°51'07.39"E
Southwest corner: 38°53'34.70"N 26°50'26.55"E
Southeast corner: 38°53'29.76"N 26°50'41.89"E

2.1.1. Criteria for selecting location

2.1.1.1. Wind potential

The wind speed at the selected location for an OWF must be within an acceptable range. Accurate and
reliable wind data are required for a better assessment of the selected location. The wind data should
include wind speed, wind direction, temperature and humidity information (Argin and Yerci, 2015).

Turkish State Meteorological Service is the governmental agency that provides wind data information
only for onshore locations. There is no meteorological observation station in the seas of Turkey. The
nearest meteorological observation station to the location of the proposed OWF is Dikili Automatic
Weather Station, whose coordinates are 39°04'25.3"N 26°53'16.8"E (39.07°N 26.88°E) as indicated in
Figure 1. Dikili Automatic Weather Station is 19.7 km from the center of the proposed OWF, whose
coordinates are 38°53'56.18"N 26°50'46.97"E (38.89°N 26.84°E). On the other hand, Karaada with
coordinates 38°54'00"N 26°50'24"E (38.90°N 26.84°E) is the nearest location to the proposed OWF;
therefore, the wind data of Karaada, which could be obtained from the Meteoblue weather archive, is
used for the proposed OWF. The Meteoblue provides high-quality local weather information for any
location in the world, whether on land or at sea. The Meteoblue climate diagrams are based on hourly
weather model simulations (Meteoblue, 2020).

The dominant wind direction in Karaada is North-North-East (NNE), as shown in Figure 4. The wind
rose for Karaada is obtained from the Meteoblue climate diagrams. It indicates the hours per year the
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wind (at 10 m height from the sea) blows from the indicated direction. NNE: Wind blows from NNE to
South-South-West (SSW).

N
NNW NNE
NW NE
2000
WhNwW ENE
lo'
s
w s = E
<€
a
wsW ESE
SW SE
SSW SSE
s
0.0 >0.3 >16 ® >34 ® >55
® >80 ® >108 >13.9 ®>172m/s

Figure 4. Wind rose for Karaada at 10 m height (Meteoblue, 2020).

The annual average wind speed is 8.75 m/s (at 50 m height) at the center of the proposed OWF, as
shown in Figure 5. The annual average wind speed map of the southern shores of Dikili is obtained

from the GWA. This wind data information gives the best possible estimate for the wind energy
potential of the proposed OWF (GWA, 2020).

Figure 5. Annual average wind speed map of the southern shores of Dikili (GWA, 2020).
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2.1.1.2. Territorial waters
In the Aegean Sea there are many Greek islands quite close to Turkey as can be observed in the map

(Argin and Yerci, 2015) in Figure 6. The location of the proposed OWF is therefore determined to be in
the territorial waters of Turkey to avoid problems concerning national borders.

i
e\\ : - T
et
D &
b &) &
Dl ¢
8% s
D—S\ d}bﬁa % Offshore Wind Farm
< 8

Figure 6. Territorial waters of Turkey (red) and Greece (blue) in the Aegean Sea based on 6 nm and
the location of the proposed OWF.

2.1.1.3. Civil aviation

The selected location for an OWF should not be in the vicinity of airports (Argin and Yerci, 2015).
According to the Regulation on Communication, Navigation and Surveillance Systems Obstacle Criteria
of the Directorate General of Civil Aviation; wind farms are required to be installed at least 2 km away
from airports air/ground communication stations and at least 15 km away from navigation aid systems.
The location of the proposed OWF fulfills this requirement comfortably as the nearest airport, Midilli
International Airport, is approximately 25 km away.

2.1.1.4. Marine traffic

The selected location for an OWF should be away from heavy marine traffic (Argin and Yerci, 2015).
According to the free maps showing marine transport routes in the Aegean Sea, the major maritime
routes in the Aegean Sea are not close to the proposed OWF. Local maritime traffic and the mooring
areas should be carefully checked with information to be obtained from the Office of Navigation,
Hydrography and Oceanography before the installation phase. But during the design phase, this
requirement is fulfilled as the location of the proposed OWF is off the shipping routes.
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2.1.1.5. Submarine pipelines and cable lines

The selected location for an OWF should not be on submarine pipelines and cable lines (Argin and
Yerci, 2015). A check, using the Annual Notices to Mariners publication of the Office of Navigation,
Hydrography and Oceanography concerning submarine pipelines and cable lines reveals that the
proposed OWF is outside such a region.

2.2. Wind Farm Layout

The layout of wind turbines in a wind farm requires many considerations like turbine wake effects,
ambient wind, available area, environmental restrictions, and visibility (Beji and Liitzen, 2017). In an
OWEF the closer the turbines are placed together, the lower the cost of the power cables is. However,
closer spacing increases turbulence and energy losses associated with turbine wakes, which in turn
results in less power generation (depending upon topology, wind climate, etc.) and higher
maintenance cost. Compared to the land-based turbines the offshore turbines can be larger (an
advantage of lower ambient turbulence) and accordingly larger turbine spacing (5 - 8 rotor diameters)
is needed (Manwell, 2013; Dalén, 2013). Keeping these points in mind the present wind farm area is
planned as ten units offshore wind turbine (OWT) facing the NNE direction in two rows, with five wind
turbines per row. The layout of wind turbines in the wind farm area is shown in Figure 7.

Turbine Layout Map
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-400 -200 0 200 400 600
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Figure 7. Turbine layout map of the proposed offshore wind farm (SAM, 2019).

e Number of rows = 2 (in the NNE-SSW axis)

e Turbines per row =5 (facing the NNE direction)

e Row spacing = 400 m (5 rotor diameters)

e Turbine spacing = 400 m (5 rotor diameters)

e Size of the wind farm (with 10 turbines) = 400 x 1600 m = 640,000 m?
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2.3. Wind Turbine

It is crucial to select the appropriate OWT model. Although offshore wind speeds are generally higher
than onshore, this factor have prevented land-based turbines from being used offshore in the past.
There are many differences between offshore turbines and land-based turbines. (Aquaret, 2018).

Several OWT manufacturers are on the market. Siemens Gamesa Renewable Energy is the current
market leader with 69% of the total installed OWTs. MHI Vestas Offshore Wind is the second turbine
manufacturer with 24%, followed by Senvion with 5%. These three manufacturers represent 98% of all
OWTs installed in Europe at the end of 2018 (Wind Europe, 2019).

The selected wind turbine for the proposed OWF is Vestas V80 - 2.0 Offshore (78 m hub height). Figure
8 is a photograph of these turbines (Hau, 2013) while Figure 9 is the power curve of this particular
turbine (SAM, 2019). Main parameters of the turbine are listed in Table 1. The wind turbine V80-2.0
Offshore is a production of Vestas Wind Systems A/S, a Danish manufacturer operating since 1979
(Wind-turbine-models, 2019).

Figure 8. Vestas V80 - 2.0 offshore wind turbines of the North Hoyle wind farm (Hau, 2013).

Turbine power curve
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Figure 9. Power curve for Vestas V80 - 2.0 offshore turbine (SAM, 2019).
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Table 1. Vestas V80 - 2.0 offshore wind turbine parameters (Wind-turbine-models, 2019).

Diameter: 80m

Area swept: 5027 m?

Nominal revolutions: 16.7 rpm
Rotor Operational interval: 9-19rpm

Number of blades: 3

Power regulation: Pitch

Air brake: 3 separate hydraulic pitch cylinders
Tower Hub height: 78 m

Cut-in wind speed: 4m/s
Operational data Nominal wind speed: 15 m/s

Cut-out wind speed: 25 m/s

Type: Asynchronous doubly fed
Generator Nominal output: 2000 kW

Operational data: 50 Hz / 60 Hz, 690 V
Gearbox Type: Planet/parallel axles
Control Type: Remote monitoring

Nacelle: 67t
Weight Rotor: 37t

Tower (IEC lIA): 190t

2.3.1. Estimated annual average wind speed at hub height

For power calculations it is necessary to estimate the wind speed at the hub height. For such
estimations basically two different wind profile formulations are used: the logarithmic profile and the
1/7-power-law profile (Beji and Lutzen, 2017). Basically, these two profiles give similar results, the
choice of one over the other is merely a matter of preference; the logarithmic profile is used here,

In (%)
o(2)

where U(h) is the wind speed at the height h, U(href) is the wind speed available for a definite
reference height h,..r, and z, is the roughness length determined according to the surface properties

U(R) = U(hyer) (1)

over which the wind blows. For the present case h,.r =50 m and U(href) = 8.75 m/s are the
available reference height and corresponding wind speed. Taking z, = 0.0002 m as the roughness
length suggested for a choppy sea surface, the wind speed at the hub height h = 78 m is estimated as

n(25)
U(78) = 8.75 %

50002

=9.063m/s =29.0m/s

which is used in the subsequent relevant calculations.
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2.3.2. Wind turbine IEC class

The selected wind turbine IEC (International Electrotechnical Commission) class is IIA, according to the
annual average wind speed Ug,,4 at the hub height of the proposed OWF. The wind speed parameters
of the selected wind turbine class are taken from the Wind Turbine Generator System (WTGS) classes
to IEC 61400-1 and listed in below (Hau, 2013):

WTGS Class: Il - Medium wind
Turbulence Intensity Category: A - Higher turbulence
I;5 = 18%, a=2, Ugwg = U(78) =9.0m/s

The turbulence intensity can be calculated by using the formula

15
[ = hs (0( + Uavg) (2)
v (a+1)
0.18 (2 +%)
_ L = = 0]
I, 2D 0.22 = 22.0%

which indicates Category A-Higher turbulence.

2.3.3. Estimated energy production

The total rated power of the proposed OWF (10 turbines) is Prgteq = 10 - 2.0 MW = 20 MW. On the
other hand, the capacity factor is defined as

cf = Tequivalent/Tyear (3)

where Tequivatent i the equivalent hours of operation at nominal wind speed and Ty o, = 365 - 24 =
8760 hours is the total hours in a year. Typically, cf = 0.35 — 0.45 but a much more accurate
estimate is possible by the use of the Weibull or Rayleigh distribution. The Weibull probability density
function (pdf) (Strach-Sonsalla et al., 2016) is given by

fw(k, a,U) = (k/a)(U/a)e~V/D" (4)

where k is the shape factor ranging between k = 1 — 4 but typically taken as k = 2, U the wind speed
and a the Weibull scale parameter given by

Uavg

a =

where Ug,,4 is the annual average wind speed and I'(z) = fooo t?~le~tdt is the Gamma function. For

the typically used value of k = 2 the exact value of the Gamma function is

1y 1
r(1 + 5) = Enl/z = 0.8862269254
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Annual yield of a turbine is calculated by the following integral:
UCO

Erurbine = Tyear f P(U)HfWU)dU (6)
Uci

where P(U) is the power according to the given power-curve of the turbine for the wind speed U,
f(U) the pdf, U,; = 4 m/s the cut-in and U., = 25 m/s the cut-out wind speeds for the turbine as
specified by the manufacturer (see Table 1). Considering the following equation

UCO
Erurbine = Pratea Tequivalent = Pratea " ¢f Tyear = Tyear f P(U)fWU)dU (7)
Uci
The capacity factor cf can be written as
1 UCO
of =5~ | PrF@Iaw (®)
Prated

ci

Using the manufacturer-supplied power-curve of the turbine given in Figure 9 and the Weibull pdf
defined above by fy, (k, a, U) with the scale parameter a = 10.155 m/s determined according to the
chosen k = 2 value and the mean wind speed Ueqn = 9.0 m/s at the hub height, a numerical
integration yields the capacity factor for the present problem as cf = 0.4117. Since

Tequivalent =cf- Tyear =04117 - Tyear

the yearly energy production estimate for a single turbine is then

Erurbine = Pratea " ¢f * Tyear = 2.0+ 0.4117 - 8760 = 7213 MW - hours = 7.2 GW - h/year

The proposed OWF with 10 turbines is then expected to generate an estimated energy of

E=10-72GW -h/year =72 GW - h/year

2.3.4. Grid connection

The selected grid connection point is the Port of Narlidere, which is the nearest suitable location to the
proposed OWF. Since power cables and their laying are costly, a minimum distance to the grid on the
land is aimed; accordingly, from the proposed OWF to the Bay of Narlidere shores is only 4.83 km. As
the distance to shore is quite short (< 8 km) there is no need to connect the OWTs output to an offshore
substation. Substations are costly and subjected to failure risks. The electricity generated by the OWTs
can be transmitted directly to the shore and then integrated into the public grid (Dalén, 2013). A
schematic description of the grid connection, which is a string topology type, is given in Figure 10.
Compared to the looped topology the string topology is a fairly simple and reliable power connection.
Generally, power cables in wind farms are relatively low voltage (24 to 33 kV) (Manwell, 2013);
therefore, power collection and transmission voltages can be taken as 30 kV on the average for the
proposed OWF. The electrical system of the proposed OWF is briefly listed in Table 2.
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Figure 10. Grid connection topology for the proposed offshore wind turbines.

Table 2. Electrical system of the proposed offshore wind farm.

Installed power: 10x 2 MW =20 MW

Power collection voltage: 30 kV

Power transmission voltage: 30 kV

Distance to shore: 1.16 km

Shore connection: AC connection on shore, wind farm voltage level
Network topology: 2 strings of 5 turbines

2.4. Substructure and Foundation

The selected foundation type for the proposed OWF is mono-pile foundation. Temporary design
parameters of the mono-pile foundation system are given in Table 3. Selection of the foundation type
depends on the water depth and seabed conditions; e. g., soil type, extent of scouring. The maximum
water depth at the location of the proposed OWF is 25 m as shown in the bathymetry map
(Openseamap, 2019) given in Figure 11. The type of soil in the location of the proposed OWF is gravelly
mud as described in the seabed substrate map (Europe-geology, 2020) given in Figure 12, which is
obtained from the EMODnet-Geology project powered by the EuroGeoSurveys’ European Geological
Data Infrastructure.

Mono-pile foundations are proven technology, quite commonly used in shallow waters. They
represent 81.5% of all installed substructures in Europe at the end of 2018 (Wind Europe, 2019). Mono-
piles are usually economic and technically feasible for water depths less than 30 m (Strach-Sonsalla et
al., 2016). Suitable soil conditions for mono-piles are sand and silt layers, as they do not require pre-
drilling (Dalén, 2013).
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Folk 16-class Classification
1.1.1 Mud
W 1.1.2 (gravelly) Mud
1.2.1 Sandy Mud
£ 1.2.2 (gravelly) Sandy Mud
Offshore Wind Farm T Musap Band
1.3.2 (gravelly) Muddy Sand
2.1.1 Sand
2.1.2 (gravelly) Sand
3.1.1 gravelly Sand
M 3.2.1 sandy Gravel
W 3.3.1 Gravel
4.1.1 gravelly Mud
4.2.1 muddy Gravel
W 4.3.1 gravelly muddy Sand
Tzmir M 4.4.1 muddy sandy Gravel
M 5. Rock & Boulders
6. No data at this level of Folk
7] 9. Restricted data

Figure 12. Seabed substrate map of the Dikili shores (Europe-geology, 2020).

A mono-pile consists of two main parts; a pile and a transition piece made of high-quality steel. The
pile is a cylindrical tube driven into the ground using a hydraulic hammer. The transition piece is
connected to the pile by a grouting system. The transition piece is equipped with work platform,
intermediate platform, boat landing, navigation lights, etc., and the tower is bolted on the top of the
transition piece (Dalén, 2013). A schematic diagram of a mono-pile foundation system (Mott
MacDonald, 2010) is shown in Figure 13.
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Figure 13. Schematic diagram of a mono-pile foundation system (Mott MacDonald, 2010).

Table 3. Temporary design parameters of the mono-pile foundation system.

The pile diameter (D) is 4 m and the wall thickness is 50 mm.

The effective fixity length (6D for general calculations) is 24 m (seabed penetration).

The transition piece diameter is 4.6 m and the grout is 6 m.

The working platform is 9 m above the sea level.

Two layers of stones (gravel) are used for the scour protection.

3. Conclusions and Recommendations

Offshore winds are stronger, more stable, and less turbulent than onshore winds. All these aspects
positively contribute to the service life of an offshore turbine. From the technical and environmental
points of view, offshore wind projects are considered more advantageous. On the other hand, initial
installation, operation and maintenance costs of an offshore wind farm are unquestionably higher
compared to those of an onshore wind farm. Decision on the choice must be made by a careful
consideration and weighting of all these aspects.

Turkey has a rapidly growing economy with a corresponding increase in energy demand. A large
portion of Turkey's energy demand is met by imported fossil fuels. Potential OWFs together with
onshore wind farms can help to meet Turkey's increasing energy demand and reduce her dependency
on energy imports. Further, OWFs can also help to reduce greenhouse gas emissions.

In this study, a potential OWF with size of 640,000 m? (400 x 1600 m) project is designed technically as
a case study. The proposed OWF is located opposite the Island of Karaada in the Bay of Narlidere, 1.16
km distance from the southwestern shores of Dikili. The annual average wind speed is 8.75 m/s (at 50
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m height) at the center of the proposed OWF. With strong and steady winds, this site is suitable
location for the wind power generation. At the same time, there is the possibility that the proposed
OWF and its infrastructure will affect the ecosystem in the area. Always various impacts are observed
on the immediate environment where an OWF is installed (Aquaret, 2018). However, with careful
planning and research, these environmental disturbances can be prevented. In any OWF project to be
realized, the following issues should be explored (Manwell, 2013; Dalén, 2013):

e Noise impact,

e Barriers of water flow,

e Visual impact,

e Impacts on radio signals,
e Impacts on birds,

e Impacts on marine life,

e Impacts on benthic fauna and flora,

Possibility of ship collisions.

Installed power of the proposed OWF is 20 MW. The ten units Vestas V80 - 2.0 Offshore model wind
turbine with 78 m hub height and 80 m rotor diameter (in two rows with five turbines each facing the
NNE direction) are proposed to be installed in mud (gravelly) type soil at a maximum water depth of
25 m using the mono-pile foundation system. As of 2020, according to the United States Energy
Information Administration (EIA), electricity net consumption of Turkey is 263,952 GWh/year
(population of Turkey is 84,428,280) and total consumption per capita is around 3126 kWh/year (EIA,
2022). The proposed OWF will generate an estimated 72 GWh/year of electricity energy. This clean
and sustainable electricity, which can be transmitted directly into the public grid from the Port of
Narlidere connection point, can meet the annual electricity needs of approximately 23,000 households
(as of 2020, Dikili has a total population of 45,217). This is more than half of Dikili’s population and
23,000 households would definitely accommodate more than the total population of Dikili.

Finally, it should be emphasized that an OWF project must be analyzed economically during the
development phase. Accordingly, a feasibility study should be done before the proposed OWF project
is realized and the following costs should be calculated for the financing of the project (Barutcu, 2010):

e Project and license costs,

e Turbine costs,

e Electrical infrastructure costs,
e |nstallation costs,

e Transportation costs,

e Construction costs,

e Operation and maintenance costs.
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OzZET

Bodrum yat insa sektorl, Tirkiye'nin essiz, katma degeri ylksek, yetkin ve gelisen sektorlerinden
biridir. Bolgede uzun vyillardir yeni imalatin yani sira, bakim-onarim ve c¢ekek hizmetleri
gerceklestiriimektedir. Yiksek kalitede Uretilen Bodrum Guletleri ile tirhandiller zamanla Bodrum'un
markalari haline gelmistir. Bu ¢alismada Bodrum yat insa sektérii 2011-2021 yillari arasindaki tesis
sayisi ve Uretim degerleri baz alinarak incelenmis, bolgesel Gretim verileri, kiiresel ve yerel dlcekte
analiz edilmistir. Ayrica toplanan veriler dogrultusunda Cevre-Deger-Kaynak uyumu yaklasimi ile GZFT
Analizi yapilarak Bodrum yat insa sektor icin glic, zayiflik, firsat ve tehdit faktorleri belirlenmistir. Daha
sonra analiz edilen faktorler, siyasal, ekonomik, sosyal, teknolojik, yasal ve ¢evre (PESTLE) analizi ile de
kategorize edilerek detaylandirilmistir. Son olarak elde edilen bulgular, Bodrum yat insa sektériiniin
gelisimi icin atilabilecek adimlar kapsaminda stratejik karar verme siirecine katki saglayacak sekilde
degerlendirilmistir.

Anahtar kelimeler: Bodrum yat insa, Bodrum Guleti, GZFT, PESTLE Analizi, Cekek
Makale ge¢misi: Gelis 16/02/2022 — Kabul 11/05/2022
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ABSTRACT

The yacht building in Bodrum is one of the unique, high value-added, competent, and developing
industries in Turkey. The new building, repair & maintenance, and boatyard operations have been
carried out in this region for many years. Bodrum Gulets with round and transom sterns and tirhandils
produced in high quality have become the brands of Bodrum over the years. In this study, the Bodrum
yacht building industry is investigated to determine the number of facilities and their production values
within 2011-2021. Then the regional production data is analyzed within the global and local scale yacht
building. The strength, weakness, opportunity, and threat factors are determined for the Bodrum yacht
building industry within SWOT analysis using the Environment-Value-Resource congruence approach.
Then the analyzed factors are clustered and detailed with political, economic, social, technological,
legal and environmental (PESTLE) analysis. Finally, the findings are evaluated to contribute to the
strategic decision-making process within the scope of the steps that can be taken for the development
of the Bodrum yacht building industry.

Keywords: Bodrum yacht building, Bodrum Gulet, SWOT, PESTLE Analysis, Boatyard
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1. Introduction

Yachts are luxury water vehicles propelled by an engine and/or sail and generally used for leisure and
entertainment purposes. Aesthetics, comfort, quality, and private design are at the forefront of yachts
compared to large-tonnage commercial vessels. Therefore, the yacht building industry with high value-
added and strong interaction with other sectors, high foreign currency inflows, is one of the most
essential sectors for the leading countries in maritime. Over the years, there have been significant
developments in terms of yacht building capacity. Although there were fluctuations in the sector in
2020 due to the impact of COVID-19, the total number of projects in the 2022 world order book
increased by 24.7% with 1024 projects compared to 2021 (Montigneaux & Robinson, 2021). On the
other hand, the share of marine tourism revenue in total tourism is approximately 20%, and the marine
tourism revenues, which were 1.9 billion US dollars in 2002, increased to 7.2 billion US dollars in 2019
in the Turkish yacht management sector (IMEAK-DTO, 2021). On a regional basis, yacht management
is one of the developing fields in the southern Aegean region. Only in the Mugla region, there are 27
marinas with a capacity of 6,904 yachts and 538 yacht enterprises including 6,241 passengers (GEKA,
2018). Moreover, it was reported that the number of yachts to be used in yacht management will
increase by more than 2 times and reach the level of 48000 in 2030 compared to 2015 (Yiksek, 2013).
In addition, it is estimated that the Blue Voyage market size is about 300 million USD in 2020 and this
value is reported to be increased to 500 million USD in 2022 (Kalyoncu, 2020). Besides, Turkey is known
for semi-custom and full custom production in the yacht building industry (Montigneaux & Robinson,
2021), low labour costs, as well as the workers’ qualification and skills, are the factors that promoted
Turkey’s rank in the global yacht building industry (Merendino, 2014; Zaltsman, 2021). Since the end
of the 1990s, the yacht building industry in Turkey has grown remarkably, especially with the effect of
superyacht and megayacht production (Giirler, 2013).

The yacht building industry, on the other hand, is mainly located in the Mediterranean and southern
Aegean regions in Turkey. In Mugla province, yacht building, repair, and maintenance activities with
boatyard operations are generally conducted in Bodrum, Marmaris, Oren, and Fethiye regions. Among
the yacht manufacturing centres located on the Aegean coast of Turkey, especially the Bodrum region
has been making great progress in the production of megayachts, as well as traditional wooden gulets
and large leisure crafts, and attracts great attention from foreign markets (Hazneci, 2009). In the
Bodrum peninsula, especially wooden yacht building is very famous and defined as a cultural heritage
today. Boatbuilding in this region dates back to the reign of King Mausolous in the 4th century, even
BC. It is stated that Egyptian King Ptolemy had warships built in Bodrum in the 3rd century (Kikner,
2009). The Bodrum region had also continued to be one of the important centres of shipbuilding during
the Ottoman Period. It is known that the first ship was laid in the Ottoman Shipyard in Bodrum in 1784
(Bodrum Belediyesi, 2020). In Bodrum, where military-purpose boats were built until the 20th century,
later boats were built to be used in commercial cargo transport, fishing, or sponge diving activities. By
the 1950s, wooden boats accepted as the predecessors of world brand “Bodrum Gulets”, started to be
built (Ayaz, 2015; Binder, 2019). On the other hand, with the popularity of the Blue Voyage after the
1960s, the demand for leisure crafts has increased leading the number of Bodrum Gulets have increase
(Ktukner, 2007, 2009). Although Bodrum is known for its Bodrum Gulets, there are many different types
of sailing yachts and motor yachts built in this region.

The growth in the yacht building and management industries requires a strategic decision-making
process for short, medium, and long-term plannings since yachting is a global and competitive field in
the maritime sector. However, there is a lack of cumulative, segmented, and detailed data for the
Bodrum yacht building industry, and qualitative and quantitative evaluations are required to reveal
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the specific strength, weaknesses, opportunity, and threat (SWOT) factors. Therefore, in this study,
the strengths and weaknesses of the Bodrum yacht building industry are determined and the threats
and opportunities (SWOT) to the industry are discussed in the light of the sectoral data, then a PESTLE
analysis including clustered data related to political, economic, social, technological, legal and
environmental factors is conducted to evaluate the conditions that affect the yacht building industry
in Bodrum. Within this scope, the properties of yacht types specific to the Bodrum region are
introduced first and the local yacht building industry is analyzed under the framework of the world and
Turkish yacht building. The environment-value-resources (E-V-R) model is used for SWOT/PESTLE
analysis and strategic outcomes and measures are presented. It is aimed that this study will contribute
to the strategic decision-making process in the Turkish shipbuilding industry since there is a need for
particular analyses of the yacht building in recent years in Bodrum.

2. Boat Types Specific to Bodrum

Bodrum Gulets with round and transom sterns as well as tirhandils stand out among the unique yacht
types produced in Bodrum today. These yachts mainly used in the marine tourism sector, have many
differences in terms of production technique, engineering, and design. Figure 1 shows Bodrum Gulets
with round (top-left) and transom (top-right) stern yachts and a tirhandil (below) anchored in Bodrum
harbour.

Figure 1. A Bodrum Gulet with round stern (top-left), transom stern (top-right), and a tirhandil
(below)

2.1. Bodrum Gulets

Bodrum Gulets, which are among the iconic boats of Bodrum, has emerged as the usual gulet forms
have changed over time. The forms of the gulets, which previously served for purposes such as sponge
fishing, fishing, or cargo transportation, changed with the effect of the marine tourism that developed
in the 1960s and took the form known as Bodrum Gulet today (Kéyagasioglu, 2014; Kikner, 2007,
2009). The aesthetic concern, which increased with the effect of use, especially in the Blue Voyage,
played an important role in the emergence of Bodrum Gulet forms (Biyikkegeci & Turan, 2018). On
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the other hand, with the introduction of lamination technique in the manufacture of yachts in Bodrum
in the 1980s by Naval Engineer Fuat Turan, flexibility in the form and dimensions of the gulets
manufactured in Bodrum has been increased, and it has become possible to produce larger gulets
compared to the traditionally defined masonry manufacturing method (Turan & Akman, 2021b; Turan
& Ozcan, 2018). Today, Bodrum Gulets are not only made of wood but also steel. The yacht named
Meira, with a hull in the form of a Bodrum Gulet and a full length of 50 m, built-in Bodrum is listed

among the largest yachts ever built in Bodrum and is made of steel (Turan & Akman, 2021b).

2.2. Transom Stern Type Yachts

The concept of transom stern, which is used to describe the stern form in the maritime literature, is
also used for defining a specific yacht form obtained by changing the stern structure of Bodrum Gulets
in Turkey. The transom stern form, which has been used for centuries in sailboats in Northern Europe,
started to be seen in Bodrum after 1985 (Kdyagasioglu, 2014). These boats, whose hull form is similar
to Bodrum Gulets, have a transom stern form, which is in the form of a cross beam, unlike Bodrum
Gulets (Kukner, 2009). Transom stern type hulls have emerged with the idea of making the stern of
Bodrum Gulets, which are widely used in the Blue Voyage, a flat form and having the additional volume
on the aft lower deck with the added aft forecastle. In this way, the volume gained at the aft lower
deck was used both as an additional cabin and as a galley with a crew area, allowing the boats to have
a more efficient interior layout.

2.3. Tirhandils

Tirhandils are defined by symmetrical fore-aft forms, a beam of one-third of the length overall, a
convex and inward-curving bow stem structure, a handrail close to the sea, and a clear sheer line
(Koyagasioglu, 2014). The form of the tirhandil, the traditional fishing vessel of the Eastern
Mediterranean, remained virtually unchanged for three centuries (Gir, 2020). These boats, which are
shipped as sailing and motorized, have quite different features in terms of use. Tirhandils, which
provide flexibility to the users in the interior volume with their wider middle part compared to Bodrum
Gulets and transom stern type yachts, begin to lose their characteristic features above a certain length
overall, so the number of tirhandils manufactured over 20 m is quite low (Turan & Akman, 2021a). As
a result, the number of tirhandils in marine tourism is limited and these boats are generally
manufactured for private use.

3. Method

Strength-weakness-opportunity-threat (SWOT) analysis is one of the substantial tools used in the
strategic decision-making process by analyzing and evaluating the circumstances of businesses or
different sectors. The simplicity of applying the SWOT Analysis is seen as the advantage and
consequently, it is listed as the most widely applied strategic method (Phadermrod et al., 2019). In
SWOT analysis, strengths are the performance indicators for success, and weaknesses are the factors
that hinder successful performance; opportunities are trends thoughts and situations towards specific
goals, and threats generally refer to external and uncontrollable forces and events (Phadermrod et al.,
2019). Since the 1960s, SWOT analysis has been widely used and the analysis methodology during the
decision-making process has developed over the years (Dyson, 2004). The original form of the SWOT
analysis was based on qualitative and subjective views therefore the method was not applicable for
long-term plans within the strategic decisions (Phadermrod et al., 2019). Afterwards, the quantitative,
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risk and importance-based approaches have been added to the methodology for more convenient
evaluation (Arslan & Turan, 2009; Phadermrod et al., 2019; Yang, 2010). On the other hand, the PESTLE
approach can be used together with the SWOT analysis rather than as an alternative analysis type
(NMBL Strategies, 2021). In PESTLE analysis, political, economic, social, technological, legal and
environmental factors affecting the existing system are clustered and detailed (Srdjevic et al., 2012).
Therefore, the PESTLE approach contributes to better understanding and decision-making processes.
Consequently, the Bodrum yacht building industry which has different dynamics affecting competition
power like location, cost, design and built know-how, technology and materials, is evaluated within a
multi-criteria-based SWOT/PESTLE analysis.

Application

Resources

Value Environment
—_—
[T
II-
= Data Analysis
[ ]
==
°® U Data collection Facilities

- New building
- New building + Boatyard
- Boatyard

Figure 1. Analysis and evaluation process for Bodrum yacht building industry

In this study, the activities of enterprises in yacht building, repair & maintenance, and boatyard
operations are investigated and numerical data of the yachts produced by the largest companies are
analyzed considering the last decade. The facilities operating in the yacht building and repair &
maintenance fields are divided into three main groups. These groups are categorized as the new
building, boatyard, and new building + boatyard facilities. The yacht building facilities refer to 15 m
and above buildings located in the Bodrum region. The yachts, canoes, or similar recreational
watercraft under 15 m are not included in this group. The facilities in the boatyard group, on the other
hand, are considered as facilities that do not build yachts and only provide wintering, landing, and
repair & maintenance services. This group includes the boatyard areas of the marinas located in
Bodrum. The facilities in the new building + boatyard group include both the new building and,
wintering, landing, and repair & maintenance activities. The numerical data obtained from literature,
sector reports, and on-site investigations, are statistically analyzed and evaluated within SWOT/PESTLE
analysis based on the global and Turkish yacht building industry. During SWOT/PESTLE analysis, the E-
V-R (Environment-Value-Resources) congruence model (Thompson, 1999) provided a framework to
determine the needs and measures used for strategic assessments for the Bodrum yacht building
industry. In this model, environment refers to the external factors affecting the success of the industry,
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which are detailed in opportunities and threats. Resources within strength and weakness define the
factors that are expected to fulfil the environmental needs and, value shows the leadership and culture
of the enterprise on the effectiveness and control ability of environment and resources matching
(Thompson, 1999). Subsequently, the fitting of these three concepts provides an effective strategic
positioning and successful actions to reach the targets. The analysis and evaluation process steps are
given in Figure 2.

4. Yacht Building Industry in Macro and Micro Scales

The data collected within the scope of the research are evaluated by narrowing down to micro scales
that include yacht building parameters of Turkey and Bodrum region, starting from the macro scale,
which includes the parameters on the global scale.

4.1. Turkish Yacht Building Industry

The data published in Global Order Book 2021 (Boat International, 2020) shows that the total length
of the yachts built by the world yacht building sectors increases dramatically until 2009, decreases
between 2009 and 2013, then continues with an upward trend between 2013 and 2019 (See Figure 3).
Italy, Germany, The Netherlands, Turkey, and Norway are listed as the top yacht builder countries by
volume, and the distribution of the yachts between the length of 24 and 37 m increases from 57.9% to
61.1% from 2021 to 2022 (Montigneaux & Robinson, 2021).
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Figure 2. The change in the total length of yachts manufactured by the world yacht manufacturing
sector by years (Boat International, 2020; Montigneaux & Robinson, 2021)

The number of yacht projects in Turkey for 2021 is recorded as 76 (Boat International, 2020), and 91
for 2022 (Montigneaux & Robinson, 2021). The collected data show that the yacht building industry is
in an upward trend not only on the global scale but also in Turkey. According to the same reports,
Turkey is in the fourth rank by total gross tonnage and the second rank by the number of yacht projects
among the top five countries as shown in Figure 4 (Boat International, 2020; Montigneaux & Robinson,
2021).
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Figure 3. Yacht building project data of top five countries for 2022 (Montigneaux & Robinson, 2021)

4.2. Bodrum Yacht Building Industry

Collected data shows that new buildings and boatyard facilities in Bodrum are mainly located in the
icmeler Region, maintaining its attractiveness despite the decline in the last 10 years. It is also seen
that with the closure of the facilities in Yalikavak, Ortakent, Kizilagag, and Gumbet, new building and
boatyard has shrunk considerably in these regions. The number of yacht building and boatyard
facilities, which was 58 in total in 2011, decreased to 35in 2021. Table 1 shows the distribution facilities
in Bodrum from 2011 to 2021.

Table 1. Distribution of facilities in Bodrum from 2011 to 2021

Region New Building Facility | Boatyard Facility | New Building + Boatyard Facility
2011 | 2016 | 2021 | 2011 | 2016 | 2021 2011 2016 2021

icmeler 35 24 18 4 4 4 6 5 4
Yalikavak 0 0 0 1 1 1 3 2 2
Kizilagag 3 2 2 0 0 0 0 0 0
Yaligiftlik 0 0 0 0 0 0 1 1 1
Ortakent 1 1 1 1 0 0 0 0 0
Glmbet 0 0 0 1 0 0 0 0 0
Bodrum (marina) 0 0 0 1 1 1 0 0 0
Turgutreis 0 0 0 1 1 1 0 0 0
TOTAL 39 27 21 9 7 7 10 8 7

Table 1 shows that especially the number of the new building facilities decreases from 2011 to 2021 in
Bodrum. On the other hand, even though the numbers of the boatyard facilities and the new building
+ boatyard facilities decrease from 2011 to 2016, there is no significant difference in the numbers in
the last five years period. The overall number of the facilities decreased by 40% compared to 2011.
The collected data shows that only 5 of the 14 facilities that provide yacht repair&maintenance
services in Bodrum for 2021 use travel lifts while the others use slipways. Among the travel lifts used
in Bodrum, the maximum capacity is recorded as 450 tons, and this lift can lift a yacht of approximately
48 m.
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Even the number of facilities decreases in the last ten years, production data in yacht building shows
that there is no remarkable change in the number of delivered yachts. In Table 2, the numbers of the
delivered yachts, as well as the total and average length from 2011 to 2021, are shown. The share of
the Bodrum yacht building industry in terms of project numbers is within the range of 5-10% compared
to the total number of yacht projects built in Turkey.

Table 2. Number of the delivered yachts in Bodrum from 2011 to 2021

Sailing yacht Motoryacht Overall

Year Total Avg. Total Avg. Total Avg.

Number length Ienggth Number length Ienggth Number length Ien:th
2011 5 204.00 | 40.80 1 19.00 19.00 6 223.00 37.17
2012 2 68.40 34.20 3 81.70 27.23 5 150.10 30.02
2013 3 86.66 28.89 1 15.00 15.00 4 101.66 | 25.42
2014 3 96.90 32.30 0 0.00 0.00 3 96.90 32.30
2015 5 152.90 | 30.58 3 76.90 25.63 8 229.80 | 28.73
2016 2 45.00 22.50 2 35.40 17.70 4 80.40 20.10
2017 4 114.50 28.63 0 0.00 0.00 4 114.50 28.63
2018 6 159.40 | 26.57 0 0.00 0.00 6 159.40 | 26.57
2019 3 84.90 28.30 0 0.00 0.00 3 84.90 28.30
2020 5 129.83 25.97 1 15.00 15.00 6 144.83 24.14
2021 5 138.31 | 27.66 0 0 0.00 5 138.31 | 27.66

The data shows that sailing yacht types constitute the majority among the delivered yachts in Bodrum
between the years 2011 and 2021. The average length of the delivered sailing yachts is calculated as
29.67 and it varies between 22.50 and 40.80. According to reports, Turkey is listed in the third rank by
having a 10.5% share of the global total length yacht production in 2021 (Boat International, 2020),
whereas Bodrum produces 4% of the total length of Turkish yacht building. However, considering
global sailing yacht production data for 2021 (Boat International, 2020), Bodrum has a share of about
6.8% in total for the yachts with an overall length of 24 m and above. The decrease that occurred until
2016 is related to the sectoral and economic problems experienced, and the decrease between the
years 2020 and 2021 is attributed to the impact of the COVID-19 pandemic.

5. SWOT/PESTLE Analysis Results

The strengths are evaluated within the resource of historical and cultural background, location
advantages, and weaknesses are analyzed under data inventory and building costs. Opportunities and
threats are determined considering the external factors related to local and global developments. S,
W, O, T factors are determined considering the sectoral reports, literature studies, obtained numerical
data and observations. Then, considering the internal and external factors PESTLE analysis is conducted
for categorical assessments.

5.1. Strengths
5.1.1. Historical and cultural background-know how

The fact that boat building in Bodrum dates back thousands of years has brought specialization and
experience to the region, especially in wooden boats. Although the boat building in Bodrum stopped
with the end of the Ottoman Shipyard's activities in the 1850s, it continued with the tirhandil type boat
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produced in 1933, and today it has become a large industry (Binder, 2019). In addition to wooden yacht
building, yachts made of steel, aluminium, and composite materials are also built in the facilities
located in Bodrum (Turan & Akman, 2021b). Prestigious yachts built with alternative production
techniques and construction materials show that experience and knowledge of the yacht building

industry in Bodrum is at a level that can compete with rival regions.

5.1.2. Location (logistics, transportation: airport)

Transportation and logistics that include highway, airway, and seaway transportation alternatives are
among the guiding criterion evaluated in the selection of a yacht building facility (Hazneci, 2009).
Mugla province has Dalaman Airport and Bodrum-Milas Airport, each of which has served over 3.5
million passengers annually, according to 2017 and 2018 data (Mugla Bliyliksehir Belediyesi Ulasim
Dairesi Baskanhgi Ulasim Planlama Sube Mudurligi, 2018), which triggers yacht management and
charter fields. In addition, Bodrum is connected to the surrounding towns and cities by common
highway connections.

5.1.3. Blue Voyage and other marine tourism alternatives

There are many types of research underlining the interaction between Blue Voyage and yacht building
industries in Bodrum (Kiikner, 2007, 2009; Turan, 2021). The increasing demand for Blue Voyage is
directly related to the demand in the yacht building industry which has a worldwide reputation today
(Turan & Ozcan, 2018). Besides, yacht tourism has its 10how10ics and is an individual-based field.
Therefore, yachting is one of the least affected industries by external factors. COVID 19 pandemic is a
current example of which the yacht building industry has increased its capacity. Previous studies
10how that COVID 19 affected cruise tourism and this global pandemic situation creates uncertainty
in this marine tourism sector (Depellegrin et al., 2020; MiloSevi¢, 2020; Renaud, 2020; Tatenhove,
2021; Urbanyi-Popiolek, 2020). On the other hand, the global Covid-19 crisis causes customers to shift
to marine tourism alternatives. The pandemic situation promotes travelling by sea more individually
such as yachting tourism (MiloSevi¢, 2020). By providing a safe and isolated holiday option, Blue
Voyage is among the least affected sectors by the COVID-19 situation and it is seen as a safe marine
vacation type (Arli, 2020). Blue Voyage is generally conducted by Bodrum Gulets and tirhandils
therefore the number of new buildings along with repair and maintenance activities are expected to
increase. In other words, the significant relationship between the yacht building and the Blue Voyage
industries minimizes the negative impact of the COVID-19 on the yacht building industry. In this
perspective, Blue Voyage is among the strengths of the Bodrum yacht building industry.

5.1.4. Specific yacht types: Bodrum Gulets and, tirhandils

Yacht types specific to Bodrum are the primary factors contributing to yacht building in the region.
Gulets, manufactured and exported in Bodrum in the 1960s and 1970s, played a role in the recognition
of the yacht building industry in Turkey by Europe (Unliisti, 2004). Gulet building in Bodrum started at
the end of the 1950s with the construction of two separate gulets (Binder, 2019).

5.1.5. Government incentives for shipyard establishment and yacht building

The existing and to be established shipyard facilities along with the new shipbuilding projects are
supported by the incentives given by the Turkish Ministry of Industry and Technology. The government
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incentives aim to alleviate the financial burden on the shipyards and increase employment. According

to the report (Sungur, 2021), about 12% of the total incentives were distributed to various shipyards
including yacht building facilities.

5.2. Weakness
5.2.1. Publicity and advertisement

Bodrum has a worldwide reputation for its tourism alternatives. However, specific yacht types need to
be promoted especially in the global market. Recognition in the global market is one of the essential
elements for the permanence of the yacht building in Bodrum.

5.2.2. Lack of collected data about the economical and production parameters

It has been observed that up-to-date and detailed economic data on yacht building and related sectors
such as maintenance, repair, management, and operation in the Mugla region are quite limited (Turan
& Akman, 2021b). Apart from merchant ships built in Turkey, yacht building data based on technical
parameters such as length, tonnage, certification, construction material, techniques, etc. are missing.

5.2.3. High dependence on import raw materials, equipment, and machinery

According to the collected data, imported raw materials, equipment, and machines constitute a major
part of the manufacturing process of the yacht building in Bodrum (Turan & Akman, 2021b). When the
budget tables of three different wooden sailing yachts constructed in Bodrum between 2016 and 2020
with length overall of 20 m, 26 m and 43 m are analyzed, it is seen that imported products constitute
60 to 63 % of the total budgets. Sail & rigging equipment, engines and auxiliary system components,
paint, varnish, entertainment tools, navigation system electronics and deck equipment are the
equipment that contain mostly imported elements. On the other hand, the importation of raw
materials used in the manufacture of non-imported products indirectly increases the dependency on
imported materials of yacht building in Turkey. This circumstance increases the probability of being
affected by external conditions that may cause delays or fluctuations in prices. Moreover, due to the
high dependency on the imported materials in yacht building, yachts are generally priced in foreign
currencies and seen as luxury-segment products by domestic customers.

5.2.4. Lack of segmentation and targeting strategies

It is observed that facilities in Bodrum have been producing various types of yachts with different
construction materials and techniques. Even this ability represents a high level of flexibility, it
precludes the yacht manufacturers in Bodrum to specialize in a specific type of yacht as well as the
construction material and the techniques. Segmentation and targeting strategies on the other hand
enable the enterprises to focus on a particular group of customers.

5.2.5. Lack of technological development in the manufacturing processes

During yacht building, particularly for wooden yachts, traditional cutting, assembling and outfitting
processes are still conducted, which decreases the technological competition power of the shipyard
facilities. Therefore, the reworks in the building processes are inevitable causing longer delivery time
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and relatively poor quality. Moreover, most shipyards do not have an integrated enterprise resource

planning (ERP) system to be used for each production and management process. As a result, a culture
of continuous improvement could not be established in the shipyards.

5.2.6. Required amendments in regulations

Boats under 12 meters in length overall are not subject to class or certification rules. The length limit
subject to the rules should be lowered below 12 meters and the boat building should be standardized
to increase quality. Moreover, the boats that do not comply with any rules should not be allowed to
be built.

5.3. Opportunities
5.3.1. Increasing demand for yachts with the length between 24-37 m

As analyzed in the previous sections, the reports (Boat International, 2020; Montigneaux & Robinson,
2021) show that demand for semi-custom yachts inclines in the global market. Moreover, demand for
yachts with a length overall between 24 m and 37 m is in the upward trend for 2022 according to
Global Order Book 2022 (Montigneaux & Robinson, 2021). The overall length of delivered sailing yachts
in Bodrum between 2011 and 2021 varies from 22.50 m to 40.80 m which fits the global demand.

5.3.2. New yacht building facilities (Oren)

The boatyard and manufacturing centre, which is under construction in the Oren Region, is an
opportunity for the Bodrum yacht building industry, due to its close location to Bodrum. The project
has an area of 238,000 square meters consists of 31 hangars (Bodrum Oren Deniz Hizmetleri Sanayi
Turizm ve Ticaret A.S., 2019) and is planned to be completed by 2023 (Turan & Akman, 2021b).

5.3.3. Initiatives in yacht-building education and training

In Bodrum, four vocational high schools and two university programs related to maritime and yacht
building. Moreover, the demand for these schools where it is aimed to fulfil the demand for qualified
employees in the sector is increasing. In addition, a project supported by the Ministry of Industry and
Technology is being conducted by Mugla Sitki Kogman University named “Blue Generation” (GEKA,
2021). In this project, it is aimed to establish an applied, simulator, and computer-aided education and
training centre for the individuals with the workforce potential needed for the yacht building and yacht
tourism sectors.

5.3.4. University-industry collaboration

Unsan and Soylemez (Unsan & Séylemez, 2004) underline the importance of the university-
shipbuilding industry collaboration and refer to the universities as the core of the shipbuilding industry
in Turkey. Especially in full custom and semi-custom yacht projects, computer-based design and
optimization with research & development studies contribute to the added value of the industry. In
addition, material testing and certification are required for enhanced design and production. The
university-industry collaboration is needed to gain a competitive advantage against rivals in the yacht
building market.
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5.3.5. Compliance with the class rules and maritime regulations

The shipyards can produce numerous types of yachts with various building materials. Even though
wood is the primary building material, steel, composite and aluminium boats can be built in Bodrum
shipyards. The design and manufacturing facilities have extensive know-how for building luxury yachts
complying with the class rules, European norms and maritime regulations, which increases the
international competitiveness of the shipyards.

5.4. Threats
5.4.1. Economical parameters-fragile economy

Materials, machinery, rigging, and other outfitting equipment are imported and the cost of them
constitutes more than 60% of the total cost of a sailing yacht built in Bodrum. The dependency on
foreign currency increases the vulnerability of the sector to fluctuations in exchange rates.

5.4.2. Lack of energy supply

Energy supply is listed among the essential criterion that affects the location selection process of a
yacht building facility (Hazneci, 2009). Yacht building has intense energy consumption which also
promotes the carbon footprint of the sector. Purkis (Purkis, 2018) states that the negative effects of
thermal power plants in terms of the environment also affect the yacht building in Mugla. Moreover,
Bodrum is one of the centres that receive intensive immigration and energy consumption increases
due to the dramatic increase in population, especially in the summer seasons.

5.4.3. Unplanned and disorganized shipyard facilities

The settlement of shipyards in Bodrum is unplanned and disorganized causing various problems. Based
on the unsuitable landforms of Bodrum, the shipyards are scattered in the icmeler region and most of
the shipyards are far away from the shoreline and don't have the capabilities of ship launching or
berthing. Therefore, the layout of shipyards decreases the overall production efficiency.

5.5. PESTLE Analysis

The political, economic, social, technological, legal and environmental factors are determined under
the defined internal and external factors and tabulated as given in Table 3. The positive factors refer
to strengths and opportunities; the negative factors refer to weaknesses and threats, under the
internal and external factors, respectively. According to the clustered factors, economic subjects seem
the primary topic for the Bodrum yacht building industry. The economic weaknesses and threats are
related to the data inventory, marketing, construction material and outfitting equipment, which can
be improved by sectoral investments. On the other hand, the geographic location of Bodrum increases
the positive factors that the government and private incentives can trigger improvements in the sector.
Table 3 shows that even though the number of negative factors is high, Bodrum has a remarkable
potential to be a centre of yacht building.
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6. Conclusion
The numerical data related to yacht building facilities are analyzed, and internal and external factors
affecting the yacht building industry are determined for strategic decision making. According to the

analyses, the following conclusions and suggestions for the future strategy are drawn for the Bodrum
yacht building industry:

Table 3. SWOT/PESTLE analysis

‘ Analysis —» SWOT
+ PESTLE Internal Factors External Factors
e Government incentives for
Political shipyard establishment and yacht e Lack of energy supply (T/-)

building (S/+)

e Location: Transportation and
logistics (S/+)

e Publicity and advertisement (S/+)
e Lack of data on economical and
production parameters (W/-)

e Increasing demand for yachts
with the length between 24-37 m
(0/+)

Economic ) e New yacht building facilities
e Lack of segmentation and (©ren) (0/+)
targeting strategies (W/-) . .

> . e Economical parameters-fragile
e High dependence on import raw
) . economy (T/-)
materials, equipment, and
machinery (W/-)
Social e Historical and cultural e |nitiatives in yacht-building

background (S/+) education and training (O/+)

e Specific yacht types: Bodrum
Gulets and Tirhandils (S/+)

. . e University-industry collaboration
Technological e Lack of technological y Y

o/+
development in the manufacturing (0/+)
processes (W/-)
e Required amendments in e Compliance with the class rules
Legal . g .
regulations (W/-) and maritime regulations (O/+)
Environmental e Blue Voyage and other tourism e Unplanned and disorganized
alternatives (S/+) shipyard facilities (T/-)

¢ Boatbuilding in Bodrum has strong social and environmental bases where unique and high-value-
added yachts are built. Therefore, the number of influential national and international promotion and
advertising activities should be increased. Increasing the number of the international boat-show trade
fairs in the region, and seasonal or annual organizations are potential steps to be followed for
increasing the awareness of the yacht building industry in Bodrum.

e The current know-how, which is promoted by the historical background in yacht building is
remarkable and should be supported with advanced design and engineering optimization studies.
Therefore, university-industry relationships should be strengthened under social and technological
integration. Increasing the number of R&D projects for improving the building processes to improve
quality with efficiency is suggested in this content.

e Political decisions should be supported by technological tools. A detailed and electronic inventory
system is needed to evaluate the current situation and foresee the national position in the global area.
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Moreover, a master plan for the yacht building, repair, and maintenance industry in Bodrum should

be prepared. Targets should be integrated with this master plan to promote the yacht builders as well
as the repair & maintenance facilities in the Bodrum region.

¢ Instead of focusing on a target group of customers, yacht builders tend to produce various yacht
types. Segmentation of the domestic and the global market in yacht building is needed. Particularly,
domestic demand should be increased by segmentation and targeting.

¢ To eliminate negativities in the economic factors that arise from dependency on the imported
materials, machinery, and equipment domestic production should be supported to increase the
number of domestic suppliers in the yacht building industry.

e Related to the new yacht building, repair & maintenance facilities in the Bodrum and Oren regions
which will start to operate within 2 years, it is foreseen that energy supply capacities should be
increased. Moreover, due to environmental issues, the renewable energy source used should be
promoted in the region. Moreover, for the more efficient use of the energy sources and to eliminate
the energy losses, the infrastructure of the existing yacht building facilities should be improved.
Decreasing the waste in the used raw materials is another target issue in this content. The
Government, university and industry collaboration is needed for such improvements.

e |t is necessary to increase the education about yacht building and yacht design fields, which is the
sub-field of shipbuilding, and to support domestic yacht designs in the industry.

Bodrum is in a good position in the global yacht building market, especially in sailing yacht building.
When the situation between 2011-2021 is analyzed from the framework of the E-V-R model, it is seen
that the region has many strengths and resources in the yacht building, repair&maintenance industry,
as well as many advantages that will allow it to rise to higher ranks in the domestic and global yacht
building markets. The findings show that even though the number of facilities in yacht building
decreased significantly in the last ten years, the number of the new projects is on the trend an increase
over the last two years. In this context, it is predicted that the number of new productions and the
increase in total length will continue for 2022 and beyond. SWOT/PESTLE Analysis show that
improvements in the yacht building industry in Bodrum depend on the government-industry and
university-industry collaborations. For future strategies, actions should be planned to increase these
collaborations.
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OzZET

Bilindigi lzere, DARPA SUBOFF denizalti modeli derin suda yatay stabiliteye sahip degildir. Bu
¢alismada, denizalti modelinin periskop (snorkel) seyri esnasinda veya su ylizeyine yakin hareket
ederken yatay stabilitesi 3 serbestlik dereceli olarak tespit edilmistir. Denizalti stabilitesi ve
hidrodinamik manevra tirevleri tespit edilirken farkh derinliklerde yanal 6teleme kuvvetine ait
dogrusal katsayilar ve savrulma agisal momentine ait dogrusal katsayilar kullaniimistir. Denizalti capi D
olmak Uzere, derinlikler 1.1D, 2.2D, 3.3D ve 6D olarak secilmistir. Manevra tirevleri hesaplamall
akiskanlar dinamigi metodlariyla bir seri sistematik analiz yapilarak elde edilmistir. Hesaplamall
analizlerde gerekli dogrulama galismalari da yapilmistir. Hesaplamali akiskanlar dinamigi analizlerinde
boyuna ve yanal kuvvet tiirevleri, ve savrulma momenti tirevleri hesaplanarak dogrusal modelde X0,
Xv, Xd, Xs, YV, Yr, Ys. Nv, Nr ve N5 katsayilari belirlenmis ve hidrodinamik model olusturulmustur. Farkh
derinliklere gore elde edilen hidrodinamik tiirevler ile denizaltinin yatay stabiliteye sahip olup olmadigi
tespit edilmistir. Denizalti modelinin, serbest su ylizeyine yakin seyir durumlarinda yatay stabiliyete
sahip oldugu ve 4.6D derinlikten itibaren ise yatay stabilitesini kaybettigi bulunmustur.

Anahtar kelimeler: DARPA denizalti modeli, yatay stabilite, manevra tirevleri, HAD, derinlik etkisi.
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ABSTRACT

It is known that DARPA SUBOFF submarine model does not have a horizontal stability in deep water.
In this study, the horizontal stability of submarine model moving during the periscope (snorkel)
position or close to the free water surface, has been determined in 3 DoF (degrees of freedom). While
determining the submarine stability and hydrodynamic maneuvering derivatives, linear coefficients of
lateral translational force at different depths and linear coefficients of yaw angular moment were used.
The depths were selected as 1.1D, 2.2D, 3.3D and 6D, here D is submarine diameter. The maneuvering
derivatives were obtained by performing systematic analyzes with the computational fluid dynamics
method. Necessary validation studies were also carried out in computational analyzes. In
computational fluid dynamics analysis, longitudinal and lateral force derivatives, and yaw moment
derivatives were determined and X0, Xv, Xd, Xs, Yv, Yr, Ys, Nv, Nr ve N5 terms were computed in the
linear model. A hydrodynamic model was generated with these coefficients. The horizontal stability
was then determined with the effects of different depths by using this hydrodynamic model. It has
been found that the submarine model has horizontal stability when cruising close to the free water
surface and loses its horizontal stability for water depths greater than 4.6D.

Keywords: DARPA SUBOFF, horizontal stability, maneuvering derivatives, CFD, depth effect.
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Nomenclarute

C2: Hull, Sail and Stern Obsession VOF : Volume Free Surface Modeling
Model Method
C4: Hull and Sail Obsession Model X: Submarine longitudinal force
CAD: Computer Aided Drawing component
D: DARPA submarine diameter X0: Submarine resistance
coefficient in the X plane
DARPA : The Defense Advanced
. Xd: The depth effect coefficient in
Research Projects Agency
the X plane
DSM : DARPA Suboff Model
Xg: Longitudinal center of gravity
DTRC: David Taylor Research Center
Xs: Coefficient of rudder force in
Gh: Number of horizontal stability the X plane
Gv: Number of vertical stability XV : First-order derivative
HAD : Computational Fluid Dynamics coefficient of X force with
) respect to v velocity
I: DARPA submarine yaw
moment of inertia Y: Submarine lateral force
) ) component
L: DARPA submarine model size
LES Big Eddy Simulati Yv: First order derivative
' '8 y simulations coefficient of Y force with
m: mass of DARPA submarine respect to v velocity
Submarine understeer Yr: First-order derivative
moment component coefficient of Y force according
Nv : First-order derivative to yaw speed r
coefficient of moment N with Ys: Coefficient of rudder force in
respect to velocity v the Y plane
Nr: First-order derivative p: Sea density
coefficient of moment N with
respect to yaw speed r
Ns : N moment effect coefficient of
rudder moment
PMM : Planar Motion Mechanism
r: Submarine yaw angular
velocity
RANS : Reynold Mean Navier Strokes
Equations
u: Submarine longitudinal
velocity
vV Submarine lateral velocity

-44 -



GMO Journal of Ship and Marine Technology
Issue: 221, June 2022 //‘
ISSN: 1300-1973, e-ISSN: 2651-530X, Journal homepage: http://www.gmoshipmar.org/ b,

7/

Research Article

1. Introduction

Submarines moving close to the free surface are needed for reasons such as air requirement, battery
charging, GPS location determination and communication with the base (Kirikbas et al., 2021a).
Because of these needs, it is necessary to examine the course keeping capabilities and stability of
submarines operating at different depths, including near surface. The course keeping capabilities and
stability of submarines are directly dependent on many factors such as fin configuration, submarine
form, rudders and the depth of the submarine from the free surface. Cruising stability in the horizontal
plane can be determined by submarine hydrodynamic derivatives (coefficients). For this reason, the
correct calculation of the hydrodynamic derivatives of submarines operating at different depths is
important in the maneuver of submarines (Amiri et al., 2019).

In order to investigate the maneuvering performance of submarines, whether in deep water or near
free surface, the determination of hydrodynamic derivatives is required. Generally, the methods used
to determine the hydrodynamic derivatives of submarines were described as empirical methods,
experimental methods and CFD methods. There are studies in the literature that describe the
advantages and disadvantages of these methods compared to each other, and studies that examine
these three working methods according to each other and share the maneuver results (ITTC, 2008).
Also, there are studies in the literature that obtain hydrodynamic derivatives with CFD and empirical
approaches and the derivatives are validated by experimental data (Duman, S., Bal, S., 2019). In order
to develop these methods, some submarine models have been created to be used in the literature.
There are studies in which the submarine models used in the common literature are introduced and
standard maneuvering tests are applied (Kirikbas et al., 2021b). Darpa submarine model is an example
of this. With the increase in the use of submarines, some regulations have been made to determine
the maneuvering performance of submarines (Kirikbas et al., 2021c). Maneuver tests were also applied
to the Darpa SUBOFF submarine model at different depths and at different drift angles, according to
the standards determined, and the coefficients for the model were given for depths close to the surface
(Efremov and Milanov, 2019). These linear coefficients are also evident for deep waters (Roddy 1990).
In this study, it was reported that the submarine did not have horizontal stability in deep water
conditions. The reason why DARPA Suboff Geometry does not have horizontal stability has been
explained in the literature. It has been noted that for DARPA geometry, sail-induced and rudder-
induced eddies are too large and quickly render the submarine model physically unstable (Ashok and
Smith 2013). First of all, the stability of the system should be checked and only then will the
hydrodynamic derivative determination work be meaningful. Therefore, in this study, a study was
conducted on the calculation of derivatives after controlling the stability of the submarine at different
depths (Racine and Peterson, 2012). So, what is the deep-water limit? It has been found that depth has
a significant effect on submarine resistance when the depth Froude number is greater than 0.7 (Dogrul,
A., 2019). Here, this depth limit has been chosen to define the deep-water case.

In this study, the STAR-CCM+ package program has been used to implement the CFD method. In the
study, static drift tests were applied to determine the hydrodynamic derivatives representing the
lateral velocity derivatives in accordance with the examples given in the literature. In addition, pure
yaw tests were applied to determine the hydrodynamic derivatives representing the yaw angular
velocity derivatives (Yoon, H., 2009). the wave resistance of submarine and rudder performance at
different depths close to the free water surface were investigated. First, the results from CFD analysis
were validated with those of experiments given in literature. Then, the hydrodynamic derivatives and
rudder geometries derivatives were calculated on the horizontal axis for the DSM. The near-surface
(snorkel) depths of the DSM have also been considered. According to these derivatives, the horizontal
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stability characteristic of DSM, which is known as unstabile in deep water, at depths close to the free
surface has been investigated.

2. Hydrodynamic Model

In this study, horizontal stability has been examined. The necessary quantities for investigating the
horizontal stability are the lateral forces and yaw moment. Therefore, the model has three degrees of
freedom. Three degrees of freedom are represented by two translational and one rotational motion.
The force - moment symbols for these degrees of freedom are defined in Table 1 with the translation
- rotational speeds and position - angle information.

Table 1: Symbols used for degrees of freedom of submarine.

Translational

Degrees of Force and . Position and
Remark and rotational
Freedom moment Angle
speed
1 X direction translation X u X
2 Y direction translation Y v y
3 N direction rotation N r U}

The directions of translational and rotational motions are defined in Figure 1 with the arrow direction
denoting the positive direction.

X<

Figure 1. Three degrees of freedom system for submarine

The hydrodynamic model to be used in the three-degree-of-freedom system is given in equations 1, 2,
and 3 as follows (Inoune et al., 1981);

Xy =X, + X, *v2 + X5 6° + X, (1)
Yy =Y, *v+ Y. xr+ Y50 (2)
Ny =N, *v+ N, *xr+ Ns*0 (3)

Here, Xy denotes the hydrodynamic forces in the X direction and Yy in the Y direction. Ny represents
the hydrodynamic moment in the N direction. The X, coefficient is the sum of the drag forces in the X
direction obtained from the linear motion of the DSM while moving at a speed of 6.5 knots in deep
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water without any rudder effect or drift effect. The X,, coefficient represents the first-order derivative
of the forces in the X direction according to the lateral velocity v. X; refers to the force acting in the x
direction depending on the depth. The X coefficient represents the sum of the rudder-induced forces
in the x direction. The Y,, coefficient represents the first-order derivative of the forces in the Y direction
according to the v lateral velocity. The Y, coefficient represents the first orderr derivative according to
the yaw angular velocity r of the forces in the Y direction, and the Y coefficient represents the sum of
the rudder-induced forces in the Y direction. The N,, coefficient shows the first order derivative of the
moments in the N direction according to the v lateral velocity, and the N, coefficient shows the first
order derivative of the moments in the N direction according to the yaw angular velocity r. The
N coefficient is the sum of the rudder-induced moments in the N direction. All coefficients vary with
depth, except for X,. The submarine model image is shown in Figure 2. The physical variables and
terms used for nondimensionalization are given Table 1.

I _

Figure 2. DARPA Suboff 3D model

The non-dimensional terms used in the study are given in Table 2.

Table 2. Non-dimensionalization terms

. Terms for
Variables . . .
Nondimensionalization
Velocity u
Angular velocity u/L
Forces 0.5*p*L2*U?
Moments 0.5*p*|3*U?
Acceleration uU?/L
Angular acceleration uZ/12
In Figure 3, a submarine image at different depths is given.
free water surface v
11D |

‘

2.2D

‘

3.3D

‘

Figure 3. DARPA Suboff at different depths
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3. Validation and Verification Analysis

In order to minimize the effects of the outer boundaries on the computational domain, a sufficiently
large computational domain should be selected. In this study, the main dimensions of the domain are
1.5L from the front, 5L from the back, 2L from the sides and 2L from the top and bottom (Sezen et al.,
2018).

Three different mesh studies were performed for each model. The total number of meshes in the mesh
structure and the increase in the mesh structure from coarse to fine show proportionality. There are
studies in the literature with an increase rate of 1.6 mesh (Li et al., 2019). In this study, the mesh growth
rate was chosen as 1.6. The mesh independence information and parameters are shown in Table 3.

Table 3. A study on mesh independence

Cell increase

Depth Naming Basic size Number of cells
rate
1.1D Coarse 10.00 727044 -
1.1D Medium 7.50 1223770 1.683
1.1D Fine 6.0 1927698 1.575
2.2D Coarse 10.0 677568 -
2.2D Medium 7.50 1115281 1.646
2.2D Fine 6.0 1766403 1.583
3.3D Coarse 10.0 662324 -
3.3D Medium 7.50 1086891 1.641
3.3D Fine 6.0 1738435 1.599
Deep water Coarse 10.0 560894 -
Deep water Medium 7.50 896523 1.598
Deep water Fine 6.0 1408255 1.570

The results of static drift tests with k — € turbulence model at different depths are compared in Table
4. Thus, it has been noticed that the error level has decreased below 2 percent in X force, 4 percent Y
force, and 3 percent N moment between the medium density mesh and fine mesh.

Table 4. Mesh percent difference values

Depth Mesh naming (difference) %X difference %Y difference %N difference
1.1D Coarse-Medium 0.58 3.30 3.72
1.1D Medium-Fine 0.07 3.02 2.55
2.2D Coarse-Medium 1.14 3.53 2.77
2.2D Medium- Fine 0.38 1.63 1.44
3.3D Coarse-Medium 0.99 2.59 0.70
3.3D Medium- Fine 0.01 1.21 0.78
Deep Water Coarse-Medium 0.83 1.23 0.78
Deep Water Medium-Fine 0.22 0.56 0.73

The mesh structure at 1.1D is shown in Figure 4. In order to accurately model the viscous effects of the
submarine, a more fine mesh structure was created in the nose, sail and stern areas. In addition, in
order to better model the effect of fluctuations on the free water surface, the mesh structure is
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arranged according to the depth. This free water surface layer will allow the VOF solution to converge.
The Y+ value should be between 30 and 300 in the analyzes to be made with the RANS method (Sezen
et al., 2018; Duman and Bal, 2021). In this study, Y+ was chosen as 50. The boundary layer thickness in
the mesh structure was calculated as 0.06 meters and modeled with 15 layers. The boundry layer
expansion ratio was determined as 1.2. Time step in the analysis is chosen 0.2 sec.

Figure 4. 1.1D mesh structure and computation domain

The flow around underwater platforms is turbulent, and a turbulence model should be chosen in
accordance with the effects of Reynolds stresses in CFD studies using the RANS method. It has been
observed that the “Realizable” k — € model responds better to dynamic tests both in terms of results
and time optimization (Sakaki and Kerdabadi, 2020). Again, by comparing k — € and k — w models in the
literature, it is noted that the k — € model expresses the rotation effects better (Ray et al., 2009) as well
as in non-dynamic tests in submarine maneuvering studies. In this study, k — € turbulence model was
used in static drift tests, and realizable k — € turbulence model was applied in pure yaw tests.

Deep water validation data for different drift angles with respect to X, Y and N axes are given in Table
5. While the forces and moments were obtained in the analysis results, the forces and moments in the
X force, Y force and N moment were used in the analyses. The forces and moment obtained as a result
of the analyses are nondimensional according to the terms given in Table 1. As expected, the numbers
are negative on the X axis and change the sign on the Y and N axes according to the direction of the
drift angle. In the present CFD analysis, Darpa Submarine is assumed to be axisymmetrical and the
analysis results show symetrical behaviors. Therefore, validation data (Roddy, 1990) and analysis
results by CFD actually produced different errors under the same conditions. Experimental data do not
show symmetrical results.
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Table 5. Validation in deep water case (Roddy, 1990)

X nondimensional force

Drift angle

Validation Data Analysis Result %Error
-4 -1.13*10°3 -1.15*103 1.2
-2 -1.16*103 -1.08*103 6.3
2 -1.15*103 -1.08*103 6.0
4 -1.13*10°3 -1.15*103 1.8
Drift angle Y nondimensional force
& Validation Data Analysis Result %Error
-4 -1.39*10°3 -1.54*103 10.9
-2 -9.26*10* -7.30*10* 21.2
2 7.01*10* 7.30*%10* 4.1
4 1.51*103 1.54*10°3 2.2
Drift angle N nondimensional moment
& Validation Data Analysis Result %Error
-4 -1.10*10°3 -1.05*103 4.2
-2 -5.22*10% -5.28*10* 1.2
2 5.68*10* 5.28*10% 7.1
4 1.11*103 1.05*103 4.9

The validation data of submarine resistance at different depths according to the X-axis are given in
Table 6. Validation data is taken from this article (Li, D., et al., 2021). The X force (resistance) obtained
by CFD method is nondimensional. The resistance is increasing as the submarne approaches to the free

surface, as expected.

Table 6. Validation for resistance (Li, D., et al., 2021)

Depth Validation Data Analysis Result % X difference
1.1D -2.563*10°3 -2.697*10°3 5.26
2.2D -1.428*10°3 -1.510*10°3 5.79
3.3D -1.125*10°3 -1.205*10°3 7.10

Pressure distribution and wave deformation on the free surface obtained from CFD method are also
shown for the completeness of the paper in Figures 5 and 6, respectively. It can be seen in the Figure
5 that the positive pressures have been detected in the bow section and fore of the sail and negative
pressures in the stern region as expected in depth water. In Figure 6 Kelvin wave pattern has been
obtained by CFD method. It can be noted that CFD method is modelling the physical problem properly.

Figure 5. Pressure distribution at deep water
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Figure 6. Kelvin wave pattern at 1.1D

4. Cases

The necessary equations for the static drift tests (pure yaw cases) and the determination of

hydrodynamic derivatives are given here. Static drift tests are a form of non-accelerated test based on

the wall boundary condition. It is initiated with a drag angle. Only forward and lateral translation

velocities occur in static drift tests. This test which is free from angular yaw velocity and acceleration,

is also free from lateral translational acceleration. The values of the velocities and accelerations of the

static drift analyzes are defined in Table 7 according to the submarine coordinates (Yoon, H., 2009).

Table 7. Velocities and accelerations in static drift cases (Yoon, H., 2009)

Motion

Static drift

u

i T T T S~

U.cosf
0
U;sinf
0
0
0

Cases at different drift angles and different depths were considered for the X,, Y, and N, coefficients

determined by static drift analysis. The cases performed for the determination of lateral translational

hydrodynamic derivatives in static drift experiments are shown in Table 8.

Table 8. Cases studied in static drift analysis.

Depth Drift angle Rudder angle
6.0D 4,2,0,-2,-4 0
1.1D 4,2,0,-2,-4 0
2.2D 4,2,0,-2,-4 0
3.3D 4,2,0,-2,-4 0
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For the determination of the X, Y, and N, equations, the magnitudes of the X, Y forces and N moment
are given in equations 4, 5 and 6, respectively. The equations are in linear form. The effect of angular
yaw velocity r is not clearly seen in these equations since the r velocity and acceleration terms are zero.

X=X, + X,v (4)
Y=Y,v (5)
N = N,v (6)

Another static drift case is to examine the effect of different rudder angles on the analysis results. In
the static drift analysis, Xs, Ys ve Ns coefficients were determined at different rudder angles and at
different depths. The cases performed to determine the hydrodynamic rudder coefficients are shown
in Table 9.

Table 9. Cases used for the determination of rudder derivatives

Depth Drift angle Rudder angle
6.0D 0 -15,-10,-5,0, 5, 10, 15
1.1D 0 -15,-10,-5,0, 5, 10, 15
2.2D 0 -15,-10, -5, 0, 5, 10, 15
3.3D 0 -15,-10,-5,0, 5, 10, 15

Cases used in pure yaw analyzes were performed for the determination of Yr ve Nr hydrodynamic
derivatives. These analyzes are dynamic and designed to eliminate the lateral translation velocity and
lateral translation acceleration. In Table 10, the pure yaw speeds and accelerations of the model are
given with respect to ship coordinate system (Yoon, H., 2009).

Table 10. Velocities and accelerations in model coordinates in pure yaw analysis (Yoon, H., 2009)

Motion Pure yaw
u U1+ e%cos?wt
) e2sin 2wt
u -U.w
2V1 + g2cos?wt
v 0
v 0
) 1
r swsinwt

1+ 2cos?wt
1+ £2(1 + sin®wt)
(1 + £2cos2wt)?

7 ew?coswt
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The instantaneous angular yaw velocity and angular yaw acceleration in pure yaw analysis of dynamic
tests can be defined as in equations 7 and 8, as follows:

T = TpaxSinwt (7)

T = Tipax COSWE (8)

According to the yaw angular velocity and yaw angular acceleration, the hydrodynamic derivatives to
be determined for the Y force and the N moment obtained in the analyzes are Yr and Nr, and additional
added masses will also affect the results since the acceleration term is not zero. Hydrodynamic
equations of force and moment Y and N are given in equations 9 and 10 as:

Y = Vi + Yyr 9)

N = N;# + N,r (10)

Forces can also be written as Taylor expansions with respect to model frequency. The frequency in the
Taylor series expansion corresponds to the angular yaw velocities of 0.04, 0.08, 0.12 and 0.16
determined for the submarine, and the pure yaw has been determined in accordance with the test
results in similar studies. Equations of Taylor expansions have been linearized in this study and higher
order terms hare been neglected. Linearized Taylor expansion equations are given in equations 11 and
12 (Yoon, H., 2009) as follows:

Y =Y. coswt + Ys sinwt (12)

N = N;coswt + Ny sinwt (12)

The physical equivalents of Taylor expansion coefficients in the equations are given in equations 13-
16. Derivative terms used here with sine represent hydrodynamic derivatives (Yr and Nr), derivatives
represent by cosine added mass (Yoon, H., 2009).

Ye1 = Vylinax (13)
Ye1 = Yilinax (14)
N1 = NyTinax (15)
Nei = NpTpmax (16)
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If a curve as in equation 2 is derived for the Y force and N moment from multiple run method, the
relevant coefficients can be obtained (Yoon, H., 2009):

y=Ax, y=Y,N, x =Tyay Y, N =A (17)

The cases to be used for the hydrodynamic derivatives (Yr ve Nr) of pure yaw analyzes are given in
Table 11.

Table 11. Cases for pure yaw derivatives

Depth Angular yaw velocities Rudder angle
6.0D 0.04,0.08,0.12,0.16 0
1.1D 0.04,0.08, 0.12,0.16 0
2.2D 0.04,0.08,0.12,0.16 0
3.3D 0.04,0.08,0.12,0.16 0

5. Hydrodynamics Derivatives

The lateral translation in Yv and Nv derivatives was created with the first order curves according to v
velocity, in Yr and Nr derivatives according to yaw angular velocity, and in X8, Y6 and N& coefficients
according to rudder angle. Only in the X6 derivative, a second-order curve is used due to the force
distribution. Dimensionless coefficient curves varying with depth are shown with in Figure 7. As a
result, for the nine derivative values given in the graph, the curves of those values were determined
and the numerical coefficients were obtained from the first-order slope of the curves. The coefficients
change with depths. As a result of this study, the nine linear derivatives was calculated according to
four different depths and thirty-six derivatives were determined.
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Figure 7. Change in nondimensional hydrodynamic derivatives versus depth
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Different values were found for nine derivatives at different depths. Curves of each derivative at
differet depths have been generated and given. The coefficients are given as nondimensional. It can
be seen from this figure that as the depth increases, many coefficients change, as shown in Figure 8.
The physical meaning of this is that free surface affects significantly the submarine at different depths.

In order to produce hydrodynamic derivative curves for the submarine, the depth where the submarine
is not affected by the free water surface is defined as deep water. If the depth Froude number is less
than 0.7, it is assumed as deep water (Dogrul A., 2019). In addition, Hoerner gave the wave resistance
change limit as 5D in his book (Hoerner, S. F., 1965). In this study, the aforementioned deep water
depth was chosen as 6D as in the literature (Efremov, D. V., & Milanov, E. M., 2019) and the depth
Froude number was 0.61. DSM Deep water analyzes and resistance analyzes at 6D depth were
compared and the difference was determined as 3%, and the 3% resistance difference corresponds to
the sum of X0 and Xd hydrodynamic derivatives at 6D depth.
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Figure 8. Change in hydrodynamic derivatives versus depth

The curves were derived from the coefficients obtained according to the depths and their equations
are given below (Equations 18 to 27). With these formulas, the behavior of intermediate values without
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computational fluid dynamics studies can be calculated. A in the equations represents the depth
distance from the free water surface in meters.

X0 =-125=10"% (18)

Xv= —450*10"** A" —16+10773 (19)

Xd = —-506%10"*+A"2+822+=10° (20)
X5=—-187+10"%+A"% —692+=1077 (21)
Yr=-507%10"2%4%2+303+10"2 %4 —731% 1072 (22)
¥Yr=—1.07 #1072 #sin (0.83 * A + 0.89) (23)
¥6§=528+10"%+A"1 —748=107° (24)
Nv=-268+10"3#%A+322+10 %+ A+ 146+ 1073 (25)
Nr=174%10"%%A* -280%A—321%103 (26)

NG =-234%10"°*A"1—255%107% (27)

It is known that there are only linear derivatives in the horizontal stability formula. Using linear
coefficients, submarine horizontal stability index is calculated as follows equation 28 and x;m' The
xem' term is given as -0.127*10-4 (Roddy, 1990).

¥y —m')

Gn=1—N,
4 Y [V (Ny. — xtm")]

(28)

According to the literature, if the horizontal stability value is between 0 and 1, the system is stable, if
it is greater than 1, the system is overstable, and if it is less than 0, the system is unstable. (Roddy,
1990), indicating that the DSM is actually a model with horizontal stability in its near-surface course.
Accordingly, the DSM model is horizontally stable in the three-degree-of-freedom system when
traveling near the surface. The horizontal stability-depth graph of the DSM model is shown below. The
reason why the horizontal stability behavior is not linear with respect to depth is that the linear
derivatives do not show linear behavior with respect to depth. Since hydrodynamic derivatives are
exposed to different free surface effects depending on the depth and free surface is nonlinear in
nature, they do not show a linear behavior (Efremov and Milanov, 2019). The point with yellow star
indicates the extremely stable transition depth and the point with red star indicates the greatest
horizontal stability that the submarine had, as shown in Figure 9.

Note that the horizontal stability number of DSM is greater than zero for lower depths of 4.6D, and it
takes a value greater than 1 for depths between 3.1D and 4.6D (Figure 9). Therefore, DSM has
horizontal stability for up to depths of 4.6D depth, even an extreme stable horizontal stability between
3.1D and 4.6D of depths. Below 4.6D of depth, it does not have any horizontal stability.
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Figure 9. Gh values versus depth ratio

6. Conclusion

The hydrodynamic derivatives of DARPA Submarine moving at different depths were computed and
the horizontal stability was investigated. Mesh independence studies and validation were carried out
for the designed model. For the submarine model, CFD analyzes were performed according to the
depth values selected from the literature (1.1D, 2.2D, 3.3D and 6D depths) and curve fitting was applied
to the values obtained for the intermediate depths. Three degrees of freedom linear system was
designed and solved numerically to provide the horizontal stability equation in the submarine model.
It has been found that the submarine model has different coefficients versus varying depths and
different horizontal stability.

It was found that DSM does not have a horizontal stability in deep water. It is confirmed by the studies
given in the literature. But the submarine for shallower depths (up to 4.6D depth) has horizontal
stability.
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Denizaltilarinda Havadan Bagimsiz Tahrik Sistemi Olarak Kullanilan
MESMA Sisteminin Termodinamik Performans Analizi
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OzET

Diinya genelinde, denizlerin sualti stratejik giici, glin gectikce daha da 6nemli bir hale gelmektedir. Bu
nedenle deniz kuvvetlerinin stratejik dislncesinde denizaltilarin yeri ve O6nemi gin gectikce
artmaktadir. Denizaltilar bircok kisi tarafindan en gelismis ve giiclii savas araglari olarak kabul edilir.
Denizlerde yeni gii¢c odaklari ve tehditlerin olusmasi nedeni ile llkelerin sualti savas platformlarina
ilgileri artmistir. Bu ylzden glinimiizde gelismis, ylksek kabiliyetli denizaltilar icin bilylk yatirimlar
yapilmaktadir. Bu ¢alismada, denizaltilarinda havadan bagimsiz tahrik sistemi olarak kullanilan MESMA
sisteminin termodinamik performans analizi yapilmistir. ilk olarak MESMA sisteminin ¢alisma prensibi
gosterilmistir. MESMA sistemini olusturan bilesenlerin enerji ve ekserji hesaplamalari yapilmistir.
MESMA sisteminin birincil ve en 6énemli b6limi olan yanmanin oldugu kisimda detayli yanma analizi
yapilmistir. Sistemde aktif olarak kullanilmis metanol ve etanol yakitlarinin yanma driinleri ve yanma
ekserjisi, %21 ve %25 oksijen oranli yanmalardaki sonuglari ile kiyaslanmistir. Tim sistemin elde edilen
net glic degerleri etanol ve metanol yakitlarinin ti¢ farkl oksijen oranina gére yanmasi, ekivalans orani
ve yanma odasi giris sicakhiginin degisimi ile sunulmustur. Net glic bakimindan etanol ile metanol
yanmasinin 10 ile 50 kW arasinda bir farkla sonuglandigi tespit edilmistir. Yanmadaki oksijen oraninin
artmasi ile elde edilen giiclin arttigi gosterilmistir. Ayrica yanma odasi giris sicakhgi arttikca sistem glicii
artmistir. Elde edilen glgler yakin olmasina ragmen verim bakimindan incelendiginde, metanol
yanmasinin etanol yanmasindan belirgin bir fazlaligi oldugu sonucuna ulasiimistir. Verim agisindan iki
yakit arasinda 5 puanlik fark olusmustur. Ayrica ekolojik performans katsayisi (Ecological coefficient of
performance/ECOP) yoniinden incelenerek hangi sartlarda daha ¢evre dostu performans elde edilecegi
gosterilmistir. Ekolojik performans katsayisi (ECOP) ekivalans oranin 0,3’den 1’e kadar artmasi ile
azalarak artan bir grafik ¢izmistir. Ekivalans oranin 1’den 1,5’e bir miktar azaldiktan sonra yatay olarak
devam etmistir. Ekolojik performans katsayisi (ECOP) bakimindan metanol yakitinin daha avantajli
oldugu ortaya koyulmustur.

Anahtar kelimeler: Termodinamik analiz, Havadan bagimsiz tahrik, MESMA, Denizalti, Gemi
makineleri, Yanma Analizi

Makale ge¢misi: Gelis 09/04/2022 — Kabul 27/04/2022
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ABSTRACT

Worldwide, the underwater strategic power of the seas is becoming more and more important day by
day. Therefore, the place and importance of submarines in the strategic thinking of the navies are
getting bigger and bigger. Submarines are considered as the most advanced and powerful combat
vehicles. Due to the emergence of new power centers and threats on the seas, countries' interest in
underwater warfare platforms has increased. For this reason, big investments are made in advanced,
high-capability submarines. In this study, thermodynamic performance analysis of the MESMA system,
which is used as an air-independent propulsion system in submarines, was made. First, the working
principle of the MESMA system was shown. Energy and exergy calculations of the components that
make up the MESMA system were made. A detailed combustion analysis was carried out in the part
where the combustion, which is the primary and most important part of the MESMA system, takes
place. Combustion products and combustion exergy of actively used methanol and ethanol fuels in the
system were compared with their results in combustion with 21% and 25% oxygen ratios. The net
power values of the whole system are presented by the combustion of ethanol and methanol fuels
according to three different oxygen ratios, the variation of the equivalence ratio, and the combustion
chamber inlet temperature. It has been found that the combustion of ethanol and methanol results in
a difference between 10 and 50 kW in terms of net power. It has been shown that the power obtained
increases with the increase of the oxygen ratio in the combustion. In addition, the system power
increased as the combustion chamber inlet temperature increased. Although the obtained powers are
close, it was concluded that methanol combustion has a significant excess of ethanol combustion when
examined in terms of efficiency. There was a difference of 5 points between the two fuels in terms of
efficiency. In addition, it has been examined in terms of ecological performance coefficient (ECOP) and
it has been shown under which conditions a more environmentally friendly performance will be
achieved. It has been demonstrated that methanol fuel is more advantageous in terms of ECOP.

Keywords: Thermodynamic analysis; Air independent propulsion; MESMA; Submarine; Ship Machines;
Combustion Analysis
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1. Giris

Denizaltilarinin askeri, istihbarat ve stratejik olarak 6nem arz etmesiyle birlikte her gecen yil denizalti
teknolojileri Gizerine yapilan calismalar arttirilmaktadir. Bunlardan en dnemlisi havadan bagimsiz tahrik
sistemleridir. Denizaltilarinda kullanilan havadan bagimsiz tahrik sistemleri; havaya ihtiyac
duyulmaksizin yani denizaltinin yilizeye ¢ikmadan su altinda seyir yapabilmesi icin gereken tahrik
glcunu Ureten sistemler olarak adlandiriimaktadir. Denizaltilarda en biyiik hedef, deniz ylizeyine
bagimhhg azaltip olabildigince uzun siireler su altinda kalmasini saglamaktir. Geleneksel dizel-elektrik
denizaltilarinin, hava kullanilarak dizel motorlarla galistirilan jeneratérler sayesinde pillerini sarj etmek
icin periyodik olarak ylizeye ¢ikmalari gerekir. Denizaltilarinin su ylzeyine her ¢ikislari hem yerlerinin
tespit edilme ihtimalinden dolayl hem de savunmasiz kalmalari nedeniyle ¢ok tehlikelidir. Bunun igin
denizalti su altindayken gerekli glici Uretecek havadan bagimsiz tahrik (Air Independent Propolsion /
AIP) sistemleri gelistirilmistir. Literatlire bakildiginda havadan bagimsiz tahrik sistemleri; Walter tirbini
(“https://uboat.net/types/walter_hist.htm,”), kapali devre dizel (Burcher ve Rydill, 1994), stirling
motoru (Mohammed Shibil Kurikkal, 2016; Rashad ve Nada, 2021), MESMA (Kerros vd., 1994; Psallidas
vd., 2010) ve yakit pili (Bedir F. ve Alniak M.O., 2004) olarak siralanmaktadir. Bunlarin yani sira,
glnimizde arastirilmasi yapilan ve lzerinde galisilan gesitli havadan bagimsiz tahrik sistemleri de
bulunmaktadir (Ozturan, H., 2017).

Collins Sinifi denizaltinda olasi kullanim igin uygunluk sirasini belirlemek amaci ile havadan bagimsiz
tahrik (AIP) sistemlerinin operasyonel ihtiyaclari g6z 6niine alinmistir. Karasal sistemlerde kulanilan alti
yakit hiicresinin, denizalti uygulamalarinda en iyi performansla kullanilabilecek olani belirlenmistir.
Denizalti AIP sistemi ile iliskili depolama ve reaktan isleme sistemleri igin tek bir optimum segenegin
olmadigi gosterilmistir (Peter L. Mart ve Jenny Margeridis, 1995). Denizaltilarin AIP sistemlerini su alti
seyir sureleri yoniinden incelenmis ve eski sistemlere gore bu siirelerin 3-4 kat artarak denizaltilarina
kabiliyet 6zelligi kazandirdigi gosterilmistir (Edward C. Whitman,). Howaldtswerke-Deutsche Werft
(HDW) sirketinin son vyillarda faaliyete giren denizaltilarin arastiriimasini ve Uretim hedeflerine
gecirilmesini saglayarak, gelecekteki denizalti AIP sistemleri igin yeni teknolojilerin gelistirilmesini
ortaya koymustur (Psoma ve Sattler, 2002). Persson vd. denizaltilarinda uzun siren su alti
operasyonlari sirasinda elde edilen bir dizi hava kalitesi parametresinin sonuglarini incelemistir.
Havadaki partiktl olcimleri, yliksek hava degisim oranlari ve verimli hava temizleme cihazlar
sayesinde hava kirleticilerinin dislk bir seviyede meydana geldigini gostermistir (Persson vd., 2006).
Geleneksel denizalti teknolojisinin performans o6zelliklerini gosteren analiz 6rnekleri sunulmus,
gelecekteki tasarimlar ve olasi tehditlere etkileri belirtilmistir. Ayni gévde formundaki farkh AIP
sistemlerle potansiyel iyilestirmeler arastirilarak olasi tespitler ortaya koyulmustur (Psallidas vd.,
2010). Denizaltilarinda mevcut tahrik sistemi, hidrojenin emilimi ve desorpsiyonunun yardimci
sistemleri icin degisiklik gerektirmeyen bir ¢6ziim 6nermistir. Depolama hacmi yogunlugu, ¢alisma
kosullari, sarj sayisi ve bosaltma cevrimleri gibi farkli kisitlamalar dikkate alinarak denizalti
otonomisinde 6nemli bir artis yapilabilecegi degerlendirilmistir (Fiori vd., 2015). 2000 tonluk bir hibrit
AIP sistem denizaltisinin performansi, tahrik sisteminin agirligi, hacmi ve verimliligi analiz edilerek
incelenmistir. incelenen AIP sisteminin motoru olarak, diisiik sicaklikta proton degisim membranl
(Proton-exchange membrane/PEM) tip bir yakit hicresi kullanmistir. Yakit hiicresinin reaktanlari, (g
yakit depolama sistemi (metanol, sivi hidrojen ve metalhidrit) ve iki oksidan depolama sistemlerinin
kombinasyonundan ¢ikan sonuglar incelenmistir (Lee ve Shay, 2018). Denizalti AIP sistemi kontrol
algoritmalari ile yik artisi adiminda dinamik yanit yoluyla degerlendirilmis ve nominal durum geri
besleme kontrolériiniin kontrol performansi ile geleneksel kontrolér karsilastiriimistir. Onerilen
nominal durum geri besleme kontroli ile sistem enerjisini %23,9 arttirdigi gosterilmistir (Han vd.,
2020). Denizaltilar igin en uygun AIP teknolojisini se¢mek igin zorunlu karar matrisi (Finite difference
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method/FDM) kullanilarak rasyonel bir karar verme prosediri gelistirilmistir. Zorunlu karar matrisinin,
cok secenekli bir ortamda en uygun ¢éziimiin belirlenmesinde etkili bir ara¢ oldugu vurgulanmistir
(Menon vd., 2020). Denizalti atik gazlar tahliyesi icin deniz suyunda karbondioksit (CO,) ¢6zlinmesi
Uzerine deneyler yapilmistir. Reaksiyon basincina ve deneysel sicakliga gore CO; konsantrasyonu elde
edilerek su alti silah sistemlerinin tecribe ettigi fiili calisma kosullari altinda, atik gaz aritma isleminin
optimum tasarimi ortaya koyulmustur (Park ve Choi, 2020). Denizaltilarindaki AIP sistemlerinin gelismis
teknolojiler ile birlestirilmesinin iyilestirilmis hedef belirleme, saldiri dongiisii ve nihayetinde artiriimis
gorev esnekligi, hareket kabiliyeti, dayanikhlik, erisim, glivenlik ve su altinda kalma slresi arttirmasinin
onemi cografi ve askeri olarak incelenmistir (Raska, 2016). HDW, denizaltilarin su alti seyir menzilini
artirmak icin bir yakit pili sistemi gelistirdigini belirtmis ve bu teknolojiyi gelistirmek, insa etmek, test
etmek ve Uretim asamasina getirmek icin gereken siireler hakkinda bir inceleme sunmustur (Pommer,
H. vd., 2006). Denizaltilarinin havadan bagimsiz tahrik sistemlerinde MESMA sistemi ile ilgili calisma
yok denecek kadar azdir. Stirling motoru hakkinda termodinamiksel ¢alismalar yapilmistir fakat diger
havadan bagimsiz tahrik sistemleri icin bu tarz analiz calismalari yapilmamustir.

Bu ¢alismada, literatiirde yapilmamis ve eksigi goriilen denizaltilarinda havadan bagimsiz tahrik sistemi
olarak kullanilan MESMA sisteminin calisma prensibi gosterilmistir. MESMA sistemi bilesenlerinin
enerji ve ekserji yoninden hesaplamalari ortaya koyulmustur. Sistemin en 6nemli bolimi olan
yanmanin detayli yanma analiz sonuglari iki farkli yakit ve iki farkl oksijen oranina gére sunulmustur.
Tim sistemin termodinamiksel performans analizi etanol ve metanol yakitlarinin Ug farkli oksijen
oranina gore elde edilen net giig, verim ve ekolojik performans katsayisi (ECOP) bakimindan detayli bir
sekilde incelenmesi yapilmistir.

2. Teorik Model ve Simiilasyon

MESMA (Module d'Energie Sous-Marin Autonome) havadan bagimsiz tahrik sistemi Fransiz Direction
des Construction Navales (DCN) sirketi tarafindan olusturulmus ve gelistirilmis bir sevk sistemidir (Sekil
1).

L b ya—

Sekil 1. MESMA Sistemi Moduli (“https://klswatch.wordpress.com/” n.d.)
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MESMA Sistemi temel olarak kapali devre bir buhar tiirbini sistemi olan Rankine ¢cevriminin g¢alisma
prensibine benzemektedir. Duslik sicakhklardaki tanklarda depolanmis sivi oksijen, buharlastiricidan
gecirilerek yanma odasinda etanol ile yanma gergeklestirilir. Yanma sonucunda 700 °C sicaklikta ve 60
Atm basingta egzoz gazl ortaya cikar. Birinci devrede Uretilen sicak gaz ile ikinci devrede buhar
olusturulur. Yuksek sicakhktaki buhar, buhar tirbinlerine iletilerek 1si enerjisi mekanik enerjiye
dontsturdlir. Alternator vasitasiyla tirbinden elde edilen mekanik glic ile gerekli elektrik ihtiyaci
Uretilir. Deniz suyu sadece kondenserde kullanilir. Yakit olarak ilk baslarda metanol kullaniimis fakat
mirettebat icin zararli oldugundan etanolde karar kilinmistir. Metanolin icinde ¢ok daha fazla zehirli
toksik madde bulundugundan dolayi bu durum gerceklesmistir (Kerros vd., 1994). Yanma urinleri olan
su ve karbondioksitin denize tahliye edilmeden 6nce depolanarak denizaltinin gorinmezliginin
arttirilmasi diistintlmastir. Bunun icin 60 Atm basingtaki CO,’nin en fazla 15 °C olmasi gerekmektedir.
Bunun saglanmasi icin deniz suyu sicakliginin yeterince diisik olmasi veya ekstra bir devre diizenegi
olmasi gerekmektedir. Genellikle egzoz gazlari direkt olarak denize tahliye edilmektedir. Boylece
birincil devrede kondenser olmasina gerek kalmamaktadir (Sekil 2).

Etanol Tanki

» Gaz Geridéniigim Donglisti
N\

Yanma Odasi

Isi Degistiricisi

Direkt Tahliye
H:0 - CO:
Oksijen Deposu
Tarbin
Elektrik
Kriyojenik ’ il

Kondenser

Hava Soguﬂxcusu

Sekil 2. MESMA genel calisma prensibi gosterimi

Sistemlerin optimum calisma performanslarini bulmak icin Matlab programinda sayisal bir similasyon
hazirlanmistir. Sistemin termodinamiksel performans analizi igin her bilesenin basing, sicaklik, 6zgil 1sl,
entalpi ve entropi degerleri hesaplanmistir. TUm gazlar ideal gaz olarak kabul edilir ve bunlarin
entalpileri ve 6zgil isilari sadece sicaklikla degisir. Yanmanin sabit durumda gerceklestigi varsayilir ve
yanma odasinin iyi karistirilan bir reaktér (Well-Stirred Reactor/WSR) oldugu varsayilir ve birincil bolge
kahs stiresinin 0,002 saniye oldugu varsayilir. Literatlire gére bu tarz yanma odasindaki basing kaybi
%2,5 ile %5 arasinda degistigi icin %4 alinmistir. (Lefebvre ve Ballal, 2010).

Sekil 2'de gosterilen MESMA sisteminin enerji analizi denklemleri asagidaki gibidir:

MESMA sisteminde sivi akiskanlarin basinglarinin arttirilmasi icin bircok pompa kullanilmaktadir.
Pompa isi ve pompa ekserji yikimi su sekilde ifade edilir:
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. v.(P-P

WP: /( e l) (1)
p

E, = E,—E+W, (2)

MESMA havadan bagimsiz tahrik sisteminin yanma odasindaki tirbilans, sirtinme ve tirbin
girisindeki basing kaybi ile basing kaybinin %4 oldugu kabul edilir. Termodinamik 6zellikleri tam olarak
hesaplamak i¢in yanma modeli olusturulmustur. Yanma (rinleri, denge sabitleri dikkate alinarak
esdegerlik orani ve sicakligin bir fonksiyonu olarak hesaplanir. Yanma modeli icin kimyasal denklem su
sekildedir:

k=n
S(PZ m, (kaHkaszqk) +20, +bCO,+ cN, — x,CO, +y,H,0 +;N,
1 (3)

2,0, + x,CO+ xH, +y,H + %0 + x,0OH +y,,;NO +y, HO, +%,,NO,

Buradaki x1 den x12 ye kadar her tlr icin mol sayisini temsil eder ve x,y,z,q yakitta bulunan karbon,
hidrojen, oksijen ve azot atomlarinin sayilarini ifade eder. ¢ genel esdegerlik oranidir. € yakitin
stokiyometrik yanmasindan elde edilen molar hava yakit oranidir.

e FA
FA,

8: L
4X+Y-27

(4)

(5)

12 bilinmeyen mol sayisini ve mol fraksiyonunu bulmak i¢in temeli Ferguson’un (Ferguson CR., 1986)
denge yontemi kullanilir. Esitlik Grinlerinin mol fraksiyonlarini ¢cézmek icin ek denklemlere ihtiyag
vardir. Bunlardan 6 tanesi, Urlnler arasi denge kriteri ile saglanmaktadir. Denge UrUnlerinin
hesaplanmasinda yanma modelinin atom dengesinden gelen 4 denklem daha mevcuttur. Bu
denklemeler Newton-Raphson ve Gauss siedel yontemleri ile glivenli ve hassas sonuglar elde edilir. Bu
sonuglari elde edilmesi ve GASEQ ve NASA CEA programlariile validasyonu yazarin Ozsari vd. (2021) ve
Ozsari ve Ust (2019) calismalarinda detayl bir sekilde gosterilmistir. Her tiirin molar 6zgiil isi, entalpi
ve entropi degerleri, (CHON) sistemlerinin termodinamik 6zellikleri i¢in egri uydurma katsayilari (a...
an) kullanilarak asagidaki ifadelerden elde edilebilir (Turns, 2011):

by :alk+a2_*kT+a3_*kT2+a4_’kT3+a5_’kT4+a6_’k (6)
R, T ~ 2 3 4 5 2
C
RLJ(:al’k +a2,kT+as,kT2+a4,kT3+as,kT4 (7)
=0
S _ A3 Ak ask
ﬁ—al’klnT+az,kT+%Tz+%T3+%T4+a7’k (8)

u

Sabit basingta, karisimin mol fraksiyonlari sicaklikla degistikce, ayrismalara bagli olarak karisimin
entalpisi degisir. Bu, asagidaki sekilde tanimlanan gaz karisiminin nihai 6zgil 1sisini degistirecektir:

1 12 _
h=— h |kJ |k
M;ak k[ g] (9)
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§=— Zak( -In ak) ln[gj (10)
0

12 A 7
(@j =C :Z%%_Fh_kaak _aklzk oM (11)
oT ), Pe HM@T M oT M- oT
(%j Zakc +h —hM, (12)
oT ),
oM oa
M, =—"= Z — (13)
k=1
Burada yanma sicakhigi T'dir (K). Uriin molar kiitlesi Mk ve toplam Griin molar kiitlesi M'dir.
12 12
M=>m =Y aM, (14)
k=1 k=1

Uriinlerin toplam mol sayisi, reaktanlarin kiitlesini yanma tiriinlerinin molekiiler agirhgina asagidaki gibi
bolerek bulunabilir: Son olarak, yi, y2, ys...y12 mol sayisi elde edilir.

m
N=-"L=vy =yN (15)
M T

Yanma odasi ¢ikis sicakligini hesaplamak igin:
T,.cm, +T,¢c, . m

T cox ~ p,cox cox

¢ c M, +C, M (16)

p.cox cox

Burada Ty, birincil bolge hava sicakhgl, Teox ise dillizyon havasi sicakhigini ifade etmektedir. Ayrica yanma
odasinda olusan i1s1 miktarini asagidaki denklemle buluruz:

Qin = meHV / 77(:0 (17)

Genel olarak, bir sistemdeki toplam ekseriji su sekilde ifade edilir:

EX,, =EX,, +EX,+EX,+EX, (18)

Com

Burada, EXeh fiziksel ekserjidir, EXcn kimyasal ekserjidir, EXx kinetik enerjidir, EXp potansiyel ekserjidir.
EXk ve EXp ihmal edilir. Fiziksel ve kimyasal ekserji asagidaki gibi ayrintili olarak ifade edilir:

=(H,~H,)=T,(S.-5,) (19)

T P
EX, =e,(T.-T,)T,| c m[TJ Rin (P] 20
EX,, = x.exg, + RT, Y x, Inx, (21)

Yanma odasindan gikan sicak akiskan ile bir nevi kapali ¢evrimdeki suya isi aktarimi yapilmaktadir. Isi
degistiricisinde basing kaybi, enerji dengesi ve ekserji yikimi su sekilde elde edilir:

])4 /PS = (1 Hex) (22)
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ms (hez - hi2) = mg (hel - hi1)77Hex (23)

E = En + Ei2 _Eel - EeZ (24)

DHex

Isi degistiricisinden sicakhgi yikselmis kizgin buhar tiirbine gonderilir. Buhar tirbinindeki glic ve ekserji
yikimi asagidaki denklemler ile elde ederiz.

W, =i (h,—h,) (25)
EDT = Ei _Ee - WT (26)

Tirbinden c¢ikan buharin sogutulmasi icin kondenserdeki enerji denklemi ve ekserji yikimi asagidaki
denklemler vasitasi ile bulunur.

l’i’ls (hil - hel) = msw(hel - hil )nCon (27)

EDCon = Eel +Ei2 _Eil _Ee2 (28)

Net glic; tiirbinden elde edilen gliclin tiim sistemde kullanilan pompalarda harcanan giicten gikariimasi
ile bulunur:

WNET = WT - WPn (29)

Termodinamiksel eneriji sistemler icin dnemli bir performans kriteri ekolojik performans katsayisidir
(ECOP). (G. Gonca ve I. Ozsari, 2016; Gonca, 2018; Gonca ve Genc, 2019; Ust vd., 2005). ECOP,
termodinamigin birinci ve ikinci yasalari arasinda gercekgi bir kombinasyon olusturan, etkin glcin
toplam ekserji yikimi hizina orani olarak tanimlanmistir ve su sekilde elde edilir:

WNE T

ECOP = (30)

Dtot

3. Bulgular ve Tartisma

Denizaltilarinda havadan bagimsiz tahrik sistemi olarak kullanilan MESMA sisteminin ilk denenen ve su
an gincel kullanilan yakiti olmak tzere 2 farkli yakit ile detayli termodinamiksel performans analizi
sonuglari sekil 3-7'de sunulmustur. Yanma ekivalans oraninin ve yanma odasi giris sicakliginin
degisimine gore yanma urunleri sonucu, net gii¢, verim, ECOP ve yanmanin kimyasal/fiziksel/toplam
spesifik ekserjisi hesaplanmis ve sonuclari gosterilmistir.

MESMA sisteminin en kritik ve 6nemli boélimi, yanma bolimidir. Bu yizden termodinamik
performans analizinden dogru ve hassas sonuglar alinmasi icin yanma sonrasi ¢ikan Grilinler ve bunlara
bagl termodinamik 6zelikler hesaplanmalidir. Yanma sonucu olusan bilesenlerin mole fraksiyonlari,
sekil 3a-c de degisik dlgeklendirmeler ile sergilenmistir. Burada yakit olarak etanol ve metanoliin, %21
ve %25 oksijen oranli oksi yanmalarinin sonuglari, ekivalans orani degisimine gore sunulmustur. Yanma
ekserjisi analizini yapmak icin, yanma Urlinlerinin mol fraksiyonlari mimkiin oldugu kadar gercege
yakin hesaplanmalidir. Hesaplamalarda 12 yanma (rlinG farkl enerji ve ekserji 6zelliklerine sahiptir.
Hesaplanan bircok yanma triini oldugundan, anlasilir olmasi icin Sekil 3; a, b ve c olmak lizere ti¢ kisma
ayrilmistir. Sekillerde, tiim egrileri bir arada sunmak icin dlceklendirme yapilmistir. Sekil 3'te géruldigu
gibi, fakir yanma bolgesinde 0,3-1, iki yakitin yanmasinda da CO,, O, ve NO; diger bolgelere nazaran
daha yiksek degerlerdedir. Tam yanma bolgesinde maksimum sicakliklarin ortaya ciktigi 1 ve civarinda
ise OH olusumun arttig1 gérilmustdr. Sicaklik artisi ile NO olusumu artarken buna karsin Ny'de disls
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<

gorilmustlr. Zengin yanma bolgesinde, 1-1,6 eksik yanma nedeniyle CO, H ve H,'de énemli artislar

gorulmastar.

Mol Fraksiyonu

——%21 0, Etanol CO,
........ %21 0, Metanol CO,
= = %250, Etanol CO,
==+ %25 0, Metanol CO,
——%21 0, Etanol O,
wesens %21 0, Metanol O,
= = %25 0, Etanol O,
==+ %250, Metanol O,
———9%210, Etanol H,0
........ %21 0, Metanol H,0

o] = = %250, Etanol H,0

==+ %25 0, Metanol H,0
%21 0, Etanol CO

] reereees %21 0, Metanol CO
| = = %250, Etanol CO
==+ %25 0, Metanol CO

—T T T T T T T T T T T T T

[ T T T
03 04 05 06 07 08 09 10 11 12 13 14

Ekivalans Orani

Mol Fraksiyonu

N (b)

15

%21 0, Etanol OH x10°
-------- %21 0, Metanol OH x10°
= = %25 0, Etanol OH x10*
== %25 0, Metanol OH x10°
———%21 0, Etanol HO, x10°
-------- %21 0, Metanol HO, x10°
— = %25 0, Etanol HO, x10°
==+ %25 0, Mtanol HO, x10°
——%21 0, Etanol NO x10°
~~~~~~~ %21 0, Metanol NO x10°
— = %25 0, Etanol NO x10°
==+ %25 0, Metanol NO x10°
%21 0, Etanol NO, x10’
-------- %21 0, Metanol NO, x10”
~ = %250, Etanol NO, x10’
~ <=+ %25 0, Etanol NO, x10’

T T T T T
03 04 05 06 07 08 09 10 1

Ekivalans Orani

T T T
1 22 1.3 14 45

Mol Fraksiyonu
o
w
1

= %210, Etanol N, x10°
~~~~~~~~ %21 0, Metanol N, x10°
= = %25 0, Etanol N, x10°
=+=+ %250, Metanol N, x10°
%210, Etanol H, x10
........ %21 0, Metanol H, x10
= = %250, Etanol H, x10
==+ %25 0, Metanol H, x10
——%21 0, Etanol H x10*
~~~~~~~~ %21 0, Metanol H x10*
— = %250, Etanol H x10*
==+ %25 0, Metanol H x10*
=====9%21 0, Etanol O x10*
i %21 0, Metanol O x10*
= = %25 0, Etanol O x10"

J-+ =+ %250, Metanol 0 x10*

0.0

T T T T T T
03 04 05 06 07 08 09 10 11 12 13 14

Ekivalans Orani

Sekil 3. iki farkli oksijen oranlarinda etanol ve metanol yakitlarinin esdegerlik oraninin degismine gére
CO,, 03, H,0, CO molar fraksiyonlari (a) OH, HO,, NO, NO; molar fraksiyonlari (b), N2 Hz, H, O molar

fraksiyonlari (c)
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1600
1500 4 ——%210, Etanol EX,
14004 %25 0, Etanol EXg,

h %21 0, Metanol EX,
1=y i T %25 0, Metanol EXg,
1200 7] %21 0, Etanol EX;,

T 1100 4 e %25 0, Etanol EX,
% 10004 — %210, Metanol EX;,
‘::' 900 Jl| = %25 0, Metanol EX;,
$ 800
'Y 700
% 600
(3] -
& 500

400

300

200 -

1004 .

0'l'l'l I — I =1

— =
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 13 1.4
Ekivalans Orani

] %21 0, Etanol EX_,
1800 - ———%25 0, Etanol EX,,,
17004 e %21 0, Metanol EX,,,,
%25 0, Metanol EX. .,

Yanma Ekserjisi [kJ/kg]

(b)

300 ¥+—F—+——+"F—+—"T——7—"—T—"—T—"—T—"—7—
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Ekivalans Orani

Sekil 4. iki farkl oksijen oranlarinda etanol ve metanol yakitlarinin esdegerlik oraninin degismine gére
kimyasal ekserji, fiziksel ekserji (a), toplam yanma 6zgiil ekserijisi (b)

MESMA havadan bagimsiz tahrik sisteminde ilk baslarda yakit olarak metanol yakilmaktaydi. Fakat
metanol yakitinin kullanilmasi personel igin tehlikeli oldugu icin daha sonra kullanilmamistir. Metanol
bas agrisi, bas donmesi, bulanti, koordinasyon kaybi ve sersemlik gibi kiicik etkilerinin yaninda biling
kaybi, kalici hasarlar ve 6lim gibi cok blyik ve geri donililemez etkilere de sebep olabilmektedir.
GUnumiz MESMA sistemlerinde yakit olarak etanol kullaniimaktadir. Bu iki yakiti (metanol/etanol),
farkh oksijen oranli yanmalari ile elde edilen sonuglari degerlendirilmistir. Sekil 4.a’da goruldigu Gzere
kiicuk bir fark ile spesifik fiziksel ekserji bakimindan metanol, etanolden daha yiiksek degerlere sahiptir.
Sadece ekivalan orani 1 civarinda bu durum degismistir. Diger ydnden kimyasal ekserji bakimindan fakir
yanma bolgesinde gakisirken, zengin yanma bolgesinde etanol yakitinin degerleri metanolden daha
yuksektir. Her iki yakitin yanmasinda da oksijen oraninin artmasi spesifik ekserjileri arttirmistir.
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Kimyasal ekserji ile fiziksel ekserji degerlerinin toplami, yanma ekserjisi olarak sekil 4.b’de
gosterilmistir.

1550
1 (@)
1500 Za \
1450 - // . \\
1400 - // /\\
1350
1300
i 1250 1
£ 1200 4
" 1150 / —4&— %210, Etanol
1 —4&— %23 0, Etanol
LR N / —a— %25 0, Etanol
1050 —o— %21 0, Metanol
1000 i —®— %23 0, Metanol
T —&— %25 0, Metanol
950 -
MW7 T T T T T T T T
03 04 05 06 07 08 09 10 11 12 13 14 15
Ekivalans Orani
1530
1 (b
1520 + (b)
1510 4
1500 +
1490 -
1480 +
1470 —
?_‘ 1460
S 1450
(G
1440
1430 4
1420 + —&— %21 0, Etanol
1410 ~—&— %23 O, Etanol
] —A&— %25 0, Etanol
1400 + —&— %21 0, Metanol
1390 ] —8— %23 0, Metanol
1 —8— %25 0, Metanol
1380 = T T r = T - 1

1 . L '
300 315 330 345 360 375 390 405 420 435 450
Girig Sicakligi [K]

Sekil 5. U¢ farkh oksijen oranlarinda etanol ve metanol yakitlarindan elde edilen net giic degisimi,
esdegerlik oranina gore (a), yanma odasi giris sicakhigina gore (b)

Sistemlerin termodinamiksel performans analizinde ilk bakilan ¢ikti, elde edilen net is veya net gligtir.
Sekil 5.a’da ekivalans oraninin degismine gore MESMA sisteminden elde edilen gilic gosterilmistir.
Ekivalans oraninin 0,3’ten teorik tam yanmaya (®=1) kadar yanma odasi ¢ikis sicakhginin arttigi
gozlemlenmistir. Bu sekilde 1si degistiricisinden aktarilan 1s1 miktarinin artmasi ile net giiciin artmasi
dogaldir. Zengin yanma bdolgesinde ekivalans orani artmasiyla yanma odasi cikisi diismekte ve dogru
orantili olarak elde edilen gli¢ de azalmaktadir. Etanol yakitinin oksi-yanmasinda oksijen orani %21,
%23 ve %25 olarak degistirildiginde yaklasik 50 kW civarinda gli¢ artisina yol agti§i sonucuna
ulasiimigtir. Bu durum metanol yakitinin yakilmasinda da elde edilmistir.
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0.43 M
0.42 : .—’M
0414
0.40 -M

o —&— %23 0, Etanol
0.39 —&— %25 O, Etanol

Verim [%]

4 —8—%21 0, Metanol
0.38 —&— %23 0, Metanol

—&— %25 0, Metanol

0.37 T T T T T T T T T
300 315 330 345 360 375 390 405 420 435 450

Girig Sicakligi [K]

Sekil 6. Ug farkl oksijen oranlarinda etanol ve metanol yakitlarindan elde edilen sistem termal verimi
degisimi, esdegerlik oranina gore (a), yanma odasi giris sicakhigina gére (b)

Etanol ile metanolilin sonuglarini kiyasladigimizda ise tim durumlarda metanol yakiti kullanilmasi ile
daha fazla gili¢ elde edilmigtir. Bu durum %21 O oranli oksi-yanma durumunda yer yer degiserek
metanoliin etanol yakitindan 30 kW’a kadar daha fazla giice ulastigi gorilmdistiir. Bununla birlikte O,
orani arttikga bu farklarin 10 kW’lara kadar diistiigli sonucuna ulasgilmistir. Bu iki yakitin farkh O, oranh
teorik tam yanma durumlarindaki kiyaslama sonuglari, yanma odasi giris sicakhigini degistirdigimizde
de goralmustir (Sekil 5.b). Metanol yakiti yanmasi ile elde edilen gticlin, etanol yakitindan elde edilen
glicten daha fazla oldugu ve bu durumda yanmadaki oksijen oraninin %21’den %25’e dogru ciktikca
azaldigi gorilmistir. Oksijen oraninin degisimi literatiirde %21’den baslayarak %25’e bazi ¢calismalarda
%35’e kadar incelenmektedir (Escudero vd., 2020). Fakat oksijen oraninin artmasi ile maliyetin ¢ok fazla
artmasi ve denizaltilarinda oksijen tanklarinin da sinirli olmasi nedeniile %21’den %25’e kadar degisim
uygun gorilmustiir. Yanma odasi giris sicakliginin 300 K'den 450 K’e degistirilmesi ile elde edilen gli¢
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tim sartlarda lineer olarak artmistir. Fakat bu artis, %21 O, oksi-yanmada daha fazla olurken %25’e
dogru gidildik¢e azalmistir.
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Sekil 7. Ug farkli oksijen oranlarinda etanol ve metanol yakitlarindan elde edilen ekolojik performans
katsayisi (ECOP) degisimi, esdegerlik oranina gére (a), yanma odasi giris sicakligina gore (b)

Enerji sistemleri analizinde elde edilmek istenen glice ulasildiktan sonra bakilan ilk performans 6lgegi
verimdir. istenilen giiciin ne kadar enerji harcanarak saglandiginin égrenilmesi gerekmektedir. Sekil
6.a’da goruldigl lizere yanmadaki oksijen oraninin artmasi ile sistem verimi artmistir. Net giic
bakimindan etanol ile metanol yanmasinin yakin degerlerde olmasina ragmen metanoliin yakit olarak
kullanilmasi durumunda etanolden belirgin bir farkla daha yiiksek verime sahip oldugu sonucuna
ulasilmistir. Bunun nedeni; metanol yanmasiile olusan isi enerjisinin etanoldekinden daha az olmasidir.
Bunun nedeniise metanolin alt 1sil degerinin (lower heating value / LHV) etanolden dusuk olmasidir.
Yani personel sagligina bir zarari olmasaydi metanol yerine etanol kullanilmasinin gliindeme
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gelmeyecegi bu sonuclar ile net olarak goriilmustir. Teorik tam yanma durumunda, yanma odasi giris
sicakhgini arttirdigimizda da verimin arttigi gorilmiustir (Sekil 6.b).

Sekil 7.a ve 7.b; ekivalans orani ve yanma odasi giris sicakhigi degisimi, sistemin ekolojik performans
katsayisi (ECOP) lizerindeki etkisini gostermektedir. Sekil 7.a’da goruldigi tzere; ekolojik performans
katsayisi ekivalans oranin artmasi ile teorik tam yanmaya kadar artmaktadir. Zengin yanma bolgesinde
ise bu durum bir miktar azalarak yatay olarak sabite yakin bir halde devam etmektedir. Oksijen orani
arttikca her iki yakitta da ekolojik performans katsayisinin arttigi sonucuna ulasiimistir. Bunun yaninda
tiim durumlarda metanol yakitinin yanmasinin etonelden daha yiiksek oldugu ve daha gevreci bir sonug
verdigi gortlmustlir. En dislik ekolojik performans katsayisi sonuglarina gore %21 etanol yanmasi, en
ylksek degere ise %25 O, oranli metanol yanmasinin oldugu net olarak ortadadir. Metanol yakiti
yanmasi ile elde edilen gli¢, etanol yakitindan elde edilen glicten daha fazla oldugu ve bu durumun
yanmadaki oksijen oranin %21’den %25’e dogru ciktikca azaldigi gorilmuistir. Yanma odasi giris
sicakhginin arttirilmasi ile elde edilen giic tiim sartlarda az da olsa bir artis gosterdigi sonucu elde
edilmistir (Sekil 7.b).

4. Degerlendirme ve Sonug

Bu calismada, denizaltilarinda havadan bagimsiz tahrik sistemi olarak kullanilan MESMA sisteminin
termodinamik performans analizi yapilmistir. Termodinamik analizde yanma, enerji ve ekserji sonuglari
detayli olarak incelenmistir. Parametrik analiz sonuclari ekivalans oraninin 0.3’den 1.5’e kadar, yanma
odasi giris sicakhgl 300K’den 450K’e kadar arttiriimasi ile etanol ve metanol yakitlarinin farkh oksijen
oranh oksi-yanmalari ile elde edilmistir.

e MESMA sisteminin en dnemli kismi olan yanmanin detayli analizi yapilmistir. TUm yanma Uriinleri
etanol ve metanol yakiti igin iki farkl oksijen orani ile ekivalans oranina gore sergilenmistir. Ayrica bu
iki yakitin yanma ekserjisi sonuglari ortaya koyularak kiyaslamasi yapilmistir.

e Elde edilen net glic bakimindan sonuglarin etanol ile metanoliin yakin degerlere (10-50 kW farka)
sahip oldugu gosterilmistir. Yanmadaki oksijen oraninin artmasi ile elde edilen giliciin arttig tespit
edilmistir. Yanma odasi giris sicakhigini arttirmak, sistemden elde edilen glict arttirmistir.

e Metanol yakilmasi ile giren isinin, etanol yanmasindan daha az olmasi nedeni ile verim bakimindan
metanol yakitinin kullanilmasinin belirgin bir fazlaligi oldugu ispatlanmistir. Tim durum ve sartlarda
metanol yanmasinin etanol yanmasindan daha verimli oldugu sonucuna ulasilmistir. %25 O'li etanol
yanmasinin dahi %21 O,’li metanol yanmasindan daha distk verime sahip oldugu, hem ekivalans orani
degisiminde hem de yanma odasi giris sicakligin degisiminde gosterilmistir. iki yakit arasinda 5 puan
verim farki mevcuttur.

e Ekolojik performans katsayisi (ECOP) ekivalans oranin 0,3’ten 1’e kadar artmasi ile azalarak artan bir
grafik ¢izmistir. Ekivalans orani 1’den 1,5’e bir miktar azaldiktan sonra yatay olarak devam etmistir.
ECOP yoniinden metanoliin daha avantajli oldugu ortaya koyulmustur.

Elde edilen sonuglar ile MESMA sisteminde metanol yakilmasi glic yoniinden az olsa da verim ve ECOP
bakimindan etanol yakitina gore Gstlinlik saglamaktadir. Fakat tim havadan bagimsiz tahrik
sistemlerinde birinci dncelik personel glvenligi oldugu icin artik metanol yakiti kullanilmamaktadir.
Fakat ilerleyen yillarda gelisen teknolojiler ve alternatif yakitlarin bulunmasi ile daha iyi performanslar
sergilenebilecektir.
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OzET

Bu calismada Onerilen matematiksel model, MMG (Matematiksel Model Grubu) manevra modeli ve
geleneksel PD kontrol sistemine dayali bir kontrol algoritmasi olmak tizere iki bolimden olusmaktadir.
MMG modeli, geminin manevra karakteristiklerini hesaplamak i¢in kullanilmaktadir. Kontrol sistemi ise
manevra modeliyle birlikte geminin seyir halindeyken herhangi bir engelle karsilasmasi durumunda
givenli bir rotanin olusturulmasini saglamaktadir. Matlab-Simulink yazilm programinda olusturulan
matematiksel model sayesinde COLREG kurallarina uygun olarak rota belirlenebilmektedir. Gemiye ait
bilinen hidrodinamik katsayilarin MMG modele uygun olmasi ve geminin seyir test sonuglarinin mevcut
olmasi sebebiyle Esso Osaka gemisi secilerek bir dizi simiilasyon gerceklestirilmistir. Oncelikle geminin
farkh hizlari icin donme ve zigzag testleri yapilarak geminin manevra ozellikleri belirlenmistir. Elde
edilen sonuglar Esso Osaka gemisinin seyir testi sonuglari ile karsilastirilarak 6nerilen model
dogrulanmustir. ikinci olarak, belirlenen bir hedef koordinat icin geminin rotasi elde edilmistir. Ugiincii
olarak ise geminin baslangi¢c noktasi ile 6nceki similasyon igin belirlenen hedef koordinat arasinda
farkh buyutkliklerde engel olmasi durumu disinilerek similasyonlar gergeklestirilmistir. Sonug olarak
COLREG kurallarina uygun olarak belirlenen sanal koordinatlar sayesinde glivenli yeni rotalar
olusturulmustur. Geminin manevra karakteristik degerleri kontrol algoritmasina dahil edildigi icin sanal
koordinatlarin belirlenmesini dogrudan etkilemektedir. Bu nedenle, dogru manevra o6zelliklerini
bulmak énem arz etmektedir. Onerilen matematiksel modelden elde edilen simiilasyon sonuglari
degerlendirildiginde, Esso Osaka gemisi icin belirlenen koordinatlar arasinda givenli bir rota
olusturuldugu sonucuna varilmistir.

Anahtar kelimeler: MMG model, Carpisma 6nleme, COLREG, Glivenli Tasimacilik
Makale ge¢misi: Gelis 16/04/2022 — Kabul 25/06/2022
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ABSTRACT

The proposed mathematical model in this study consists of two parts, one is the maneuvering model,
called MMG (Mathematical Model Group), and the other is a control algorithm based on traditional
PD control system. The MMG model is used to compute the ship's maneuvering characteristics, and a
ship can safely reach target coordinates with the help of a control algorithm if it encounters any
obstacles along the way. Because of the suitable hydrodynamic coefficients of Esso Osaka, the
proposed mathematical model is evaluated using trial test data from Esso Osaka. Firstly, the
maneuvering characteristics of the ship were determined by performing the turning and zigzag tests
for different velocity of the ship. By comparing the results obtained with the trial test results of the
Esso Osaka, the suggested model was verified. Secondly, the ship's route was obtained for a
determined target coordinate. Thirdly, a new route is automatically obtained by assuming that there
is an obstacle between the starting point of the ship and the target coordinate determined for the
previous simulation. As a result, this new route is created thanks to the virtual coordinates determined
in accordance with the COLREGSs rules. Since the maneuvering characteristic values of the ship are
included in the written algorithm, it directly affects the determination of the virtual coordinates.
Therefore, it is very important to find accurate maneuvering characteristics. Evaluating the simulation
results obtained from the proposed mathematical model, it is concluded that a safe route has been
created between the coordinates determined for the Esso Osaka ship. Moreover, the ship reaches the
target coordinate without any collision.

Keywords: MMG model, Collision avoidance, COLREGs rules, Safety transportation
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1. Introduction

There are internationally accepted rules for marine traffic to be able to navigate safely at sea in
accordance with ships’ purpose of usage. One of the international rules applied for navigational safety
is the COLREGs (Regulations for the Prevention of Collisions at Sea) rules (IMO, 1972). These rules,
which are crucial in terms of avoiding collisions of the ship and obtaining a safer route, ensure the
regulation of ship traffic. For this reason, it is very significant to include these rules in the algorithm in
studies on autonomous ships. The researchers have studied to obtain a safe route for the ships in the
marine traffic. For example, Liu et al. (2017) suggested a collision avoidance system-based control
algorithm with COLREGs rules. The authors used the Nomoto model to determine the transfer
function. Furthermore, the ship maintains a constant speed and maintains more than one nautical mile
distance from other vessels. In some studies, hybrid collision avoidance systems have been developed
for a safe navigation. Eriksen et al. (2020) proposed the hybrid collision avoidance (COLAV) system for
unmanned surface vessels compliant with COLREGs rules and performed the system for three different
scenarios. Similarly, A hybrid technique consisting of velocity obstacles (VO) and rapidly exploring
random trees (RRT) is proposed to determine the safe route for autonomous surface vessels based on
COLREGsS rules (Dubey and Louis, 2021). The fuzzy logic, traditional PID control and combined Fuzzy
and PID control systems are widely preferred to develop a collision avoidance system by the
researchers. Perera et al. (2009) have developed a new decision-making method for avoiding collisions
in maritime navigation. The new DM system is built on fuzzy logic and expert knowledge from humans.
To avoid collisions and establish the safe route, Li et al. (2019) devised a multi objective optimization
approach based on fuzzy controller. Namgung (2021) investigated a local route planning method with
a fuzzy inference system to avoid collisions that are compliant with COLREG guidelines. Another study
focused on the development of a ship collision avoidance system that uses fuzzy logic systems to detect
dangerous situations and quantify the amount of danger using a continuous value (Grinyak and
Devyatisil'nyi, 2016). He et al. (2021) suggested a mathematical model including maneuvering model,
namely MMG, and a fuzzy adaptive PID control system. In addition, the proposed model conforms to
COLREG rules 13 to 17. Another study was about to develop a collision-avoidance system including a
nonlinear Norrbin model based on traditional PID control and COLREGs rules (Zhou et al.,2021).
Similarly, based on the traditional PID control system is widely used by the researchers to avoid the
collision in the marine traffic, such as Zaccone and Martelli, (2020), Wang et al. (2021). As a result, the
reason for using PD control as a control system in this study is that it is a frequently preferred controller
in terms of ease of application.

Although the researchers indicate different methods for collision avoidance systems, the goal is to
provide safe marine traffic. Huang et al. (2020) provides a complete overview of collision avoidance
approaches based on three methods for determining solutions: motion prediction, conflict detection,
and conflict resolution.

The proposed mathematical model has two purposes. One of the aims of this study is to obtain a ship
trajectory for target coordinates. Another aim is to avoid a collision by automatically altering the ship's
trajectory if it encounters any obstacles. First, turning and zigzag tests were simulated to determine
Esso Osaka's maneuvering characteristics. Second, a course with obstacles was determined, and the
path following simulation was performed using a Matlab-Simulink mathematical model. As a result,
the mathematical model can be used to determine a ship's maneuvering characteristics as well as a
safe new route under the COLREGs rules if the ship encounters obstacles of various sizes along the
course.
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2. Mathematical Model

In the event of a constant obstacle between two coordinates, a model is proposed for determining a
new safe route under COLREGs rules. This proposed model is divided into two components. One is a
maneuvering model that considers the ship's known hydrodynamic coefficients, and the other is a
control method for following the route and, if necessary, determining a new one. The MMG model
was selected since it was suitable for the known coefficients of the Esso Osaka ship. An algorithm was
added to the mathematical model's control section to determine a safe route in compliance with the
COLREG regulations to reach the target coordinates, safely.

2.1. Maneuvering Model

Ogawa and Kasai (1978) introduced the MMG model, which includes equations that can be calculated
as modules such as hull, rudder, and propeller. Using the ship's axial coordinates, a mathematical
model was created by combining three of the six freedom motions known as surge, sway, and yaw.
The fixed and moving coordinates of ship are described and other relevant quantities are shown in
Figure 1.

»
!

Figure 1. Fixed and ship coordinates

The mathematical expression of the surge, sway and yaw motions is given by Equation. 1.

(m+ m)u — (m+ my)vr —mxer? =X
(m+my,)v + (m+ my)ur + mxgr =Y (1)
(I,; + mx2 + J,,)7 + mxg(¥ +ur) =N

The total forces and moments are expressed as in Equation. 2. Subscripts H, P, and R denote hull,

propeller, and rudder, respectively.
X == XH + Xp + XR
Y:YH+YP+YR (2)
N == NH + Np + NR

The forces and moment acting on the ship are calculated with Equation 3.
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Xy = =Ry + Xppyv? + Xppvr + X2 + Xy vt

Yy = Yyu + Yor + Y, 03 + Yy, 021 + Yyvr? + YV 13 (3)

Ny = Nyv + N,7 + Ny v3 + Nypyp 0?1 + Nypp7? + Ny 3

where Xy, Xor, Xers Xvvwws Yoo Yoo Yovws Yours Yorrs Yerrs Nuy Ny Npvyy Nppry, Ny @and Ny are
known as hydrodynamic derivatives.

While calculating the propeller-induced forces and moment, Equation 4 is written assuming that a
force acts in the direction of the ship's surge motion.

Xp=0-0)T
Yp=0 (4)
Np:O

Equation 5 expresses propeller-induced forces and moment depending on the rudder angle.

XR = _(1 - tR)FNSiTl5
Yr = —(1 — ay)Fycoss (5)
Ng = —(xg + agxy)Fycosd

The equation Fy = (1/2)pAgrUg*f,sinag can be used to calculate the rudder normal force Fy. p
water density, A profile area of movable part of mariner rudder, Uy resultant inflow velocity to
rudder, f, gradient of the normal force coefficient, and a effective inflow angle to rudder. The studies
by Yasukawa and Yoshimura (2015), Aksu and Kose (2017), and Budak and Beji (2021) were provided
detailed information about the MMG model on how to calculate forces and moments. Hydrodynamic
coefficient and main characteristics of Esso Osaka can be found in Rhee and Kim (1999), McTaggart
(2005), and The Specialist Committee on Esso Osaka (2002).

2.2. Control Algorithm

The ship arrives at the determined target coordinates thanks to the created control algorithm. The
angle difference between the ship's instantaneous position and the target coordinate is used as a
reference in Equation 6. To eliminate this angle difference, a control system that controls the required
rudder angle has been established. The PD controller determines the required rudder angle (Equation
7) to reach the target coordinates.

Yap — ysp) (6)
xdp - xsp

Py = atan(

where 1, desired heading angle, x4, and yg, destination points, xs, and ys, instantaneous ship
position.

de(t) (7)
dt

5(t) = Kpe(t) + Ky

If the ship encounters an obstacle on its way to the target coordinate, a new safe route can be
generated automatically under the COLREGs rules. Before the simulation, the coordinates and size of
the obstacle must be manually entered into the mathematical model. The proposed control algorithm
incorporates the ship's maneuvering characteristics into the calculations when determining the new
route to avoid collision. In other words, the desired command must be sent to the rudder while the
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ship is a certain distance away from the obstacle for the ship to proceed safely without colliding with
it. As a result, the ship's maneuvering characteristics are added as input information to the control
system in the mathematical model. In short, the equation is determined by the virtual coordinates,
given in Equation 8 and Equation 9, so that the ship can avoid collision according to the COLREGS rules
in case of an obstacle.

SYpe1 = Ycoore — yg,

S$Xpe1 = Xcoore — xg, (8)
SYpe1
S = at _—
lppel atan <Sxpel

where §X,,.1 and SY,.; the first virtual coordinates for the obstacle, Xcoore and Ycoore obstacle’s
coordinates.

The D value in Equation 9 represents the minimum distance required to pass from the obstacle at a
safe distance. SX¢, and SY,., represents the second virtual coordinates for the obstacle.

I
SYpez = Ycoore + D + D * cos ((E) - 51/’pe1>

SXpez = Ycoore + D x sin (sp1) (9)

3. Simulations

The mathematical model, which included the maneuver model and the control system, was used in
Esso Osaka's validation simulations. These performed simulations are turning circle and zigzag tests at
varying ship speeds. When the obtained results are compared to the Esso Osaka ship's trial results
(Bhawsinka (2011)), the mathematical model produces reliable results. It should be noted that the ship
maneuvering characteristics obtained through simulations are used as input data in the developed
control algorithm. Table 1 shows the basic dimensions of the simulated Esso Osaka ship.

Table 1. Main characteristics of Esso Osaka ship.

Lpp (M) 325.0
B (m) 53.0
T(m) 22.05
Ce (-) 0.831
X (m) 10.3

V (m/s) 5.144
Dp (M) 9.10
Hg (m) 13.85
Ag (m?) 119.82

3.1. Validation of the maneuvering model

The proposed model was used to execute turning and zigzag tests on the Esso Osaka ship, and the
ship's maneuvering characteristics were identified. Figure 2-a and Figure 2-b, the simulation results of
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the turning tests at different speeds and the trial tests’ results are given. Additionally, Figure 2-c and
Figure 2-d depict graphs of the ship's velocity change during the turning test. When the simulation
results are compared to the trial tests’ results, it is determined that the mathematical model's results

are compatible.

u Trial 11200
Simulation
m = ™

800
E
>

400

| 1 1 i 0
-1200 -800 -400 0

Y (m)
a) Turning circle for U= 7.7 knots.

u (knot)

] Trial
1 Simulation
0 1 1 ]
0 1000 2000 3000
t(s)
c) Surge velocity during turning circle for
U=7.7 knots.

Figure 2. The comparison of the simulations results and the trial data for Esso Osaka ship.

1200 Trial

Simulation

300

X (m)

400

| 1 J
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Y (m)

b) Turning circle for U= 10 knots.

u (knot)

2r n Trial
Simulation
0 1 1 1 1 J
0 500 1000 1500 2000 2500
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d) Surge velocity during turning circle for
U=10 knots.
a) Turning

circle for rudder angle -35°, b) Turning circle for rudder angle 35°, c) Reduction of surge velocity for
rudder angle -35°, d) Reduction of surge velocity for rudder angle 35°

Figure 3-a shows the ship's 10/10 zigzag test result at 7.5 knots, and Figure 3-b depicts the ship's 20/20
zigzag test result at 7.8 knots. It can be shown that the trial tests and the simulation results are in near
agreement. The findings of both the turning and zigzag tests will be used as data in the collision
avoidance simulation that will be carried out as part of the study. As a result, it's critical whether the

maneuvering model's outputs are accurate.
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Figure 3. The comparison of the zigzag tests results and the trial data for Esso Osaka ship

a) 10/10 zigzag tests, b) 20/20 zigzag tests

3.2. Simulation of collision avoidance system

Two different simulations were carried out depending on whether the ship encountered an obstacle
in its movement towards the target coordinate. When there is no obstacle on the ship’s route, the first
obtained simulation result to reach the target coordinates is shown in Figure 4.

OO0 —
Target
Coordinates
GOO0 =
E a000 |
=
2000 —
1 1 1 |
8] 2000 4000 SO0 F000

Y (m)

Figure 4. The obtained route for target coordinates without any obstacle

In the second simulations, firstly, two different sizes of the obstacle were defined, and these values
were entered into the mathematical model as the initial data before the simulations were performed.
The obtained routes were illustrated in Figure 5. The green line (Route 1) is for the obstacle's radius
with 100 meters and the blue path (Route 2) is for obstacle's radius with 250 meters. These obtained
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ship's routes to the target destination are created according to the COLREGs rules. In terms of safe
navigation, the size of the obstacle and the ship's maneuvering characteristics in the calculations are
important to determine the virtual coordinates in the algorithm. As a result of simulation, the ship
maintained a safe distance to the obstacle and arrived at the target coordinates without any colliding.

BOO0 —
Target
Coordinates
GO0 = Route 1
’é“ Obstacle
e OO0
-
FRoute 2
2000 -
1 1 1 J
0 2000 Eelaln] GO00 BO00

Y (m)

Figure 5. The obtained route for target coordinates with different obstacle sizes

4, Conclusion

The maneuvering model and control algorithm are included in the proposed collision avoidance
system. The mathematical model is used to determine the ship's maneuvering characteristics as well
as to determine a safe route to the target coordinates. Furthermore, under the COLREGSs guidelines, a
new path is developed so that the ship avoids colliding with an impediment on the trajectory.
Simulations were used to determine the Esso Osaka ship's maneuvering characteristics, which were
then compared to trial test results. Because the values of the maneuvering characteristics are used as
data in the control algorithm to determine a safe route to avoid a collision, this validation is critical. In
other words, the algorithm includes the maneuvering command that the ship begins to maneuver
when it is within a certain distance of the obstacle. The size of the obstacle, on the other hand, is
critical for safe passage. As a result, before running the simulation, the size of the obstacle should be
employed into the mathematical model. The study used the COLREGs rules to find safe routes for two
different-sized obstacles. Furthermore, the ship has been observed to reach the target coordinates
both with and without obstructions. As a result, the collision avoidance system has determined that
the ship arrives at the target coordinates safely and accurately. In the future study, the collision
avoidance system will be developed for the situation of a ship colliding with one or more oncoming
ships.
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OzZET

Bu calismada, iki ylGzer riizgar tirbini platformu tzerinden acik kaynakl panel yontemi kodlarina dair
bir kiyaslama c¢alismasi sunulmustur. HAMS, NEMOH ve WAMIT; sonuglari, hesaplama performanslari,
kullanim kolayliklari ve esneklikleri agisindan karsilastiriimistir. OC3 Hywind Spar ve OC4 DeepCWind
Semisubmersible yizer platformlari icin WAMIT verileri onceki yayinlardan alinmis olup yapinin
hareketini temsil eden su ana parametreler NEMOH ve HAMS degerleri ile karsilastiriimistir: yapiya
etkiyen dalga kuvvetleri, katma kiitle degerleri ve potansiyel sonim degerleri. Her iki acik kaynak panel
yontemi kodu da, NRMS degerleri baz alinarak, cok elemanli olan Semisubmersible platformdan ziyade,
basit bir tek parca spar platform konseptinde daha basarili olmustur. Genel olarak, en yakin sonuglar,
katma kutle icin ileri-geri oteleme yoniinden; en olumsuz sonuglar ise, dalip-ctkma yonindeki
radyasyon soniimlenmesinden elde edilmistir. NEMOH, her iki platformda da bas-ki¢ vurmada uygun
bulunamayacak sonuglar vermistir. NEMOH'un bu bas-ki¢ vurma sonuglari ihmal edilirse, her iki kod da
WAMIT'e paralel ve makul derecede yakin sonuglar vermistir. Bu ¢alismanin amaci, gegerliligi kabul
edilmis bir ticari koda alternatif olarak, arastirmacilarin tcretsiz bir acik kaynak kodu secebilmelerine
yardimci olmaktir.

Anahtar kelimeler: Panel Yontemi, hidrodinamik katsayilar, acik kaynak, BEM ¢d6zlicli, kiyaslama
calismasi, acik deniz riizgar
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ABSTRACT

This work provides a benchmark study regarding the open-source panel method codes of two floating
wind turbine platforms. HAMS, NEMOH, and WAMIT are compared in terms of their results,
computational performance, user-friendliness, and, flexibility. WAMIT’s data is sourced from previous
publications for the OC3 Hywind Spar and OC4 DeepCWind Semisubmersible. These reference values
are compared to NEMOH and HAMS for the main parameters representing the movement of the
structure: wave excitation forces, added mass values, and potential damping. Both of the open source
panel method codes were quite successful in the concept of a simple one-piece spar float rather than
a multibody semi-submersible in terms of NRMS values. Overall, the most close results were obtained
from the surge for added mass, and the most unfavorable results were from radiation damping in the
heave. NEMOH brings ineligible results for pitch on both platforms. Neglecting the pitch axis results of
NEMOH, both codes showed parallel and reasonably close results to WAMIT. The study aims to help
researchers to choose a free open-source alternative to a validated commercial code.

Keywords: Panel Method, hydrodynamic coefficients, open-source, BEM solver, benchmark study,
offshore wind
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1. Introduction

One of the most known and preferred renewable energy sources today is wind energy. However, it is
difficult to install and operate wind turbines on land due to noise and visual pollution and insufficient
space to install them on land. Compared to the land, there are much higher wind speeds and therefore
higher energy potential per square meter on the coasts and the deeper seas as you move away from
the coast. To realize this potential, there is a trend toward the Floating Wind Turbines (FWTs) (Shin et
al., 2013), and the vision of FWTs was first proposed by Professor William E. Heronemus (1972) at the
University of Massachusetts. After the commercial wind industry was well established, the issue was
again taken up by the research community. The economic potential of FWTs was demonstrated by
Musial et al. (2004).

The cost of onshore wind power today is competitive with most fossil fuels and will likely be cheaper
than the new "clean" coal (Andersen et al., 2015). Three main factors play a key role in this success: 1)
dramatic reductions in turbine costs, 2) increased reliability, and 3) economy of scale in production.
The first two developments were the result of improvements in design techniques and design tools.
Aerodynamic research was followed by aero-elastic dynamic models, and finally, the standards were
developed as a result of extensive research (Andersen et al., 2015). Offshore wind energy resource is
50% higher than onshore; however, the cost of installing and operating offshore wind power units is
about twice that of onshore (IRENA, 2012). On the other hand, cost reduction studies are ongoing for
also platform and mooring costs (especially Tension Leg Platform (TLP)) costs. As an example, Compos
et al. (2016) compared the costs of steel and an equivalent concrete spar buoy and revealed that the
concrete monolithic design was 60% cheaper in terms of material costs. While the wind industry and
researchers agree on the higher cost of offshore wind power, many argue that offshore wind power is
cost-competitive with land-based fossil fuel production when environmental impacts are added to the
cost equation (Butterfield et al., 2007). Offshore wind power generation is mainly located in areas 5-50
km from the shoreline, where the water depth is usually more than 20 m. Studies have shown that
conventional fixed foundations will not be economically viable in waters deeper than 30 m (Andersen
et al., 2015). Coasts with a narrow coastal shelf, such as the coasts of the United States, China, Japan,
Spain, Portugal, and Norway, are an example. Mounting wind turbines on floating support structures
opens up the potential to exploit such deepwater resources. To use such deep water sources, wind
turbines must be mounted on floating support structures (Cordle and Jonkman, 2011). Fortunately,
the long-term survivability of floating structures has been successfully demonstrated for decades by
the marine and offshore oil industries (Butterfield et al., 2007).

Floating offshore wind turbine platforms are classified into three main types, spar-buoys, TLPs, and
semi-submersibles, and can be stabilized by mechanical means such as deep ballast placement (e.g., a
SPAR), mooring line tension (e.g., a TLP), or the waterplane area (e.g., a barge), all platforms use a
combination of these methods. Each one of these methods has their advantage and disadvantages
depending on site conditions and placement methods in that they are cost-driven in size, complexity
and flexibility (Olondriz et al., 2016). Butterfield et al. (2007) presented design challenge trade-offs for
stability criteria with a framework for the classification of floating wind turbine platforms to perform
first-order economic analysis on a wide variety of platform architectures based on static stability
criteria. His classification was subsequently updated by several authors to clarify the primary
contributor (Uzunoglu and Guedes Soares, 2020).

In terms of design and analysis, the dynamic behaviour of a structure in water is directly relevant to
many technologies, including vessels, offshore platforms, and wave energy converters (WECs).
Comprehensive simulation codes are needed to design and analyse coupled dynamics of offshore wind
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turbines that take into account aerodynamics, hydrodynamics, mooring dynamics, foundation
dynamics, elasticity, fatigue, and combined dynamics of turbine controls (Robertson et al., 2014).
Matha et al. described the major modelling challenges, development needs, and advanced modelling
methods developed to meet these needs for floating wind turbine codes (Matha et al., 2011). Various
numerical methods have been developed to model such a system, from high-fidelity Navier-Stokes
computational fluid dynamics (CFD) codes, which model the fluid-structure interactions from first
principles, to moderately accurate potential flow time-domain models and simple frequency-domain
methods (Lawson et al., 2015). Matha et al. discuss the limits of potential flow methods and Boundary
Element Method (BEM) and the competencies of CFD for FWT simulation (Matha et al., 2011). A
comparison between a viscose time domain and a CFD model was made by Bhinder et al. (2015) and a
methodology for describing and incorporating the drag damping force in potential flow-based models
is presented and shown to be in reasonable agreement with CFD simulations (Bhinder et al., 2015).
While frequency domain methods continue to be widely used in the offshore oil and gas industries to
analyse and design floating structures, these methods are also used for the preliminary design of
floating wind turbines. Henderson et al. (2003) utilized linear frequency-domain hydrodynamic
techniques to analyse a tri-floater concept and find response amplitude operators (RAOs). Lee (2005)
conducted a similar process to investigate a TLP design. Vijay et al. (2016) also used frequency domain
analysis to evaluate the motions of a barge with a central moonpool that combines a wave energy
converter with a 5-MW turbine. Wayman et al. (2006) modelled various barge and TLP designs in the
frequency domain. Sclavounos et al. (2008) conducted a parametric design study for FWT concepts
and mooring systems based on coupled linear dynamic analysis in the frequency domain. Potential
flow solutions have also been integrated into the system, showing their applicability for initial design
purposes (Uzunoglu and Guedes Soares, 2019).

International Energy Agency Wind Tasks 23 and 30, the Offshore Code Comparison Collaboration (OC3)
and Offshore Code Comparison Collaboration Continuation (OC4) studies were carried out to evaluate
offshore wind turbine modelling tools through code-to-code comparisons. These projects have been
successful in demonstrating the effect of different modelling approaches on the simulated responses.
These code-to-code comparisons were used only to identify differences, while scale hydrodynamic
tank testing was performed in the Dutch Maritime Research Institute's offshore wave basin for data
validation and published within the OC5 project as a continuation (Uzunoglu and Guedes Soares, 2019).
Several FWT analysis tools were used in OC4, including FAST, ADAMS, Bladed, HAWC2, 3Dfloat, SIMO,
SESAM, and DeepC. Various loading conditions were compared in the models. These included a full-
system Eigen analysis; a static equilibrium test; free decay tests for each of the platform's six degrees
of freedom; “effective RAOs” calculated with regular waves of varying frequencies; Time series
response tests with regular waves and irregular waves modelled with rigid rotor under no-wind as well
as flexible rotor under steady and turbulent wind (Cordle and Jonkman, 2011). In another study, results
from InWave-CACTUS were compared with results from FAST for OC3 Hywind Spar (Robertson et al.,
2017). The InWave-CACTUS method showed good agreement with the FAST results for small-
amplitude motions (Jonkman et al., 2010). CACTUS (Murray and Barone, 2011) is a lifting-line free
vortex wake method implemented at Sandia National Laboratories (SNL) (USA). A modular framework,
CACTUS is coupled to InWave (Combourieu et al., 2014; Leroy et al., 2017), a maritime code developed
at INNOSEA (Nantes, France) in collaboration with the LHEEA Laboratory of Ecole Centrale de Nantes,
integrated with the linear potential flow solver NEMOH.

Coupled dynamic codes developed for modelling FWT platforms include one of two hydrodynamic
models: (1) Morison's equation (Morison et al., 1950), or (2) potential flow theory which may also
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include the nonlinear viscous drag term from Morison's equation (Robertson et al., 2017). Details of
Morison's equation and Potential flow theory are given in section 2.1.

The offshore platforms located on deepwater sites and the most frequently referenced (Penalba et al.,
2017) potential flow code WAMIT has long been used in numerous studies for offshore platforms.
Parisella and Gourlay (2016) compared and showed that the excitation forces, hydrodynamic
coefficients and RAOs are in good agreement for a cargo ship in shallow water between NEMOH and
WAMIT results through different conditions and cases. The world's first open-source and widely used
potential flow code (Penalba et al., 2017) released in 2014, NEMOH, has also gained some confidence
and has been used in a variety of case types in different fields such as; WECs (Lawson et al., 2015;
Verbrugghe et al., 2017; Fernandez et al., 2018; Bhinder & Murphy, 2019; Schubert et al., 2020), FWTs
(Antonutti et al., 2016; Zhou et al., 2019; Jonkman et al., 2010), Hybrid wind-wave energy platforms
(Kohlmann, 2019; Armesto et al., 2016; Gonzalez Jimenez, 2020) and breakwaters (Doss, 2020).

Roessling and Ringwood stated that for a simple vertical cylinder, the codes WAMIT, NEMOH and
Achil3D show a very good match for heave. However, compared to WAMIT, NEMOH has the
disadvantage of requiring longer computation times (Roessling & Ringwood, 2014). Bhinder and
Murphy (2019) compared the three radiation-diffraction panel codes (WAMIT, AQWA and NEMOH)
with the experimental results and stated that the results showed a very good agreement for the
calculated frequency domain parameters. In this comparison, simulations are made for an irregular
(panchromatic) wave using a nonlinear time-domain model. Experimental data and statistical
measurements of BEM codes such as correlation coefficient and root mean squared error (RMSE)
showed very good results. The authors implied that the nonlinear properties of wave structure
interactions can be considered through additional nonlinear viscous drift damping in accordance with
Morison's equation (Bhinder & Murphy, 2019). Penalba et al. (2017) compared the results of NEMOH
and WAMIT on the added mass, radiation damping and excitation force coefficients added by a WEC
and noted that they were consistent with some exceptions. The exceptions include thin element
modelling and irregular frequency removal, which expresses uncharacteristic high amplitudes of some
frequency components. However, this only affects results in low wave periods, which produces a
negligible effect on a FOWT structure (Hughes et al., 2020). Andersson (2018), investigated the
reliability of the NEMOH program in his master's thesis on the cases of three container ships. He noted
that the results from NEMOH showed positive agreement with WAMIT overall, but with a small shift
in amplitudes for pitch. The author stated that the heave and pitch RAO results of NEMOH
corresponded well to the WAMIT data while noting that the additional mass and damping coefficients
found for heave were overestimated for the same frequency range. Andersson also emphasized the
low accuracy of NEMOH in low wave periods. The author questioned whether the reason for the
divergent results he found was insufficient input by the authors or a lack of robustness in the NEMOH,
and referenced a comparison study (Kim, Y. & Kim, J.-H, 2016), in which ten participants and
seventeen-code is compared. As a result, the author reflects that NEMOH cannot be fully compared
with the accuracy and robustness of WAMIT (Andersson, 2018).

WAMIT is the most frequently referenced, widely used and validated BEM code for estimating the
hydrodynamic behaviour of offshore structures. However, the code is commercial limiting its reach.
Two alternative codes can be considered by the research community. Both are open-source; therefore,
they can also be developed further. The world's first open-source and widely used BEM code (Penalba
et al., 2017), NEMOH, was released in 2014. Several publications have compared its results to WAMIT
as mentioned above. Additionally, HAMS is a recently released (Liu et al., 2018; Liu, 2019; Liu, 2021)
open-source BEM code that can now be included in benchmark studies to evaluate its output. This
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study aims to present the data that serves to present open-source alternatives that serve to obtain the
hydrodynamic coefficients.

The paper is structured from here on as follows. The methodology section includes brief explanations
for the theories and the codes for the estimation of the structural loads and responses. Then the
modelling section introduces the chosen structures and conditions that the comparison is made upon.
The mesh study section follows the modelling section and followed by the main study section that
discusses the abilities of the open-sourced BEM solvers. The study results in a with a brief conclusion
section.

2. Methodology
2.1. Prediction of hydrodynamic loads for offshore structures
2.1.1. Flow regimes

Calculation of wave forces acting on offshore structures can be divided into different basic procedures,
depending on the size of the structural element and the wavelength and height of the incoming waves.
Morison’s equation (Zhao et al., 2019) is used to estimate the forces resulting from wave behaviour,
assuming that the diameter of the element is sufficiently small compared to the wavelength (limited
by D/A<0.2) so as not to significantly change the wave characteristics. The Morison equation is based
on the assumption that the waves are not affected by the presence of the submerged members.
Conversely, in nature, incoming waves are reflected from the object (wave diffraction) and the object
sends waves due to its movement (wave radiation). If the object is larger than the corresponding
wavelength, these two effects become more relevant and act as dispersive forces. Morrison’s
equation, diffraction and radiation damping effects are omitted, flow separation effect is partly
accounted for in the viscous drag term (Chakrabarti, 1987). Besides, for larger structural elements
(with D/A>0.2), diffraction theories are required to take into consideration the radiation and diffraction
as well (Figure 1). However, these potential flow methods cannot take into account viscous drag forces
(van der Tempel et al., 2011). Secondly, the H/D parameter is essential because, in an oscillatory wave
flow, the drag forces on the structures (as in the example of a circular tube) affect the flow separation
behind the cylinder and thus the formation of large eddies. For a small H/D ratio (<1.5), the relative
displacements of the water particles are so small and the wave height is not unidirectional long enough
that the water around the structures remains attached to the surface of the structure and the
phenomenon of flow separation and eddy development caused by diffraction is not observed, so the
viscous effect can be ignored (Figure 1) (Fitzgerald, 2016). In these conditions, the drag forces are very
small and the dominant forces are the inertial forces due to acceleration, so the potential flow
diffraction theory should be used to predict wave forces. For H/D> 8, approximately, the Morison
formulation is required to be used, since the wave flow is unidirectional long enough for a significant
eddy flow to develop, and the drag forces are greater. It has been stated that in an intermediate region
with 1.5 < H/D < 8, the flow regime can be quite complex and it is difficult to calculate wave forces (van
der Tempel et al., 2011).

2.1.2. The Morison equation

The Morison equation introduced by Morison O’Brien Johnson and Schaaf (Morison et al., 1950) is a
semi-empirical equation describing the horizontal hydrodynamic forces acting on a body along the
direction of incoming waves. To compute hydrodynamic forces, the equation requires two empirical
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coefficients (inertia and drag), the water particle velocities and accelerations and, the geometry of the
structure. Three components are combined in the equation: the first term is the “Froude-Krylov force”
term which is due to the pressure field generated by the undisturbed waves. The second term is the
so-called “added mass” term which is due to the inertia of the surrounding fluid that needs to be
accelerated. And the last term is the drag term which is due to the wake region on the "downstream"
side of the cylinder (Patel, 1994; Fang & Duan, 2014). For a submerged cylindrical body, the Morison
equation can be described with an infinitesimal strip ds as

dF = p™%/, L ds 4 Cp ™D [, (L L2 g5 4 ¢, PO T M0l =l g (1)

dt dt

dF is the total fluid force, p is the fluid density, D is the cylinder diameter, u is the fluid velocity, u, is
the velocity of the body, C, is the added mass coefficient, and Cp, is the drag coefficient. By summation
of the first and second term, one can obtain the inertia term, and 1 + C4 = Cy; , while Cy; is the inertia
coefficient. C4, and Cp is investigated by experimental analysis, and the empirical relations for the
coefficients are determined accordingly. The case studies of this paper have large-diameter submerged
members, hence the Morison equation is not utilized in this study. Instead, diffraction theory-based
potential flow solvers are used and compared with each other.
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Figure 1. Flow regimes and applicability regions of the theories, D=2a (Fitzgerald, 2016; Wang et al.,
2020)

2.1.3. Diffraction Theory-Potential flow approach

In the potential flow theory, it is assumed that the interactions between ocean waves and marine
structures occur in a regime where compressibility and viscous effects are negligible, that is, water
behaves like an ideal fluid. In offshore engineering, the incompressibility assumption is standard
(because of the encountered low speeds); however, viscous effects can play an important role
depending on the wavelengths, wave amplitudes, and, flow regime compared with the body size. Flow
separation is confined around any sharp corner and might be neglected for large structures with
relatively small movements, such as offshore platforms, especially in the preliminary design phase.
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Thus, the boundary layers are comparatively thin and therefore the drag and viscous forces are
substantially smaller than the corresponding potential flow forces (WAMIT User Manual, 2006). The
potential theory is based on the potential function ¢, gradient (V) of the potential function is velocity
field Vo = V. Due to the definition of irrotational flow V x V = 0, ¢ must satisfy the Laplace
equation V2¢p = V/.

2 2 2
a¢/ax2+a¢/ay2+a¢/azzzo (2)

Boundary value problems arise for the solution of this equation. The bottom and the free surface are
required to be solved with dynamic and kinematic boundary conditions. At the bottom, the normal
velocity component to the bottom must always be zero. And for the free surface, fluid particles must
remain on the surface and free surface pressure must be equal to atmospheric pressure (Babarit &
Delhommeau, 2015). Panel methods are popular in hydrodynamics where the floating bodies are
discretized into many surface elements (i.e. panels) to solve the boundary conditions on the immersed
body. To obtain the velocity potential, ¢, the problem is transferred to a set of algebraic equations,
which are structured by placing a distribution of vortices, sources and/or doublets on the surface
elements (panels) with proper boundary conditions. The velocity potential is assumed to be in the form
of ¢ = ¢o(z)sin (kx — wt), so the resulting force is also periodic with the frequency w. Therefore,
time-dependent problems with random wave patterns are not suitable to be solved with potential
theory approaches (Patel, 1994). Once the velocity potential is solved, the pressures and hence the
loads affecting the structure can be calculated by Bernoulli's equation:

0P/ +296.9¢ +P ~Pa/y gz =0 3)

2.2. Potential flow solvers

The comparison study made in this paper is based on the potential flow theory and the potential flow
solvers. The solvers are developed to analyse the behaviour of offshore structures interacting with
surface waves. As explained in the previous section, fluid is assumed to be ideal and the flow is
assumed to be periodic. The free surface state is linearized. Diffraction and radiation velocity potentials
at the submerged body surface are determined by the solution of an integral equation derived from
Green's theorem (Liu, 2019).

Table 1. BEM Solvers and their Characteristics after (Penalba et al., 2017)

BEM solver | Frequency domain | Time-domain | Open source | Usage (%)
WAMIT + - - 80.5
NEMOH + - + 19.5
AQWA + - - 22.0
Aquaplus + - - 9.8
ACHIL3D - + - 4.9
WADAM + - - 7.3

HAMS + - + NA

HAMS is released in 2021 (Liu, 2021), therefore its usage rate is not included in the table (Penalba et
al., 2017). WAMIT was cited in more than 80% of articles referring to a BEM solver, and it was the most
frequently referenced BEM code. Therefore, WAMIT can be regarded as the de-facto standard. The
reason why WAMIT is taken as the benchmark for NEMOH and HAMS in this study is the common use
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of WAMIT by the oil, gas, wave and wind energy community. WAMIT, NEMOH, and HAMS consist of
three main procedures designed to work sequentially: pre-processor, processor, and post-processor.
WAMIT offers an inclusive user manual that explains each required input file and option of the
software, together with all the outputs generated; NEMOH and HAMS only provide a brief explanation
of the code with limited instructions for using the software. Parallel processing is available for every

BEM code (WAMIT User Manual, 2006; Liu, 2019).

2.2.1. WAMIT

WAMIIT is a FORTRAN-based BEM code that offers two fundamentally different methods of geometry
discretization: low and high order. The standard discretization method is the low order method in
which the geometry of the object is divided into many flat quadrilateral panels. The high-order method
provides the advantage of including curvature. WAMIT provides 2 symmetry planes (yOz and x0z),
which can reduce the computation time. WAMIT requires a proprietary geometric format (<file>.gdf
extension) for mesh files, and very few software can export it. Thus, WAMIT users can either use
predefined subroutines for simple geometries or certain software such as Rhinoceros or MultiSurf to
create their meshes. Since WAMIT produces dimensionless results, parameters such as seawater
density or gravity are not required for WAMIT (WAMIT User Manual, 2006). To simulate WAMIT, at
least five input files are needed. Mesh geometry file, with .gdf extension, defines the wet surface of
the body to be analysed. Config.wam and SIM.cfg specifies many parameters and options including
mesh and parallelization. SIM.pot calls the mesh file and defines the environmental parameters and
the body-fixed coordinate system. SIM.frc contains body information such as stiffness and mass
matrices and flags for output results (WAMIT User Manual, 2006).

2.2.2. NEMOH

NEMOH is a FORTRAN-based BEM code that requires at least four input files for simulation. One of
them is the ID.dat file which is a simple file identifying the name of the simulation. Another one is the
input.txt file containing solver selection. All the parameters needed for NEMOH simulation are in a
single input file named NEMOH.cal. The last input file required by NEMOH is a mesh file. NEMOH users
can use the two MATLAB functions, axially symmetrical (axiMesh.m) and non-axial symmetrical
(Mesh.m), to create their meshes. Additionally, NEMOH includes the GDFmesh.m function, which
directly reads .gdf meshes, a WAMIT extension. It also offers the NEMOH2WAMIT_01.m function,
which converts NEMOH mesh files to .gdf format. NEMOH, geometries are limited to 10000 nodes or
2000 panels, whether they are created with their sub-functions or .gdf files. NEMOH offers only the
low-order geometry discretization method and the result is quite similar to the low-order mesh created
in WAMIT. NEMOH allows only one plane of symmetry (x0z). NEMOH provides a MATLAB wrapper
(NEMOH.m) to run simulations, making the process user-friendly for users familiar with MATLAB
(Penalba et al., 2017).

2.2.3. HAMS

HAMS (Hydrodynamic Analysis of Marine Structures) is written currently in FORTRAN 90 (Liu, 2019).
HAMS has no mesh generator inside, instead, the mesh is imported. HAMS offers two symmetry
planes, whereas only offers the low-order geometry discretization method. WAMIT's .gdf format is
required to define the mesh in the first step. Then it is necessary to use the built-in tool
WAMIT_MeshTran.exe to convert the .gdf mesh to HAMS mesh formats such as WaterplaneMesh.pnl
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and HullMesh.pnl. HAMS requires two additional input files besides these two mesh files. One of them
is ControlFile.in, which is the main input control file containing all the necessary parameters. Finally,

the Hydrostatic.in file also needs to be filled in for RAO calculations, yet the necessary information can
be obtained from the fort.4 file created by WAMIT_MeshTran.exe (Liu, 2021).

2.3. Equations of motion

For hydrodynamic predictions, a floating body can be considered mostly rigid but moving. A floating
body of arbitrary form can present hydrodynamic reactions caused by motion in any j direction at all
six degrees of freedom (DOF), i. In the case of a simple monochrome incident wave, the equations may
look like this:

where 7 is the position of the body, 4;; is the hydrodynamic added mass matrix elements, M;; is the
generalized mass matrix elements, B;; is the radiation damping or hydrodynamic damping coefficients,
Cij is the restoring or hydrostatic stiffness coefficients, and > F; represents the sum of all other forces
in the direction of i that may be present. A dot on a symbol indicates a derivation of time.
Hydrodynamic properties and radiation damping are the functions of the frequency of motion and
Equation (4) needs to be solved for excitation as a harmonic function. The first term, (Al-j + Mij)r'jj,
the inertia of mass is increased by a hydrodynamic "added mass"; because, to accelerate the body, it
is also needed to accelerate the water surrounding it. The added mass for submerged objects near the
water surface may be negative but is always positive for objects submerged deeply (Bergdahl, 2009).
Potential flow approaches are characteristically applied within the frequency domain, and this is
essential for determining the RAO. RAO is a frequency-dependent factor and represents the ratio of
the floating platform's response (output) based on a regular wave signal (input) (Patel, 1994).

RAO(W) = (5)

F,
0/(C — (M + A(W))W2 + iB(w)w)

3. Modelling

In this study, two of a few well-known structures are chosen to compare potential flow codes. The
structures are already verified experimentally and computationally and the structures have different
stabilization principles, which is highly important for the code compatibility regarding whether the
codes are biased to any stabilization behaviour or excess movement. One is mainly stabilised with
ballast-gravity and the other is mainly stabilized with the waterplane area-bouyancy. One of them is a
Spar-Buoy concept called "Hywind" developed by Statoil from Norway. The original design was slightly
modified by the OC3 to support the National Renewable Energy Laboratory's (NREL) 5 MW base
turbine. The current version was named "OC3-Hywind" and was used for the benchmark study of OC3.
The other structure is a semi-submersible concept used in the DeepCWind project. DeepCWind is a US-
based project that aims to generate test data for use in the verification of FWT modelling tools. NREL's
5 MW base turbine is also used in DeepCWind Semi-Submersible for benchmarking of OC4, a
Continuation project of OC3. The same geometry files are drawn in Rhinoceros and used in the
compared codes. Mesh effect and independence studies are carried out for NEMOH and HAMS only
because there was no commercial license for WAMIT. WAMIT meshes and results are obtained from
HydroDyn sample input files for the final versions used in OC3-0C4 projects and distributed freely with
FAST (Jonkman, 2005).
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3.1. OC3 Hywind Spar-Buoy

The stabilization method of the platform is predominantly ballast type, with high inertial resistance
and righting moment thanks to the lower centre of mass. The NREL 5-MW baseline wind turbine tower
on top of the OC3-Hywind spar-buoy is erected on a base diameter of 6.5 m, matching the top diameter
of the platform. The resulting total tower mass is 249,718 kg and the tower centre of mass (CM) is
located at 43.4 m on the tower centreline above the SWL. The critical structural damping rate of 1%
was determined for all modes of the isolated tower. The platform consists of two cylindrical zones
connected by a linearly tapered conical zone, the diameters of these cylinders are 6.5 meters and 9.4
meters. With this design, the hydrodynamic loads are reduced by using a smaller diameter near the
free surface. The 6.5 m diameter cylinder zone extends up to 4 meters under SWL, while the conical
zone is 8 meters long vertically. The weight of the floating platform is 7,466,330 kg including ballast.
The CM of this mass is located at 89.9155 meters below the SWL along the platform centreline. The
floating platform’s roll and pitch inertias around CM are both 4.229.230.000 kg.m2 and the yaw inertia
around the centreline is 164.230.000 kg.m2. For stabilization, the platform is connected by three
catenary lines spread symmetrically around the centreline (Jonkman, 2010).
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Figure 2. The schematic diagrams of the OC3-Hywind spar with the catenary mooring lines in different
views after (Lin et al., 2019).

3.2. OC4 DeepCWind Semisubmersible

The stabilization method of the platform is predominantly buoyancy and ballast, rotational
displacements caused by environmental conditions induce large lifting-restoring forces thanks to
displaced water volumes. The tower used in the OC4 DeepCWind semi-submersible is almost the same
as the OC3-Hywind spar-buoy tower. The only difference is the tower mode shapes caused by changes
in the support platform and mooring. The DeepCWind semi-submersible platform consists of a main
column on which the tower is mounted, and three offset columns connected to the main column by a
series of smaller diameter pontoons and cross members. All three offset columns have larger diameter
base columns at the base that helps suppress movement (especially in the direction of heave). The
mass of the floating platform including ballast is 1.3473E + 7 kg. The CM of this mass is located at 13.46
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m below the SWL along the platform centreline. The floating platform’s roll and pitch inertias around
the CM are both 6.827E + 9 kg.m2 and the yaw inertia around the centreline is 1.226E + 10 kg.m2. To
stabilize the platform, moorings are spread out as on the OC3 Hywind Spar-Buoy (Robertson et al.,
2014).

3.3. Environmental conditions and solver settings

Gravitational acceleration and seawater density were taken as 9.80665 m/s®> and 1025 kg/m3,
respectively. The water depths for OC3-Hywind Spar-Buoy and Semi-Submersible are 320 m and 200
m under SWL respectively. Effects of moorings were not taken into account and only the 0-degree
incident waves are represented for NEMOH and HAMS. All calculations were done for six degrees of
freedom. Wave periods were simulated from 2 seconds to 25 seconds. This range is preferred because
the high response of floating structures to wave effects is observed within this range (Uzunoglu &
Guedes Soares, 2020).

= Topof tower
77.6m
Towerfreeboard
[
SWL 10
- 26m
20m
\ fom

Figure 3. The schematic diagram of the DeepCWind Semi-Submersible (Robertson et al., 2014).

4. Effects of mesh on potential flow solution

For the potential flow solution, DNV suggests a mesh size using 1/6 of the smaller wave frequency of
interest, which corresponds to an average panel side length of 4.6 m. It is also stated in the same
document that the mesh size must be small enough to accurately represent the geometry. When the
platform volume is compared to a mesh size reference of m3, m4 meshes result in an acceptable
volume difference of less than 0.5 percent for both of the structures. This value is compatible with
similar studies on panel methods in which geometry should be discretized (Uzunoglu and Guedes
Soares, 2020; Jafaryeganeh et al., 2014; Ko et al., 2011). For OC3 Spar Buoy, however, the panel
number limitation of NEMOH by 2000 is already reached with m4. Accordingly, an average side length
of 1 m mesh is used for the OC3 Hywind Spar Buoy platform and an average side length of 1.5 m mesh
is used for the OC4 DeepCWind Semisubmersible platform for potential flow code comparisons with
m4 named meshes. However, the effect of mesh intensity is studied below.

Using a larger mesh reduces the number of elements and provides a faster solution, but also affects
the accuracy of the results. On the other hand, using finer mesh significantly increases processing time
and becomes less important after convergence. Therefore, a trade-off between the acceptable
accuracy and the reasonable processing time is required. Although faster solutions are obtained in
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potential flow codes compared to CFD studies, it is still important to perform mesh independence
studies to maintain the trade-off. In this context, by conducting a study on mesh convergence, the

sensitivity of the results to mesh shape and size is examined. The mesh sensitivity is only studied for
the open-source codes. Wamit output is received from published sources.

Four meshes and their volumetric and time cost properties are studied for OC3 Hywind Spar-Buoy. The
same study is conducted for OC4 DeepCWind Semisubmersible with a difference, the bracings are not
included for mesh studies. The effect of bracings on this platform is studied by Uzunoglu and Guedes
Soares (Uzunoglu & Guedes Soares, 2015) under different loading conditions, the authors showed that
the bracings can be omitted at the preliminary design phases due to the negligible influence on the
overall hydrodynamic behaviour. Thus, the bracings are neither included in the mesh study nor
included in the calculation of normalized volume 100*(Vmesh-Vsimple design)/Vsimple design. So the
increase in panel number due to the inclusion of these bracings increases simulation time cost for both
codes but does not affect volumetric representation for the last data of OC4 DeepCWind
Semisubmersible that has maximum panel number.

Normalized volume is used for non-dimensional geometrical representations of two platform systems
relative to panel numbers. For the lowest panel numbers, only about 90% of the geometry is
represented, because the discretized representation of cylindrical shape members in the Cartesian
coordinate system needs more faces for polygonal prisms. With the increase in prism faces, the
geometrical representation gets better rapidly at a certain point, after that, the increase in panel
number becomes less and less effective. As shown in Figure 4, the lines indicating normalized volume
values become almost flattened, and the final meshes provide about 99% normalized volume values.

100,00% 0,0300
98,00% 0,0250
96,00% 0,0200
94,00% 0,0150

92,00% 0,0100

Normalized Volume %

90,00% 0,0050

88,00% 0,0000
0 500 1000 1500 2000

Panel Number

Solution Time per Panel Number (s)

—— OC3 Spar Volume% —— 0C4 Semisub Volume%
—— OC3 Spar Nemoh Time ——(0C4 Semisub Nemoh Time
== (OC3 Spar Hams Time == (C4 Semisub Hams Time

Figure 4. Variation of simulation time cost per panel number and geometrical representation with
panel number

On the other hand, solution time per panel number and wave period is used to show the variation of
code performances relative to panel numbers. To make a comparison, the processor used in
simulations is a 12-core i7-8700K CPU @ 3.70 GHz. To conduct a parallel process, HAMS uses all the
cores of the processor without any settings requirements; however, one may increase the OpenMP
thread number to a certain limit (WAMIT User Manual, 2006) to enhance the performance. On the
other hand, NEMOH needs modification as using “parfor” loops instead of “for” loops (Andersson,
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2018) for parallelization in executable files, and thus in source codes, not implemented in this study.
For the same amount of wave periods, simulation time cost per panel number always increases with
an increasing number of panels almost linearly except the bracing included mesh for semisubmersible
platform. For the same platforms, HAMS needs more simulation time to simulate the same geometry
and wave periods even with using parallel processing compared to NEMOH.

Instead of representing the distribution of Added Mass (A), Radiation Damping (B) and Excitation
Forces (Fe) in each period in a separate graph, the mesh convergence of both floating platforms is
decided to be represented with normalized root mean square error (NRMSE) values with increasing
panel numbers. While any floating object has six degrees of freedom, only the NRMSE values for surge,
heave and pitch axis are represented here. This is due to the symmetrical shapes of the floating bodies,
i.e. the effect of 0-degree incident waves is negligible for roll, sway and yaw.

The same meshes are used in both potential flow solvers and the exact panel number of meshes can
be read from Table 2, However, the convergence of the results is not close to each other for both
floating platforms. As mentioned previously, there is a trade-off between accuracy and time cost in
terms of mesh size, this is also observed in this study with a few exceptions which are within an
acceptable limit of numerical errors.

Table 2. The data of compared meshes

, Simulation Time(s) / Panel # /

ot | o,

NEMOH HAMS
m1_OC3_Spar 90.12 160 0.0005 0.0023
m2_0C3_Spar 95.53 364 0.0015 0.0049
m3_0C3_Spar 98.87 1212 0.0070 0.0157
m4_0C3_Spar 99.36 2115 0.0185 0.0280
m1l_0OC4_Semisub 90.38 111 0.0005 0.0011
m2_0C4_Semisub 95.91 333 0.0014 0.0024
m3_0C4_Semisub 98.41 792 0.0037 0.0056
m4_0C4_Semisub 98.96 1314 0.0078 0.0100
m4_0C4_Semisub+bracings 98.96 1569 0.0107 0.0109

Comparing the results of both potential flow solvers for the OC3 Spar Buoy platform, the most similar
results are obtained for Excitation Force values in each surge, heave and pitch axis. Yet, these results
are already within an acceptable limit provided by the coarsest mesh m1_0OC3_Spar under 5% except
heave axis Fe value in NEMOH. This implies that the Excitation Force accuracy is not highly dependent
on the mesh size for such a simple geometry in the studied frequency range. Both codes produced the
worst convergence results in radiation damping values in the heave axis, this can be explained by the
waterplane area dependence of this value. Other than radiation damping in the heave axis, all of the
data for m3_0OC3_Spar have an NRMSE difference under 1% for NEMOH and under 5% for HAMS. This
proves that the results are gaining independence from mesh size after a mesh intensity and become
almost constant, ignoring numerical errors. All of the results except A and Fe in the heave axis and Fe
in the pitch axis are converged in NEMOH faster than in HAMS. Yet, this is just proof of precision, not
proof of high accuracy. The accuracy comparisons of the codes are discussed in the next section.
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Figure 5. Variation of NRMSE values with panel number for Spar Buoy platform in NEMOH and HAMS

It is noticeable at first glance how close the m3_0C4_Semisub (792 panels) and m4_0C4_Semisub
(1314 panel) results are to each other. Contrary to the graph, the independence is not disturbed by
the last mesh because the difference between m4_0C4_Semisub and the last mesh is due to the
presence of bracings as mentioned previously. Similar to the OC3 Spar Buoy platform, the overall worst
convergence results are obtained in the heave axis in radiation damping. Moreover, the subsequent
poor convergence results also belong to radiation damping, however, this does not mean the final
mesh is inadequate. The compatibility of the radiation damping results for each axis is shown in Figure
6, the pitch axis (B55) in NEMOH is an exception. Comparing the OC3 Spar Buoy platform results with
OC4 DeepCWind Semisubmersible, the former has a faster convergence for both potential flow solvers,
but the latter has higher precision for NEMOH. The differences are simply due to the complex geometry
of the semisubmersible platform.

5. Comparison of BEM solvers

In this study, O-degree incident wave results of the open-source potential flow solvers NEMOH and
HAMS are compared with WAMIT, the most widely accepted and used commercial code. The wider
properties of the three BEM solvers are stated in section 2.2. The flexibility and user-friendliness
properties of the solvers can be summarized as follows. While WAMIT is the most widely used and
accepted code which has an extensive user guide, NEMOH is a widely used open-source code with a
user forum with a limited number of users, HAMS is a currently released open-source code needing
verification and the code is sparsely documented (Penalba et al., 2017). Although the open-source
codes only offer low-order geometry discretization, WAMIT also offers more capable high-order
geometry discretization. With a panel limitation of 2000, NEMOH also includes a limited mesh
generator, while the remaining codes do not. WAMIT and HAMS are capable of irregular frequency
removal and two symmetry plane option, whereas NEMOH cannot. WAMIT generates non-
dimensional results, whereas the equivalent information input is simpler in the open-source codes.
Although WAMIT enables to use of multiple cores with a parameter in the config.wam and the HAMS
enables to determine the number of threads for OpenMP, NEMOH needs source code modification for

parallel processing.
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Figure 7. All of the results of OC3 Hywind Spar platform for comparison, units are Ns*>/m for Added
Mass, Ns/m for Radiation Damping, and N/m for Excitation Force

A comparison of the codes for the OC3 Hywind Spar-Buoy platform is shown in Figure 7. The results of
HAMS are close and tend to be parallel to the WAMIT results with some spikes and steps. Both the
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spikes and steps always tend to approach the WAMIT results. On the other hand, the results of NEMOH
are almost parallel to WAMIT results with permissible offset, except in pitch. The mesh study revealed
that the irrelevant pitch results of NEMOH do not depend on mesh, which is converged and precise.
For HAMS, the minimum and maximum NRMS values of added masses are 2.02% in heave and 2.60%
in pitch, radiation damping is 1.07% in surge and 47.90% in heave, Excitation force is 1.58% in surge
and 20.37% in heave consecutively. Axis-based mean (of A, B, Fe) NRMS values are as follows 1.72% in
the surge, 23.43% in heave, and 4.85% in pitch. The statistics reveal that the results of HAMS are
adequately close to WAMIT just except for the radiation damping and excitation force in the heave
axis. Regarding pitch axis results, beyond the relevant distant results of NEMOH, HAMS itself gave
reasonably close results. Ignoring pitch axis results for radiation damping and excitation force, the RMS
values of added masses are 3.73% in the surge, 0.70% in heave, and 61.70% in the pitch axis, radiation
damping is 5.02% in surge and 355.22% in heave axis, excitation force are 2.67% in surge and 363.65%
in heave axis for NEMOH. Both open-source potential flow solvers gave the best results in the surge
axis and added mass values overall.
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Figure 8. All of the results of OC4 DeepCWind Semisubmersible platform for comparison, units are
Ns?/m for Added Mass, Ns/m for Radiation Damping, and N/m for Excitation Force

Similar to the OC3 Hywind Spar platform, fairly close and mostly parallel results are obtained from
HAMS with some spikes and steps, from the OC4 DeepCWind semisubmersible platform as shown in
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Figure 8. Not the spikes but the steps mostly approach the WAMIT results but the overall performance
of the code is worse than the performance in the case of spar buoy platform due to increased
complexity of the hull form. Especially the result of radiation damping in the heave axis is not
permissible, which is consistent with the outputs of Andersson (Andersson, 2018). The results of
NEMOH tend to follow the same trend as WAMIT despite several fluctuations. The problem of
miscalculation of pitch axis values is also observed in this more complex case. While each NRMS value
of the HAMS is worse than the spar platform results, the results of NEMOH are better in the heave and
pitch axis. Still the results of NEMOH in the pitch axis are far from WAMIT results. For HAMS, the
minimum and maximum NRMS values of added masses are 6.31% in heave and 7.65% in the surge,
radiation damping is 5.17% in surge and 751.41% in heave, Excitation force are 16.63% in surge and
88.03% in heave consecutively. Axis-based mean (of A, B, Fe) NRMS values are as follows 9.82% in the
surge, 281.91% in heave, and 14.59% in pitch for HAMS. Ignoring pitch axis results for radiation
damping and excitation force, the NRMS values of added masses are 3.86% in the surge, 1.90% in
heave, and 16.35% in the pitch axis, radiation damping is 12.79% in surge and 172.18% in heave axis,
excitation force are 29.79% in surge and 85.36% in heave axis for NEMOH. Best results are obtained
from both open-source potential flow solvers from surge axis and added mass values, and the most
problematic results are obtained from radiation damping overall as in the case of Penalba et al. (2017).

6. Conclusions

In this study, a comparison study was conducted regarding the reliability of open-source panel method
codes, based on the solution of two floating wind turbine platforms with a commercial code called
WAMIT. NEMOH is the world's first open-source BEM code released in 2014 and is widely used. HAMS
is a recently released (Liu, 2019; Liu, 2021) open-source BEM code and both codes need to be verified
by comparison. HAMS and NEMOH were compared with WAMIT results and compared with each other
on computational performance, flexibility, and user-friendliness. The WAMIT data for the OC3 Hywind
Spar and OC4 DeepCWind semi-submersible solutions were taken from previous publications as the
basis for this study. These reference values were compared with NEMOH and HAMS for added mass
values, potential damping and wave excitation forces. The main purpose of the study is to help
researchers select a reliable open-source code as an alternative to approved commercial codes for
predicting the hydrodynamic behaviour of offshore structures.

The mesh independence study is represented to show the precision of the codes on their own. To
conduct the mesh independence study, four different sized meshes are compared. Rapid convergence
is observed for both of the potential flow solvers. The finest meshes of both floating designs have a
normalized volumetric representation ratio of about 99%. As expected, the solution time per panel
increased as the number of panels increased. Normalized root mean square (RMS) values were utilized
for evaluation. Parallel processing was utilized by default in HAMS, but not in NEMOH due to the need
for modification in source codes. Even using parallel processing, HAMS was slower than NEMOH.
Comparing the mesh convergence, NEMOH showed a faster reaction.

Both of the open-source potential flow codes were quite successful in the simple single-piece spar
buoy concept rather than a multibody semisubmersible through NRMS values. The most favourable
results were obtained from the surge axis for added mass and the most unfavourable results were
obtained from radiation damping in the heave axis. NEMOH gave inappropriate results in the pitch axis
for both of the platforms. Neglecting the pitch axis results of NEMOH, both of the codes yielded parallel
and reasonably close results to WAMIT.
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Further studies are needed to be conducted for different incident wave angles to assess the solution
successes of the open-source BEM codes for angle dependencies. The improper solutions of NEMOH
in the pitch axis should be improved.
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OzZET

Bu calismada; bir balik¢i gemisinin bas tarafinda yer alan donebilir iticinin, gemi manevra
performansina etkileri hesaplamali olarak incelenmistir. Tek saftli, pervaneli ve dimenli geminin ilk
tasariminin, 40 ton yikli durumda ve 3 knot ilerleme hizi ile orta gevre kosullarinda manevra
performansi yetersiz bulunmustur. Modifiye edilmis tasarim, geminin bas tarafinda yer alan ve ilave
itme kuvveti Uretmek i¢in 360 derece donebilen bir azimut pervanesi ile donatilmistir. Geminin
manevra performansini degerlendirmek icin 3 serbestlik dereceli nonlineer gemi hareket denklemleri
zaman dizleminde ¢oOzilmustlr. Kullanilan matematiksel modelin manevra katsayilari iki farkh
yaklasimla tahmin edilmektedir; birincisi yari ampirik yontemlere, digeri ise hesaplamali akiskanlar
dinamigine (HAD) dayanmaktadir. Riizgar, akim ve dalga gibi dis bozucular, yari ampirik yontemlerle
matematiksel olarak temsil edilmistir. Kapsamli bir hesaplamali test matrisi olusturulmus ve bir balikgi
teknesinin bas tarafina yerlestirilmis yeterli itme gliciine sahip bir azimut pervanesinin olumsuz
cevresel kosullara ragmen geminin manevra performansini 6nemli O6lclde iyilestirebilecegi
similasyonlarla gosterilmistir.

Anahtar kelimeler: Manevra performansi, balik¢i gemisi, azimut, dénebilir itici
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ABSTRACT

The results of computational analyses on the manoeuvring performance of a stern trawler with an
azimuth thruster located in the forward part of the vessel are presented. The initial design of the vessel
with a single shaft, propeller and rudder is considered to have insufficient manoeuvring performance
with a trawl pull load of 40 tons in moderate environmental conditions with a forward speed of 3 knots.
The modified design is equipped with an azimuth thruster located in the forward part of the vessel
that can rotate 360 degrees to produce additional thrust. In order to assess and simulate the
manoeuvring performance of the vessel, the surge, sway and yaw equations are set and solved in the
time domain. The hydrodynamic forces due to surge and sway motions and the yaw moment are
represented by a nonlinear modular mathematical model. The manoeuvring coefficients of the
mathematical model employed are estimated by two distinct approaches; the first one is based on
semi-empirical methods and the other is based on computational fluid dynamics (CFD). The external
forces due to wind, current and waves are mathematically represented by proven semi-empirical
methods based on the results of scaled model tests and full-scale measurements. A comprehensive
computational test matrix is established and extensive computational analyses and manoeuvring
simulations were carried out to indicate that an azimuth thruster with sufficient thrust located in the
forward part of a stern trawler could significantly improve the manoeuvring performance of the vessel
despite adverse environmental conditions.

Keywords: Maneuvering performance, stern trawler, azimuth thruster
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1. Introduction

Modern stern trawlers are designed for hauling very heavy catches up the stern onto the working deck
of the vessel under adverse environmental conditions. Although it is asserted in some studies, such as
Yoshimura and Ma (2003), that fishing vessels generally have good performances in manoeuvrability
because of large rudders and powerful propeller assists, under particular operational and
environmental conditions manoeuvrability may turn out to be a problem. Thus, the present study
attempted to take severe environmental conditions into account as well as slow speed in the trawling
mode of the vessel’s operation. The weight of huge nets not only require powerful engines but also
additional manoeuvring devices — such as azimuth thrusters — which may be needed to provide
sufficient manoeuvring performance in higher sea states. Another difficulty is due to the slow forward
speed to be maintained while pulling the net which reduces the efficiency of the rudder.

In this paper the influence of an azimuth thruster on the manoeuvring performance of astern trawler
is investigated. The stern trawler under investigation is designed by Skipsteknisk. The initial design,
Base Case (0), is fitted with a single shaft/propeller and a rudder. The modified design, Base Case (1),
is additionally equipped with an azimuth thruster located in the forward part of the vessel that can
rotate 360 degrees to produce additional thrust. The manoeuvring performance of these
configurations with a trawl pull load of 40 metric tons is assessed and simulated in calm water and
moderate to extreme environmental conditions. For each configuration the following conditions are

considered:

° Forward speed of 3 knots,

° Trawl pull load of 40 metric tons,

° Wave, wind and a 3 knot current acting on the vessel in beam direction.

In order to assess and simulate the manoeuvring performance of the vessel, surge, sway and yaw
equations are set and solved in the time domain. The hydrodynamic forces due to surge and sway
motions and the yaw moment are represented by a set of linear and nonlinear coefficients called the
manoeuvring derivatives. These coefficients may be estimated by empirical methods, CFD
(Computational Fluid Dynamics) based computational procedures or PMM (Planar Motion Mechanism)
model tests. It is a known fact that most of the empirical formulas have been derived from the model
tests of merchant ships and from the analytical studies of some particular geometrical shapes. In order
to have a good correlation between hull form parameters — employed in the empirical formulas —and
the manoeuvring derivatives, Kim et al. (2021) recently introduced modified empirical formulas
developed for fishing vessels of which hull form characteristics are different from those of merchant
ships. In the present study, we prefer to go through the CFD analyses in calculating manoeuvring
derivatives, as well, to validate the results of empirical formulas.

Section 2 presents the equations of motion and describes the modular mathematical manoeuvring
model including the external forces due to the propeller, thruster, rudder and environmental
disturbances such as wind, current and waves to be separately estimated and included in the equations
of the motion. The propeller forces are estimated by considering the experimental open water
efficiency and the thrust deduction data provided by the designer of the vessel. Thrust reduction due
to currents, thruster-hull interaction and ventilation effects are taken into consideration by using
suitable empirical methods. The forces and moment due to the rudder are estimated by a well proven
empirical method which takes into account the effects of propeller flow on the rudder and the effective
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rudder angle in a turn. Methods and procedures used to estimate propeller and thruster forces and
forces and moment due to the rudder are also presented.

The empirical methods employed and the CFD based computations performed to estimate the
manoeuvring derivatives are explained in Section 3.

Turning performance of the Stern Trawler in calm water conditions is presented in Section 4. In Base
Case (0) configuration, only the propeller and rudder are taken into consideration and the effect of a
trawl pull load of 40 metric tons on turning performance of the vessel is illustrated. In Base Case (1)
configuration, the effect of an azimuth thruster on turning performance in calm water is investigated.

Section 5 presents the methods used to estimate the external forces due to wind, current and waves.
As shown in this section several alternative empirical methods are available to estimate the
environmental forces. It is shown that the forces and moment predicted by these methods are,
generally, in agreement and result in similar manoeuvring behaviour.

Manoeuvring performance of the stern trawler in a range of environmental conditions in Base Case (0)
and Base Case (1) configurations are presented and compared in Section 6. Based on these analyses,
maximum environmental conditions in which the vessel could maintain the track are estimated in
Section 7. The paper ends with a summary of the results and the concluding remarks.

2. The Mathematical Model

The mathematical model to simulate the motions of the ship is the modular MMG mathematical ship
manoeuvring model (Yasukawa and Yoshimura, 2015). This model considers the ship hull and its
appendages separately and the interaction between them is handled by various parameters. In this
section, we first present the ship manoeuvring equations used in this study and then briefly present
the models used for the ship hull and its appendages (the propeller, the azimuth thruster and the
rudder).

2.1. Equations of motion

Assuming that the effect of roll on the manoeuvring motion is small, only surge, sway and yaw motions
are considered in the equations of motion which can be expressed as follows with respect to a ship
fixed reference frame at amidships:

X =m(1 — vr — xgr?)
Y = m(V + ur + xgr) (1)

N = [, + mxg(V + ru)

m : ship’s mass

I, : mass moment of inertia of the ship about the vertical axis
X : total force in the x direction

Y : total force in the y direction

N : turning moment around the vertical axis

u : velocity component in the x direction
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\% : velocity component in the y direction
r :yaw rate
Xg : the distance between the midships and the centre of gravity.

The main components of the external forces are:

° Hydrodynamic forces due to the surrounding fluid (X, Yg, Ng),

° Control surface forces due to control surfaces like rudder and fins(Xg, Ygr, Ngr),
° Propulsion forces due to the propellers and thrusters(Xr, Y1, Nt),

° Environmental disturbances such as wind, current and waves(Xg, Yg, Ng),

o External forces due to trawl pull loads (Xp, Yp, Np).

Then the equations of motion can be written as follows;
m(ﬁ—vr—xcrz) =XF+XR+XT+XE +Xp
m(\'/+ur+x(;1") :YF+YR+YT+YE +Yp

sz‘+mXG(V+FU)=NF+NR+NT+NE+NP

Xk, Yg, N : Hydrodynamic forces due to the surrounding fluid,
Xgr, Yr, Ng : Control surface forces due to the rudder and fins,

X1, Y1, N : Propulsion forces due to the propeller and thrusters,
Xg, Yg, Ng : Environmental loads due to wind, current and waves,
Xp, Yp, Np : External forces due to pull loads such as trawl nets,

2.2. Forces and moment acting on the ship hull

The hydrodynamic forces and moments can be considered as sums of various components with
different static and dynamic origins, as follows:

e Added mass and moment components due to the motion in an ideal fluid with no circulation,
e Lift force and moment components due to the motion in an ideal fluid with circulation,
e Viscous force and moment components due to the motion in a viscous fluid.

The hydrodynamic forces due to surge and sway motions and the yaw moment are represented by a
set of linear and nonlinear hydrodynamic coefficients. These coefficients may be estimated by
empirical methods, CFD based computational procedures or PMM model tests. For the manoeuvring
simulations presented in this report, the cubic model for equations of motion is adopted and the
manoeuvring derivatives obtained by CFD computations are used with the exception of inertia
coefficients. Hydrodynamic forces due to the surrounding fluid are expressed as follows:

Methods and procedures used to estimate the forces due to the propeller and thrusters, rudder and
environmental disturbances such as wind, current and waves are explained in the following
subsections.
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Xp = SI3(KG0) + Z12 (Xiyv?) + 5 1 (Korve) + 5 L4 (Kr?)

Y = gﬁ (Y}9) + gL‘* (Vi) + gLZ (Yiuv) + gﬁ (Your) + gLZ (Yipyv?)

p , , p ,
+ > L3 (Yoyrvvr + Yopvrr) + 5 LAY/ r?) (2)

Np = gu* (N}¥) + gLS (NF) + %L3 (Njuv) + gL" (Nur) + gﬁ (Nyyv?)

+ g L*(NLy vvr + N pvrr) + gLS (NJprr3)

2.3. Forces generated by the propeller

The manoeuvring model adopted in this study considers the propeller to generate only a force in the
surge direction. Lateral forces or moments are ignored. In this case, the propeller net thrust force may
be represented by

Xp = (1 = )pngDgKr(Jp) (3)

where tis the thrust deduction fraction, np the propeller rotational rate and Dp the propeller diameter.
The thrust coefficient K+(Jp) can be estimated by using the open water test measurements of the
propeller as a function of the advance number Jp, which is expressed as:

up  u(l—wp)

(4)

o= npDp Bl npDp

where u is the axial ship velocity and wp is the Taylor wake fraction of the propeller behind the ship
hull. In order to estimate the thrust coefficient K+ (Jp) for a given advance number, Jp, the open-water
test data of the propeller is utilized. The open water characteristics of the propeller are represented
by a third-order polynomial. The speed of the vessel is limited to 3 knots while pulling the trawl net.
At these low speeds, the wave-making resistance can be ignored and the total resistance may be
assumed to be due to the viscous component only:

1
Rr =Ry = EpSuZ[(1 + k)Cp + ACE] (5)

Frictional resistance coefficient Cg is estimated by using the ITTC 1957 formula. At the self-propulsion
condition the thrust is equal to the sum of the total resistance and the trawl pull, i.e., Xp = Xg + Fp.
The trawl pull load Fp is 40 metric tons.

2.4. Forces and moment generated by the rudder

The components of the hydrodynamic forces acting on the rudder are essentially of the same category
as for a ship hull, with an additional complication that the rudder forces are significantly dependent
on the velocity of the propeller slip-stream. The true hydrodynamic description of rudder performance
and its forces should be based on effective velocity over the rudder, (accounting for the race effect of
the propeller), and the effective angle of attack on the rudder. The forces and moment generated by
the rudder are (Inoue et al., 1981);
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XR = —FNSin8
Yg = —(1 + ay)Fycosd (6)
Nr = —(1 + ay)xgFyncosb

where ay is the ratio of additional lateral force, xg and zg are the x and z-coordinates of the centre of
lateral force, & is the rudder angle and Fy is the rudder normal force. The ay coefficient can be
estimated as a function of the block coefficient as follows, IMCA M140 (2000);

ay = 0.62(Cg — 0.6) + 0.227 (7)

The normal force on the rudder can be approximated as

_p 613X

= 244 8
N 2)\+2.25ARVRsmaR (8)

where Ay is the rudder area and A is the effective aspect ratio. The effective rudder inflow speed can
be expressed in the form

Vg = V(1 — wg)y/ 1+ K,g(s)

V =+ u? + v?

(9)

where u and v are the components of ship speed in x and y directions, respectively, K, = 1.065 for
the port rudder and K, = 0.935 for the starboard rudder. The term K, g(s) represents the effect of
the propeller slip-stream on Vy, and

g(s) = k(2 — (2 —1)s]s/(1 — s)?
s=1—-u(l—wp)/nP
n = Dp/Hg
k= 0.6(1—wp)/(1—wg)

(10)

where u is the longitudinal component of ship speed, Dp is the propeller diameter, P is the propeller
pitch, Hy is the rudder height, n is the propeller revolution and, wp and wp are the effective propeller
and rudder wake fractions, respectively. The estimation of the effective rudder wake fraction is made
assuming that wy in the manoeuvring motion could be computed by

WR Wp

— = —— = exp(K, B3 11
g = woo = exP(KiB) (11)

where K; = —4.0 and the geometrical inflow angle at the propeller position is defined as follows:
Bp = B — xpr’ (12)

The effective rudder wake fraction wgq of full-scale ships may be obtained from the results of the
model experiments in the same manner as for the effective propeller wake fraction wpq in the area of
the ship propulsion, namely making use of the technique to estimate the full-scale value from the
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model experimental results with the concept of the wake ratio. Taking the flow-rectifying effect into
considerations, the effective rudder angle, ag can be expressed in the form,

ag =8+ 80 — YBr

li ! ! (13)
Br = B — Zxgr
The flow rectifying effect due the ship’s hull and the propeller can be expressed as,
y = CpCs
(14)

Cp = 1//1+0.6n(2 — 1.45)s/(1 — s5)?

The ship flow-rectification coefficient Cpis given in the following form:
Cs = K3Pgr for Br < Cs0/K3

Cs = Cso for Br > Cs0/K3

with K3 = 0.45 and CSO = 0.5.

2.5. External disturbances — Wind loads

The wind force calculations are based on a steady state one-minute mean wind velocity measured at
an elevation of 10 meters above the water surface. For wind velocities at different elevation,
adjustments to the equivalent 10-meter velocity are necessary and can be made with the following
formula; IMCA M140 (2000) and OCIMF 94 (1994);

1/7

e

where V,, is the 10-meter wind velocity (m/s), v,, is the wind velocity at elevation h (m/s) and h is the
elevation above water surface (m). Since the wind speed is subjected to gusts, the one-minute mean
value is converted to the hourly mean value by multiplying by 1.15 (IMCA M140, 2000). The wind forces
and moment can be estimated by using the following standard formulations, IMCA M140 (2000);

p
FWX = ?a V\%VrAT CWX (aWr)

p
l::Wy = ?a V\%VrAL CWy (aWr) (16)

_ Pa

Nuy = —
W™

V\%VrAL LgpCwn (otwyr)

Viwr is the instantaneous wind velocity including the ship's speed over the ground with the following
longitudinal and transverse components:

Viwx = Vi cosay —u

wa = VW Sin(XW -V
Vivr = ’V\%VX + V\%Vy
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Then, the relative wind direction, i.e. the angle between the speed through the water and the ships
heading can be expressed as follows:

awr = arctan (Vyyy/Vivx) — U (18)

where | is the heading of the vessel. The coefficients Cyy, Cywy and Cwy, are calculated using IMCA
M140 (2000).

2.6. External disturbances — Current loads

The current forces and moment can be estimated by using the following standard formulations:

p

FICX = EvgrBTCCX(O(C)
Y
Fey = EvgrLBPTCCy(aC) (19)
p
NC = EvgrL%PTCCn (Olc)

Here; Ccx, Ccy, and Cgy stand for current coefficients. These coefficients for given current directions
can be obtained by model tests or CFD analysis. Alternatively, particularly for early design studies,
several empirical methods based on the analysis of model test data are available. For example, Remery
and Van Oortmerssen (1973) presented an empirical method to predict current forces on tanker
shaped hulls based on several model tests. The longitudinal current force is assumed to be due to the
frictional resistance and hence could be estimated by the flat plate resistance in accordance with the
ITTC formulation. The transverse current force and current yaw moment coefficients were assumed
independent of the Reynolds number and expanded in fifth order Fourier series as a function of relative
current direction. The average values of the Fourier coefficients were provided. Details of the
parameters in this equation and the in-depth methodology can be found in IMCA M140 (2000).

2.7. External disturbances — Wave drift loads

The wave forces acting on the vessel can be classified into two distinct types as the harmonic first order
wave forces and the second order mean wave drift forces. Because of the high frequency and the large
magnitude of the first order wave forces the thrusters are not capable to counteract these forces.
Therefore, only the second order mean wave drift forces need to be considered. The total wave drift
force for a given wave direction can be determined from the following equation, API RP 2SK (2005):

2cos?(ayy)
1 + cos? (o)

2sin? (ayy)

1 + sin? (o) (20)

Fwor(awr) = FWDy(go) [ + Fwpx(0) [

where ayy, stands for relative wave angle, Fypx(0) and Fypy (90) stand for wave drift forces in surge
and sway, respectively. The wave drift forces and moment are estimated by using the empirical relation
given by DNVGL-ST-0111 (2018).
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3. Maneuvering Derivatives of the Vessel and Details of CFD implementation

Basic geometric and hydrostatic properties of the vessel are provided by SKIPSTEKNISK. The vessel has
single shaft, propeller and rudder. General particulars of the vessel are presented in Table 1 and her
profile view in Figure 1.

Table 1: General particulars of the vessel

Length over all Loa 87.53m
Length between perpendiculars Lgp 78.60 m
Beam B 18.00 m
Draught (midship) T 6.40 m
Draught (AP) Ty 6.65m
Draught (FP) Tr 6.15m
Displacement A 6500t
Block coefficient Cg 0.738
Wetted surface area S 2110 m?
Projection area of rudder Agr 16 m?
Bilge keel surface area Agk 42 m?
Form factor k 0.41
Frontal wind area Awr 375 m?
Transverse wind area Awr 1160.7 m?
No of propeller blades Z 4
Propeller diameter D 45m
Propeller pitch ratio at 0.7R P/D 1.2
Expanded blade area ratio Ag/A, 0.611

The hydrodynamic coefficients of the trawler are obtained by conducting PMM tests via a RANSE-
based CFD on the one hand and by means of empirical formulas on the other.

WIND AREA: 1160.7 m2
COG: X=41.2m, Z=13.94m

Thrust vector is free to be
applied in the most favourable direction

Figure 1. Profile of the stern trawler and the arrangement of the azimuth thruster

3.1. Numerical implementation

A three-dimensional, incompressible and viscous Reynolds-Averaged Navier-Stokes Equations (RANSE)
based computational fluid dynamics (CFD) approach is implemented for captive motion tests of the
trawler. The flow is turbulent due to high Reynolds number. Realizable k-epsilon is selected as the
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turbulence model. Due to low ship speed, a double-body flow model is utilized. Only the underwater
hull form is considered while the free water surface boundary condition is selected as “symmetry”.
This is to ensure calm water condition during tests (due to low ship speed); therefore, wave resistance
is neglected.

Figure 2. Different views of the grid used in numerical simulations

The underwater form of the trawler is enclosed in a rectangular box. The boundary conditions applied
to the six surfaces of this box are explained below:

- The inlet upstream of the trawler: Velocity inlet.

- The outlet downstream of the trawler: Pressure outlet.

- Two side walls (one at the left, the other at the right of the trawler): Velocity inlet.
- The bottom wall: Velocity inlet.

- The top wall: Symmetry (to ensure double-body flow model).

The tests are conducted at 3knots ship speed at full-scale, corresponding to 0.2817m/s for the 1/30
model scale ship. The ship is stationary while a flow velocity of -0.2817m/s is sent from the velocity
inlet towards the ship.

Approximately 500k grid elements were used to represent the fluid domain. The cell base size is set to
0.01m. Minimum cell size can get as low as 25% of the base size where refinements are required to
solve for high adverse pressure gradients. The maximum cell size is 1600% of the base size and used in
inlet, outlet, and side wall surfaces, corresponding to 0.16m. Different views of the grid system
implemented in the fluid domain are given in Figure 2. Prism layer thickness is calculated using
turbulent boundary layer thickness formula given by
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§ ~ 037 (21)

ReO.Z

where § denotes the boundary layer thickness, L is the ship length and Re is the Reynolds number
(Schlichting, 1979). The boundary layer thickness is found to be § = 0.0106m. It is represented by 3
prism layers only, due to low ship speed. Wall y+ are considered during the selection of the number of
prism layers. Wall y+ and the turbulence viscosity ratio contours are given in Figure 3.

Wall Y+
Y X 0.00000 60000 12.000 18.000 24.000 30.000

Turbulent Viscosity Ratio
0.00000 100.00 200.00 300.00 400.00 500.00

Figure 3. Wall y+ distribution along the ship (top). The turbulence viscosity ratio at the stern region
(bottom)

The steady solver is used for static tests (static drift) while the transient solver is selected for dynamic
tests (pure yaw, yaw and drift). The time step size is taken as At = 0.02s in dynamic tests. Maximum
inner iterations are set to 5.

3.2. Validation of the numerical approach

Numerical simulations are validated by the frictional resistance coefficient obtained by CFD and
comparing it with the ITTC-1957 frictional correlation line formula:

0.075
Crirre = (logRe——Z)Z (22)
where Re denotes the Reynolds number. Results are validated for a full-scale velocity of Us = 3knots.
The corresponding model velocity at 1/30 model scale is Uy, = 0.2817m/s Considering that the model
ship has a length of L = 2.6232m, the Reynolds number in this case is Re = 830,000. Then, the
frictional resistance coefficient becomes Cg ;rr¢ = 4.88 - 1073. CFD simulations are conducted for a
full-scale ship velocity range of 1knot < Us < 8knots. Results are given in Table 2.

The difference between the two results, around the given operation speed of 3 knots, is only 0.6%,
which is considered to be negligible.
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Table 2. Comparison of frictional resistance coefficients obtained by CFD and ITTC-1957 formula

Ug Ug Uy Re Cr Rp R Cr Difference
(ITTC) | (ITTC) | (CFD) (CFD)

knots m/s m/s — — N N - %
1 0.5144 | 0.0939 |2.77E+05|6.33E-03 | 0.0671 0.0646 |6.10E-03 3.7
2 1.0288 | 0.1878 |5.53E+05|5.35E-03 | 0.2269 | 0.2328 | 5.49E-03 2.6
3 1.5432 | 0.2817 |8.30E+05|4.88E-03 | 0.4657 | 0.4683 |4.91E-03 0.6
4 2.0576 0.3757 |1.11E+06 | 4.59E-03 | 0.7775 0.7721 | 4.55E-03 0.7
5 2.5720 | 0.4696 |1.38E+06|4.37E-03 | 1.1587 1.1399 |4.30E-03 1.6
6 3.0864 | 0.5635 |1.66E+06 |4.21E-03 | 1.6065 1.5705 |4.12E-03 2.2
7 3.6008 | 0.6574 |1.94E+06 | 4.08E-03 | 2.1188 2.0588 |3.97E-03 2.8
8 4.1152 0.7513 |2.21E+06 | 3.97E-03 | 2.6940 2.5903 |3.82E-03 3.8

3.3. Numerical PMM test results

Numerical simulations of static drift tests have been conducted for six casesinarangeof 0 < f < 15°.
Full-scale ship velocity is Us = 3knots, corresponding to a model ship velocity of Uy, = 0.2817m/s
(using Froude similarity). Non-dimensional lateral ship velocity can be calculated by v' = —sinf.
Numerical results are presented in digital form and graphed in Figure 4.

Pure yaw tests have been conducted for eight cases in a range of 0.05 < r' < 0.4. Non-dimensional

. L . . -
yaw rate denoted by ' is calculated by r’' = % Numerical results are given in Figure 5.

Yaw and drift tests have been conducted for four different yaw rates consisting of ' = 0.1, r’' = 0.2,
r' = 0.3, and r’' = 0.4. Each one of these cases were simulated for five drift angles in a range of 0 <
[ < 15° (similar to the static drift tests). With the additional case of f = 0 available from pure yaw
tests, a total of 24 numerical simulations were available for this test. Numerical results are given in
Figure 6.

4. Turning Performance in Calm Water

In this section turning performance of the Stern Trawler with a trawl pull load of 40 metric tons in calm
water conditions is presented. The forward speed of the vessel is 3 knots with a propeller rotation rate
of 88 rpm and the maximum rudder angle is 35 degrees.

4.1. Turning circle test without the azimuth thruster
For the base configuration, only the propeller and rudder are taken into consideration. Figure 7
presents the port and starboard turning manoeuvre simulations with

- atrawl pull load of 40 metric tons

- at 3 knots forward speed

- with propeller rotation rate of 88 rpm and
- arudder angle of 35 degrees.

The total simulation time is 600 seconds with a time step of 15 seconds.
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Figure 4. Non-dimensional forces (X’ and Y’') and moment (N') graphs in

version (right below)
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YI

-0.3000 -0.2500 -0.2000 -0.1500 -0.1000 -0.05000‘ 0.0000
beta V' X' \A N'
rad - - - -
0 0 -0.0305 0 0
0.0524 | -0.0523 | -0.0322 | 0.0246 | 0.0068
0.1047 | -0.1045| -0.0337 | 0.0381 | 0.0178
0.1571 | -0.1564 | -0.0349 | 0.0562 | 0.028%
0.2084 | -0.2079 | -0.0355 | 0.0798 | 0.0397
0.2618 | -0.2588 | -0.0349 | 0.1255 | 0.0453

static drift tests. Tabular
YI

0.0300

0.0250

0.0200

0.0150

0.0100

0.0050

0.0000

0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 045
r' X' Y' N'

0 -0.0305 0 0

0.05 -0.0316 0.0056 -0.0033
0.1 -0.0321 0.0098 -0.0060
0.15 -0.0333 0.0121 -0.0083
0.2 -0.0342 0.0138 -0.0107
0.25 -0.0354 0.0167 -0.0136
0.3 -0.0364 0.0204 -0.016%
0.35 -0.0377 0.0237 -0.0204
0.4 -0.0388 0.0264 -0.0241

Figure 5. Non-dimensional forces (X' and Y’) and moment (N’) graphs in pure yaw tests. Tabular

version (right below)
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4.2. Turning performance with an azimuth thruster

For this configuration, a 1200 kW azimuth thruster located in the forebody is taken into consideration
besides the propeller and the rudder. In order to illustrate the effect of the azimuth thruster on the
turning performance, two different thrust levels (50 kN and 100 kN) are considered.

Figure 8 presents the turning manoeuvre simulation with

- atrawl pull load of 40 metric tons

- at 3 knots forward speed

- with a propeller rotation rate of 88 rpm

- the rudder angle is O degrees

- the direction of the azimuth thrusters 90 degrees

Figure 6. Non-dimensional forces (X' and Y’) and moment (N') graphs in yaw and drift tests. Tabular
version (right below)

The azimuth thruster provides 50 kN and 100 kN thrust in these simulations. O degree represents the
vessel’'s heading and 90 degrees represents the thruster direction perpendicular to the vessel’s
heading. The total simulation time is 240 seconds with a time step of 10 seconds. The figure shows the
effect of the azimuth thruster on the turning performance in calm water conditions.

5. The effect of environmental loads on a ship in surge

In this section, the effect of environmental loads on the vessel’s motions are investigated. The vessel
is assumed to be subject to surge, sway forces, and yaw moment due to the wind, current and waves.
In order to keep station or maintain track, these forces and moment must be compensated by those
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generated by the propeller, rudder and the thruster. The details of the methods and procedures used
to estimate the wind, current and wave forces are presented in Section 2. The wind and wave
characteristics for Beaufort 9 (BF 9) condition are determined in accordance with the
recommendations of DNV GL ST-0111 (2018) as given in Table 3.

Figure 7. Turning manoeuvre simulation with a trawl pull load of 40 metric tons at 3 knots speed with
a rudder angle of 35 degrees to port (left) and starboard (right).

Figure 8. Turning manoeuvre simulation with trawl pull load of 40 metric tons at 3 knots with a rudder
angle of 0 degrees. The thrust of the azimuth thruster is 50 kN (left) and 100 kN (right). The direction
of the azimuth thruster is 90 degrees.

Table 3. Beaufort 9 sea condition.

Beaufort No Description Wind speed Significant wave Modal wave
[m/s] height [m] period [s]
9 Strong gale 24.4 7.4 10.5
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The effect of the environmental loads is considered in this section where the vessel is

- towing a trawl pull load of 40 metric tons

- asteady forward speed of 3 knots

- with a propeller rotational rate of 88 rpm and
- therudder angle is O degrees.

We consider the environmental loads one-by-one in this section and the results obtained for each are
presented in the sub-sections below.

5.1. Wind forces

The direction of the wind is perpendicular to the vessel’s initial heading. There are no active thrusters
other than the propeller. The effect of waves and current are not taken into consideration. Typical
examples of manoeuvring simulations based on Isherwood (1994), Blendermann (1994) and DNVGL-
ST-0111 (2018) formulations in BF 9 conditions with a wind speed of 24.4 m/s are shown in Figure 9.
The total simulation time is 180 seconds and the time interval is 10 seconds. As shown in the figures,
different formulations yield similar behaviour of the vessel.

Figure 9. The effect of wind forces (BF 9) on a ship in surge. Isherwood (1994) formulation (left),
Blendermann (1994) formulation (middle) and DNVGL-ST (2018) formulation (right).

5.2. Current forces

The direction of the current is perpendicular to the vessel’s heading. There are no active thrusters
other than the propeller. The current velocity is 3knots. The effect of wind and waves are not taken
into consideration. Typical examples of manoeuvring simulations based on Remery and Van
Oortmerssen (1973), Nienhuis (1987), APl RP 2SK (2005), IMCA M140 (2000) and DNVGL-ST-0111
(2018) formulations are shown in Figure 10. The total simulation time is 180 seconds and the time
interval is 10 seconds.

5.3. Wave drift forces
As explained in Section 2.8, only the second order mean wave drift forces need to be taken into
account. Wave drift forces are estimated by the empirical method recommended by DNVGL-ST-0111

(2018). This method considers the wave period which has strong influence on wave drift predictions.
Figure 11 illustrates the wave drift effect in BF 9 conditions with a significant wave height of 7.4 m.
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Direction of waves is perpendicular to the vessel’s heading. There are no active thrusters other than
the propeller. The effect of wind and current are not taken into consideration.

In the following sections the effect of the azimuth thruster on manoeuvring performance of the vessel
is investigated by simulating the beahaviour of the vessel under the effects of wind, waves and current.
In order to provide objective comparisons the wind, current and wave drift loads are estimated by
DNVGL-ST-0111 (2018) formulations.

3 knots

Figure 10. The effect of current forces on a ship in surge. From the left: IMCA M140 (2000), and DNVGL-
ST-0111 (2018) formulations.

Figure 11. The effect of wave drift forces with DNVGL-ST-0111 (2018) formulation

6. The Efficiency of the Azimuth Thruster in BF 9 Conditions

It is shown in Section 4 that the azimuth thruster located in the forward part of the vessel is very
effective in calm water conditions while the vessel is towing a trawl net of 40 metric tons with a steady
speed of 3 knots. In Section 5, the environmental loads due to wind, current and waves in BF9
conditions are estimated. This section presents the results of manoeuvring simulations with the
azimuth thruster under the influence of wind, current and waves in BF9 conditions. The trawler speed
is 3 knots and the propeller rotation rate is 88 rpm, unless stated otherwise.

6.1. Keeping track against wind loads

In this section, we illustrate the efficiency of the azimuth thruster in keeping track at 3 knots forward
speed with a trawl pull load of 40 metric tons against wind forces and moment in BF 9 conditions with
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a mean wind speed of 24.4 m/s. The wind direction is perpendicular to vessel’s heading. The total
simulation time is 180 seconds and the time interval is 10 seconds.

T WIND VELOCITY : 24.4 m/s

Rudder = 0 deg, Thruster =0 kN, Propeller = 88 rpm Rudder = 35 deg, Thruster = 0 kN, Propeller = 100 rpm

Figure 12. The effect of the propeller and the rudder in BF9 conditions using DNVGL-ST-0111 (2018)
formulation. The speed increases with increasing propeller rotation rate.

Figure 12 shows a comparison of the behaviour of the vessel in BF 9 conditions at neutral rudder angle
(left) and with a rudder angle of 35 degrees (right). Current and wave effects are ignored and the wind
forces are estimated by DNVGL-ST-0111 (2018) formulation. As shown in the figure, the propeller rate
of rotation (88 rpm) and the forward speed of 3 knots are too low for the rudder to be effective. When
the propeller rate of rotation is increased to 100 rpm the rudder becomes effective on controlling the
vessels’s heading against the wind. However, due to the increase in the propeller rate of rotation,
forward speed of the vessel increases to 6 knots. Figure 13 shows the effect of azimuth thruster on
keeping track against the wind. The thrust is increased up to 130 kN with constant thruster angle of 90
degrees (perpendicular to vessel heading).

The azimuth thruster needs a thrust more than 100 kN to counteract the environmental loads on the
ship, as Figure 13 shows.

The results indicate that in order to maintain track against wind loads in mean BF 9 conditions, at least
120-150 kN thrust is required for this ship. The effectiveness of the rudder at 3 knots forward velocity
is negligible. The propeller rate of rotation needs to be increased for the rudder to be effective,
resulting in an increase in the forward velocity.

6.2. Keeping track against current loads

In this section, the efficiency of the azimuth thruster in keeping track

- with a trawl pull load of 40 metric tons
- at 3 knots forward speed and
- apropeller rotation rate of 88rpm

against current forces with a mean current velocity of 3 knots is illustrated. The current direction is
perpendicular to vessel’s heading.
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Rudder = 0deg, Thruster = 50kN

Rudder = 0 deg, Thruster = 100 kN Rudder = 0 deg, Thruster = 130 kN

Figure 13. The effect of the azimuth thruster in BF 9 conditions using DNVGL-ST-0111 (2018)

Figure 14 shows a comparison of the behaviour of the vessel in uniform current with a mean velocity
of 3 knots with neutral rudder angle (left) and with a rudder angle of 35 degrees (right). The azimuth
thruster produces zero net force in these simulations. Wind and wave effects are ignored and the
current forces and moment are estimated by DNVGL-ST-0111 (2018) formulation. As shown in the
figure, the propeller rotataion rate at 88 rpm and the forward ship speed at 3 knots are too low for the
rudder to be effective. When the propeller rotation rate is increased to 100 rpm, the rudder becomes
effective on controlling the vessels’s heading against the current. However, due to the increase in the
propeller rate of rotation, forward speed of the vessel increases to 6 knots.

Figure 15 shows the effect of the azimuth thruster on keeping track against the current. The thrust is
increased from 50 kN to 100 kN at a constant thruster angle of 90 degrees (perpendicular to vessel
heading). The present computations also showed that the response of the ship is much better when
the azimuth thruster and the rudder work together (despite a decrease in the thruster angle).

These results indicate that in order to maintain track against current loads due to a 3 knots uniform
current, at least 100-120 kN thrust is required. The effectiveness of the rudder at 3 knots forward
velocity is negligible and for the rudder to be effective the propeller rate of rotation needs to be
increased resulting in an increase in the forward velocity.

6.3. Keeping track against wave drift loads

The efficiency of the azimuth thruster in keeping track against wave drift loads is presented in this
section. The ship is moving forward
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- with a trawl pull load of 40 metric tons
- at 3 knots forward speed and
- apropeller rotation rate of 88rpm

against wave drift forces and moment in mean BF 9 conditions with a significant wave height of 7.4
m. The wave direction is perpendicular to vessel’s heading. Wind and current effects are ignored and
the wave drift forces and moment are estimated by DNVGL-ST-0111 (2018) formulation. The total
simulation time is 180 seconds and the time interval is 10 seconds. Results with and without the
azimuth thruster are given in Figure 16.

Rudder = 0 deg, Thruster =0 kN, Propeller = 88 rpm Rudder = 35 deg, Thruster = 0 kN, Propeller = 100 rpm

Figure 14. The response of the ship to current loads without the azimuth thruster using DNVGL-ST-
0111 (2018) formulation

Rudder = 0 deg, Thruster =0 kN Rudder = 0 deg, Thruster = 100 kN, Thruster angle = 90 deg

Figure 15. The response of the ship to current loads with the azimuth thruster using DNVGL-ST-0111
(2018) formulation.

These results indicate that the ship can maintain its course in waves without the thruster but the sway
distance is considerably high. With

- anazimuth thruster providing 50 kN thrust
- atanangle of 60 degrees and
- arudder at 35 degrees,

the sway translation distance of the ship can be limited.
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T SIG WAVE HEIGHT : 7.4 m

Rudder = 0deg, Thruster =OkN Rudder = 35deg, Thruster = 50kN, Thruster angle = 60deg

Figure 16. Ship response to wave drift loads using DNVGL-ST-0111 formulation in BF 9.

7. Maximum environmental conditions for keeping track

This section presents maximum wave, wind and current conditions in which the vessel is able to keep
track with an azimuth thruster of about 175 kN effective thrust (205 kN nominal thrust) capacity.
Depending on the current velocity, four cases are considered in the following sub-sections. Wind,
current and wave drift forces are estimated by DNVGL-ST-0111 (2018) formulations. The wind and
wave characteristics for Beaufort 6-9 (BF 6-9) conditions are determined in accordance with the
recommendations of DNV GL ST-0111 (2018) as given in Table 4.

Figure 17 presents various environmental scenarios and the required thrust for the vessel to maintain
its course. The efficiency of the azimuth thruster in keeping track

- with a trawl pull load of 40 metric tons
- at 3 knots forward speed
- apropeller rotation rate of 88rpm

against wind and wave forces and moment is evaluated. In this figure, the ship cannot keep its track
when the required thruster force is above 175 kN.

Table 4. Definition of sea conditions in Beaufort scale.

o Wind speed Significant wave Modal wave
Beaufort No Description . .
[m/s] height [m] period [s]
6 Strong breeze 13.8 3.1 8.5
7 Moderate gale 17.1 4.2 9.0
8 Gale 20.7 5.7 10.0
9 Strong gale 24.4 7.4 10.5

8. Summary of Results and Conclusions

In this paper, results of computational analyses on the manoeuvring performance of astern trawler are
presented. The manoeuvring performance of the vessel is assessed and simulated for two different
configurations with a ship forward speed of 3 knots and a trawl pull load of 40 metric tons in calm
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water and Beaufort 9 environmental conditions. The first configuration considers the propeller and the
rudder only while the second configuration also takes into account an azimuth thruster installed in the
fore body.

First, the manoeuvring derivatives are computed by empirical and CFD based methods and the
manoeuvring equations of motion are set. The external forces due to the propeller, rudder and the
azimuth thruster are estimated by suitable semi-empirical methods. Several empirical methods to
estimate the environmental forces due to wind, waves and current are compared and DNVGL-ST-0111
(2018) formulation is selected as the standard method.

In Base Case (1) configuration, the vessel is fitted with an azimuth thruster in the forebody. The
nominal thrust of this thruster at full power is specified as 205 kN by the manufacturer. Because of the
thrust losses due to the thruster-hull interaction, current and ventilation effects the actual thrust is
estimated to be limited to about 175 kN.

T CURRENT VELOCITY : 0 knots 1 CURRENT VELOCITY : 1 knot
WIND VELOCITY 20.7 mis WIND VELOCITY 20.7 mis

SIG WAVE HEIGHT  :57m

SIG WAVE HEIGHT  :5.7m

Thruster = 175kN Thruster = 200 kN

T CURRENT VELOCITY : 1 knot
WIND VELOCITY 17.1 mis
SIG WAVE HEIGHT ~ :4.2m T CURRENT VELOCITY : 2 knots

WIND VELOCITY 17.1mis

SIG WAVE HEIGHT  :4.2m

Thruster = 175 kN Thruster = 175 kN

T T CURRENT VELOCITY : 3 knots
CURRENT VELOCITY : 3 knots

WIND VELOCITY 13.8mis
WIND VELOCITY 17.1 mis

SIG WAVE HEIGHT  :42m SIG WAVE HEIGHT  :3.1m

Thruster = 250 kN Thruster = 175 kN

Figure 17. Ship motion response under different environmental conditions. The rudder is at 35 degrees
and the thruster angle is 60 degrees in all simulations.

In calm water conditions at 3 knots forward speed (propeller rpm 88) with a trawl pull load of 40 metric
tons it is shown that the turning ability of the vessel with 35-degree rudder angle is satisfactory.
However, in BF 9 conditions with a mean wind speed of 24.4 m/s the rudder becomes ineffective at
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keeping track or turning the vessel. Similar effect is observed with increasing wave height and current
velocity. The rudder efficiency in rough weather conditions could be increased by increasing the
propeller rpm resulting in an increased ship forward speed. However, the focus of this study is the
manoeuvring performance at 3 knots forward speed with a trawl pull load of 40 metric tons. Hence,
the propeller rpm is assumed to be constant at 88 rpm while considering many of the cases with the
environmental loads.

In BF 9 conditions with a wind speed of 24.4 m/s (current and wave effects are ignored) it is estimated
that in order to maintain track against wind loads at least 120-150 kN thrust is required. When the
combined effects of wind and significant wave height of 7.4 m are taken into consideration, the
required minimum thrust of the azimuth thruster increases. Due to the thrust losses the actual thrust
is estimated to be limited to about 175 kN. Therefore, it is concluded that the proposed azimuth
thruster could not be able to produce sufficient thrust to keep track in BF 9 wind and wave conditions
even without current effects. Further analyses have been carried out to consider the maximum
environmental conditions in which the vessel could maintain track by using the azimuth thruster. It
was found that the ship can maintain its course at a maximum of BF 8 with the azimuth thruster when
the wind, wave and current loads are combined.
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OzZET

Ulkelerin savunma giiglerinde &zellikle donanma kuvvetleri énemli bir yere sahiptir. Donanma
kuvvetlerinin mihenk tasi olan denizaltilar 1l. Dlinya Savasi’nda ne kadar 6nemli bir glic oldugunu etkili
bir bicimde gostermistir. O glinden giinimuze denizaltilarda yapilan teknolojik gelismeler bir hayli hiz
kazanmistir. Bahsi gecen gelismelerin en basinda ise kuskusuz tahrik sistemlerinde yapilan gelismeler
gelmektedir. Ozellikle AIP (Havadan Bagimsiz Tahrik) sistemlerinin kullanimi ile hizh bir gelisim
gozlenmistir. Klasik dizel-elektrik denizaltilardan kapali ¢evrimlere yakit hiicresi teknolojisine sahip
denizaltilardan Stirling temelli denizaltilara kadar birgok varyant uygulanmaktadir. isve¢ ve Japonya
gibi gelismis Glkelerin donanmalarinda da Stirling motor kullaniminin denizalti uygulamalari goze
carpmaktadir. Stirling motorlarinin Yakit hiicrelerine kiyasla daha dusik yakit ikmal maliyetleri ve
MESMA sistemine gore daha sessiz olmasi baslica avantajlari olmaktadir. Ayrica i¢cten yanmall
motorlara kiyasla egzoz gaz atiminin daha kontrollii olmasi tercih edilmesinin baslica sebepleri arasinda
yer almaktadir. Stirling motorlarinin yakin gegcmiste gelistiriimesi ve NASA’ya ait radyoizitop aracinda
temel glc¢ kaynagi olarak tercih edilmesi, motorun oksijene gerek duymaksizin ne kadar verimli ve
bakim gereksiniminin minimum seviyede oldugunun gostergesidir. Bu makalede Stirling motorunun
glnimdize kadar gelen sirecte nasil gelistirildigi ve denizalti uygulamalarinda neden tercih edildigi,
avantajlari ve gelecegi hakkinda irdelemelerde bulunulacaktir.

Anahtar kelimeler: Denizalti, Havadan Bagimsiz Tahrik Sistemi (AIP), Stirling motoru
Makale ge¢misi: Gelis 08/05/2022 — Kabul 10/06/2022

https://doi.org/10.54926/gdt. 1113622

-134-



Review

GMO Journal of Ship and Marine Technology
Issue: 221, June 2022 //‘
ISSN: 1300-1973, e-ISSN: 2651-530X, Journal homepage: http://www.gmoshipmar.org/ b,

77 /

Assessment of Stirling Engine Based Air Independent Propulsion
Systems in Submarines

Kadir Beytullah Giindiiz ¢, Yasemin Arikan Ozden 2

L2 Department of Naval Architecture and Marine Engineering, Faculty of Naval Architecture and Ocean
Engineering, Yildiz Technical University, Yildiz, Tlrkiye

! (corresponding author), kgunduz@yildiz.edu.tr, ORCID: 0000-0001-6878-8357
2 yarikan@yildiz.edu.tr, 0000-0001-9909-0859

ABSTRACT

In the defense forces of countries, especially the navy forces have an important place. Submarines are
the cornerstone of naval forces and their power has been effectively demonstrated in World War IL.
Since then, technological developments in submarines have accelerated considerably. Undoubtedly,
the developments made in the propulsion systems are at the forefront of the mentioned
developments. Especially with the use of AIP (Air Independent Propulsion Systems) systems, a rapid
development has been observed. Many different propulsion systems are applied on submarines,
classical diesel-electric submarines, closed-cycle submarines, fuel-cell technology and Stirling-based
submarines. In the navies of developed countries such as Sweden and Japan applications of Stirling
engines stand out. The main advantages of Stirling engines are lower refueling costs compared to Fuel
cells and quieter operation than the MESMA system. In addition, the fact that the exhaust gas emission
is more controlled compared to internal combustion engines is among the main reasons why it is
preferred. The recent development of Stirling engines and the preference of NASA's radioisotope
vehicle as the main power source shows how efficient the engine is without the need for oxygen and
maintenance requirements at a minimum level. In this article, it will be discussed how the Stirling
engine has been developed until today and why it is preferred in submarine applications, its
advantages and its future.

Keywords: Submarine, Air Independent Propulsion (AIP), Stirling Engine
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1. Giris

Ulkelerin savunma ve taarruz yéniinden donanma kuvvetleri olduk¢a énemli bir konuma sahiptir.
Donanma kuvvetlerinde taarruz, cikarma ve savunma alanlarinda etkili olan bircok askeri tasit
bulunmaktadir. Bu tasitlarin basinda su altinda gitmesiyle ayri bir yere sahip olan denizaltilar
gelmektedir. Denizaltilarin bircok faaliyet icin gorev alabilmeleri ve oldukc¢a uzun sitiren operasyonlari
gerceklestirmeleri 6nemli bir enerji ihtiyaclarinin oldugunu gostermektedir. Denizaltilarin satiha
¢tkmadan gorevlerini yapabilmeleri ve kendi blinyelerinde enerjilerini saglamalari hayati bir yere
sahiptir. Bu alanda Il. Diinya savasindan itibaren birgok gelisme yasanmistir.

Denizaltilarda glinimuze kadar farkh birgok tahrik sistemi kullaniimigtir. Gelistirilen yeni sistemler ile
gecmise gore ¢cok daha kapsaml niteliklere sahip denizaltilar uzun siiren operasyon faaliyetlerini
basaril bir sekilde gerceklestirebilmektedir. Genel olarak denizaltilarda kullanilan tahrik sistemleri
klasik dizel-elektrik, AIP sistemler ve niikleer tahrikli sistemler olarak siniflandirilabilmektedir.

1.1. Tahrik Sistemlerine Gore Denizaltilar

Denizaltilarin en 6nemli bilesenini tahrik sistemleri olusturmaktadir. Bunun baslica nedeni ise tahrik
sisteminin hareket ve manevraya dogrudan etki etmesi ve denizaltilarin gizliliginde 6énemli bir rol
oynayan ses ve titresim olusturan ana etmen olarak gosterilmeleridir. Denizaltilarin suyun altinda
hareketleri sirasinda enerji Uretimi icin gerekli olan oksijen elementinden mahrum kalmalari
denizaltilarin  kullanimindaki temel sorunu olusturmaktadir. Operasyonel faaliyetler esnasinda
denizaltilarin enerji Gretimi i¢cin su yilzeyine g¢ikmalari denizaltilarin en savunmasiz zamani olarak
nitelendirilmektedir. Bu durum Sekil 1’de 6rnegi gosterilmis olan klasik dizel-elektrik sevk sistemine
sahip denizaltilarin en blylk sorunlarindan biri olarak degerlendirilirken, diger bir sorun ise suyun
altinda enerji Uretemedigi icin su altindaki faaliyetlerin kisa periyotlar halinde ilerlemesidir. Yakin
gecmiste farkli tip tahrik sistemlerinin gelismesi ile bu sorun ortadan kalkmistir. Ozellikle niikleer sevk
sistemine sahip denizaltilarin dort kilogram uranyum elementinin radyoaktif enerjisiyle denizaltinin
kullanim émriinden daha fazla slire enerjisinin yetmesi bunun en bliylik 6rnegini teskil etmektedir
(Sekil 2). AIP sistemler ise bu sorunu baska bir ¢co6ziim yolu ile asmayi basarmistir (Sekil 3). Havadan
bagimsiz olarak enerji liretebilen ve bunu niikleer gilice sahip olmaksizin yapabilen bir¢ok varyant
bulunmaktadir. Nikleer denizaltilar da AIP sinifina girebilir, ancak nikleer denizaltilar radyoaktif
tehlike, yiksek maliyet ve yiiksek teknoloji seviyesi nedeniyle ¢ok yaygin degildir ve sadece alti Ulke
(ABD, Rusya, ingiltere, Fransa, Cin ve Hindistan) tarafindan kullanilmaktadir (Watch, 2012).

W HAVA GIRISI
DIZEL EGZOZ

IZALASYON VALFI

Dizel Motor .. JEN. Kontrol Elektrik

Motoru

BATARYA BATARYA

Sekil 1. Klasik Dizel-Elektrik Tahrik Sistemi (Baino, 2018)
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Sekil 3. Havadan Bagimsiz Tahrik Sistemi (Sutton, 2020)

1.2. Havadan Bagimsiz Tahrik Sistemleri (AIP)

Klasik dizel-elektrikli denizaltilarin 6zellikle yiksek hizlarda su alti seyir sireleri sinirhdir. Dizel
jeneratorleri calistirmak icin snorkel seyri yapmak zorunda kalan klasik dizel-elektrik tahrikli
denizaltilar, bu durumdan kaynakli savunma zafiyeti vermektedir. Bu sorunu ortadan kaldirmak igin
nikleer tahrikli denizalti uygulamalari yapilmistir. Ancak bu ¢6ziim teknolojik gereksinime ihtiyag
duymakla birlikte maliyetli olmaktadir. Ayni zamanda nikleer atik Grinlerinin atimi glivenlik problemi
yaratmaktadir (Katoch, 2021).

Denizaltilarin su alti seyir siirelerini arttirmanin daha ucuz ve glivenli bir yoluna duyulan ihtiyac, yakit
hicresi, Stirling motoru gibi AIP sistemlerinin arastirilmasina yol agmistir. Havadan Bagimsiz Tahrik
(AIP) sistemleri nlkleer tahrik sistemlerine alternatif olarak gelistirilmistir. AIP Sistemleri niikleer tahrik
sistemleri ile kiyaslandiginda, niikleer tahrik sistemleri kadar uzun sualti operasyon siiresi elde
edemese de ¢ok daha sessiz, distik maliyetli, teknolojik gereksinimi daha az ve giivenli sistemler olarak
tanimlanabilmektedir (Patrick, 2012). AIP sistemler, klasik dizel-elektrik tahrikli denizaltilarin su alti
operasyon siirelerini glinlerden haftalara hatta aylara cikarabilmektedir. Bu sebeple klasik dizel-
elektrik tahrik sistemlerine gore bilyik bir avantaja sahip olmaktadir. AIP sistemlerin bir baska kayda
deger ozelligi ise klasik dizel-elektrik denizaltilara kolayca entegrasyon isleminin yapilabilmesidir. Genel
olarak entegrasyon islemi paralel boy ekleme yontemi ile yapilabilse de alternatif olarak tahrik
sistemindeki modernizasyon islemiyle de yapilabilmektedir (Jang, 2021). Modernizasyon isleminde
dizel jeneratorler daha kompakt ve glic orani yiksek jeneratorler ile yenilenir, elektrik tahrik motoru
glncel versiyonlari ile degistirilerek bu sirada kazanilan hacim ile AIP sistemin entegrasyon islemi
yapilabilmektedir.

GUnUmuizde havadan bagimsiz tahrik sistemlerinin bircok farkh tipi kullanilmakta ve temel aldigi eneriji
Uretici sistemlerine gore kendi arasinda ayrismaktadir. Ginidmize kadar olan gelisim sireci 1860’
yillara kadar uzanmaktadir. 1867 yilinda gelistirilen, Narcis Monturiol i Estarriol denizaltisi peroksitle
calisan havadan bagimsiz bir buhar motoru ile calismasiyla ilk AIP sistem olma 6zelligini tasimaktadir
(Joubert, 2008). 1908'de Rus imparatorluk Donanmasi tarafindan, basincli hava ile beslenen ve su
altinda tikenen benzinli bir motor kullanan denizalti Pochtovy denize indirilmistir (Gray, 1985).
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Almanya’da Helmut Walther 1935'te kapali ¢evrim olarak calisan denizaltilar icin tlirbin projesini
tanitmistir. Walther'in tiirbini olarak adlandirilan bu sistem, ikinci Diinya Savasi sirasinda birkag Alman
denizaltisina kurulmustur. Sovyetler Birligi'nde de ikinci Diinya Savas’indan énce kapali gevrim olarak
calisan glic sistemleri izerine arastirmalar baslamistir. Savastan sonra, 50'li yillardan itibaren, agirlikhi
olarak niikleer enerijili denizaltilar Gzerine ¢alismalar yapilmistir. Daha sonraki yillarda nikleer olmayan
AIP sistemler Gzerine arastirmalar hiz kazanmistir (Preston, 1988).

1950 yilinda ingilizler HMS Explorer ve HMS Excalibur isimli havadan bagimsiz tahrik sistemine sahip
denizaltilari denize indirmistir (Preston, 1988). Sovyetler Birligi de bu teknolojiyi denemis ve bir deney
denizaltisi insa etmistir. Hidrojen peroksit, ucucu olmasi, cesitli metallerle yiiksek oranda reaktif olmasi
ve denizaltilar tarafindan yliksek oranda tiiketilmesi nedeniyle zamanla terk edilmistir. Bunu denedigi
bilinen (lkeler, Sovyetler ve ingiltere’dir. Amerika Birlesik Devletleri denizalti tahriki icin yeterince
kiigiik bir niikleer reaktér gelistirdiginde hidrojen peroksiti terk etmistir. (Preston, 1988). ikinci Diinya
Savasi sirasinda Kriegsmarine, Walter peroksit sistemine alternatif olarak, TiP XXVIIB Seehund ciice
denizaltinin bir cesidi olan "Klein U-boot" da dahil olmak lzere kapal dizel ¢evrim sistemini ilk kez
kullanarak birtakim deneyler yapmistir (Rossler, 2001). Asagida gliniimtze kadar kullanilan baslica
havadan bagimsiz tahrik sistemleri incelenmektedir.

1.2.1. Yakit Hicresi

Yakit hicresi teknolojisi basit anlamda kimyasal reaksiyon kullanarak elektrik enerjisi Gireten bir sistem
olarak tanimlanmaktadir. Sekil 4’te yakit hiicresinin sistem bilesenleri verilmistir. Yakit hicreleri,
kimyasal enerjiyi glirilti veya yanma olmaksizin dogrudan elektrik enerjisine donlstiiren eneriji
donisturiculerdir.  Yakit htcrelerinde, depolanan hidrojen ve oksijen ile elektroliz islemi
gerceklestirilerek su ve elektrik enerjisi agiga cikarilmaktadir. Elektrik enerjisi dogrudan denizaltinin
aklsunid beslemek icin kullanilmaktadir. Egzoz gazi Gretmedigi ve ¢ok az isi yaydig icin, yakit hicresi
sistemi, dalis basincindan bagimsiz olarak ve denizaltinin akustik izi izerinde herhangi bir bozulma
etkisi olmaksizin ¢alisabilmektedir. (ThyssenKrupp, 2020).

> I

| v Elekrsik Enegjisi
' LOX Tanks ‘i -
=g —
Yakat hcresi

Yakit hicresi moduld kontrol panali

| MMetal Hibrit Silindir Reaksivon suvo deposu

Sekil 4. Yakit hiicresi (FC) calisma sematigi (Krummrich & Gmbh, 2010)

Halihazirda yakit hicreli tahrik sistemleriyle calisan veya yapim asamasinda olan ¢ok sayida denizalti
bulunmaktadir. Disuk glralti ve kizilotesi izler, yiksek verimlilik ve distik bakim gereksinimleri, yakit
hicresi sistemlerini niikleer olmayan yeni denizaltilar i¢in alternatif ¢c6zim haline getirmektedir. Yakit
hicresi sisteminde hidrojen ve oksijen stoklama zorunlulugu agirlik ve hacim konusunda zorlayici
olmaktadir. Ayrica AIP stoklarinin ikmali icin 6zel sartlar ve araglar da saglanmalidir. Yakit hiicrelerinin
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karmasik calisma prensibi ve (retim zorlugu birkac Ureticiyi tekel durumunda tutmaktadir.
(ThyssenKrupp, 2020).

1.2.2. MESMA (Otonom Denizalti Enerji Moduli)

MESMA sisteminin calisma prensibi kisaca alkol tiirevi olan metanol veya etanol ile oksijenin
yakilmasiyla su buharinin olusturulmasi ve bu buharin da tlrbinden gegirilerek tahrik sagladigi kapali
devre buhar tirbinlerine dayanmaktadir. Sekil 5'te MESMA sisteminin ¢alisma sematigi verilmistir.
Turbin kullanarak elektrik enerjisi Urettigi icin ¢alisma prensibi olarak nikleer tahrikli denizaltilara
benzerlik gostermektedir. Nikleer tahrik sisteminden tek farki enerji kaynagi olarak niikleer reaktor
yerine etanol-oksijen karisimini kullanmasidir (Buckingham, Mimeche, Hardy, & Mimarest, 2008).
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T
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Sekil 5. MESMA AIP sisteminin sematik gosterimi (Baino, 2018)

MESMA'nin avantaji alternatifleriyle karsilastirildiginda daha yiiksek su alti seyir hizlarina izin vermesi
ve daha yuksek gug¢ ¢ikisi sunmasidir. En blylk dezavantaji ise distik verimliligidir. Buna ek olarak
oksijen tiiketim hizi cok yliksektir ve karmasik bir sisteme sahiptir. Belirtilen dezavantajlarindan dolayi
bircok donanma MESMA vyerine Stirling motoru veya yakit hiicresi alternatiflerini tercih etmektedir
(Kerros, Inizan, & Grousset, 2002).

1.2.3. Kapali Dizel Cevrim

Kapal dizel gevrimi, denizalti tam dalmis durumdayken dizel makinalari ¢alistirmak suretiyle

depolanmis oksijeni kullanarak elektrik enerjisi Gretmeye dayanmaktadir (Sekil 6). Satihtayken yani

yuzeydeyken veya snorkel derinligindeyken dizel makinalar normal sekilde galistirilmaktadir. Oksijenin,

argon gibi duragan gazlarla karistirildig1 kapali devre dizel teknolojisinde, yanma sonrasi da bu duragan
gazlar geri donlstiime tabi tutulurken, diger gazlar sogutularak gemiden uzaklastiriimaktadir (Tihonov,
Bazykin, & Mukhanov, 2019).

Kapali dizel cevrim sistemi, dizel jeneratorlerin yiksek glirtltii ile ¢alismasi ve dizel motorlarin su
altindayken galisabilmesi icin gereken oksijen miktarinin fazla olmasi diger tip AIP sistemlere karsi geri
planda kalmasina neden olmustur. 1960’larda bu teknolojiyi kullanan Sovyet denizaltilari, yangin
riskinin yiksek olmasindan dolayi kapali dizel ¢evrimini kullanmayi birakmislardir. Kapal Dizel Cevrim
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sistemi nispeten daha ucuz olmasina ve standart dizel yakit kullanimiyla lojistigi basitlestirmesine
ragmen modern denizaltilar icin tercih edilmemektedir. (Buckingham vd., 2008).

Oksijen  Yakat"o¥ismimaz
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Sekil 6. Kapali dizel cevrim AIP sisteminin sematik gosterimi (Coates, 2013)

1.2.4. Stirling Motoru Temelli AIP Sistemi

1980’li yillarda Stirling motorlu AIP sistemi ilk olarak isvegli Kockums sirketi tarafindan bir denizaltida
kullanilmistir. Nikleer sonrasi dénemde Uretilen ilk modern AIP sistem olma 6zelligini tasimaktadir.
Stirling motorlari distan yanmali bir motor olma 6zelligiyle iki temel sorunla basa cikabilmektedir. ilki
patlamasiz sessiz yanma ile ¢alisabilmesi ve basit termodinamik ¢evrimi sayesinde herhangi bir sicaklik
farki ile cahsabilmesidir. Yakit hiicrelerine yakin bir sessizlikte calismasi, basit sistem prensipleri ve
hidrojen stokuna gerek duymamasiyla 6ne ¢ikmaktadir. Olgunlasmis ve basit bir teknoloji oldugundan
givenli ve yaygin kullaniimaktadir. (STM ThinkTech, 2021) Omiir devri maliyeti rakiplerine oranla
oldukca diisiik olmaktadir. Dezavantaji ise verimli calisma derinligi kisitlamasi olarak gosterilmektedir.
Sekil 7'de Stirling AIP sistem modull gosterilmistir.

Sekil 7. Stirling AIP Moduliina ait denizalti kesit modeli (Ozden, 2010)

1.3. Havadan Bagimsiz Tahrik (AIP) Sistemlerinin Kiyaslanmasi

Hali hazirda kullanilan havadan bagimsiz tahrik sistemleri Ustlinllkleri ve zayifliklari yéninden
karsilastirilmistir. Donanmalar tarafindan en yaygin tercih edilen sistemlerin yakit hiicresi ve Stirling
motoru oldugu gorilmektedir. Havadan bagimsiz tahrik sistemlerinin baslica avantaj ve dezavantajlari
asagida Tablo 1’de 6zetle sunulmustur.
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Tablo 1: AIP sistemlerin baslica avantaj ve dezavantajlari

. AP Avantajlar Dezavantajlar
Sistemler
o AIP sistemleri arasinda en sessiz e Hidrojen ve oksijen stoklama zorunlulugu
sistemdir (Mart & Margeridis, vardir. Bu ytzden agirlik ve hacim
1995). konusunda olumsuz etkisi vardir.
e Dlisuk sicaklik ve yliksek verimle e Karmasik ¢alisma prensibine ve lretim
calisabilmektedir. zorlugu bulunmaktadir. Bu nedenle
e GlinlimUzde yayginlasan en ileri birkag uretici tekel konumundadir
Yakit . . . : ;
.. . teknolojiye sahip AIP sistem (Fruhling & Schiemann, 2015).
Hucresi - . - . . -
olarak gorilmektedir. o Diger AIP sistemleri arasinda en maliyetli
e Uzun kullanim émriine sahiptir. olanidir.
e Yakit Pilleri, belirli kosullar
altinda %80'in lizerinde bir
verime ulasabilmektedir (J. C.
Lee & Shay, 2018).
e Yiiksek gt cikisi sunmaktadir. e Oksijen ve yakit tiketimi oldukca fazladir.
e Bu sayede AlP’ler arasinda en e Diislik verime sahiptir.
MESMA yuksek sualti seyir hizina e Sistem donanimi hantal hacimli olmasi
ulasabilmektedir. onemli olumsuz ozelligidir (Jang, 2021).
e Derinlik limiti olmamasiyla 6ne o GUrultalh seviyesi yliksektir.
¢ikmaktadir. e Karmasik tesisat sistemlerine sahiptir.
e Oldukga basit bir sisteme e Dizel makine g¢ahistirdigi igin ylksek
sahiptir. oksijen gazina ihtiya¢ duymaktadir.
Kapal Dizel o Ek bir AIP modiiliine ihtiyag ° Yan.glr.1 ri‘ski O|dL.Jk(;a yifks.fekt'i'r.
. duymamaktadir. e Eski bir sistemdir ve glinimizde
Cevrim ; s e
o |k yatirim maliyeti disuktdr. kullanilmamaktadir.
e Standart dizel yakiti
kullanmaktadir.
e Yakit hiicrelerine yakin bir e Akustik ve termal iz olusturmaktadir.
sessizlige sahiptir. e Verimli calisma derinligi 250-300 metre
e Basit sistem prensipleri ve ile sinirhdir (Ahmed, Huang, Ahmed, &
hidrojen stokuna gerek Wang, 2020).
duymamasi 6ne gikmaktadir. e Hareketli parcalarin bulunmasi sebebiyle
e Kullanilan ilk modern AIP yakit hiicresi sistemine oranla glrGltala
sistemidir. Bu nedenle olmaktadir.
Stirling olgunlagmis ve basit bir e Hacim olarak buyuktir ve giic/hacim
Motor teknolojiye sahiptir. orani dusuktr.
e Glivenli ve yaygin olarak
kullanilmaktadir.
e Omiir devri maliyeti rakiplerine
oranla oldukca dusuktar.
e Egzoz atimi oldukga basit bir
sisteme dayanmaktadir (H.
Nilsson, 1988).

Tabloda AIP sistemlerin olumlu ve olumsuz taraflari 6zetlenmistir. AIP sistemi segilirken uygulanacagi
denizaltinin 6zellikleri ve iretim amaci dikkate alinmalidir. Denizaltida kullanilacak olan AIP sisteminin
seciminde bircok parametre géz oniinde bulundurulmaktadir. AIP sistemlerinin birbirleri arasindaki
avantajlari ve dezavantajlari géz éniine alindigi zaman, iki farkli AIP sistemi 6n plana cikmaktadir. ilk
olarak yakit hiicresi tercih edilebilir secenek olarak gorilmektedir. Yakit hiicresinin diger AIP sistemlere
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gore oldukea yiksek verime sahip olmasi ve son yillarda Uretilen ve yapilmasi planlanan denizaltilarda
tercih edilmesi biylk avantaj saglamaktadir (Jang, 2021). Diger yandan kimyasal reaksiyon sonucu
elektrik Gretimini gergeklestirdigi icin egzoz atimi, yanma odasi gibi problemler dogurmamaktadir
(Psoma & Sattler, 2002). Buna ek olarak en sessiz AIP sistem oldugu igin akustik iz olusturmamaktadir.
Bu ozellik tercih edilmesindeki baslica sebeplerinden biri olarak goérilmektedir (Han, Charpentier, &

Tang, 2012).

Yakit hiicresine rakip olarak gorilen diger bir sistem ise Stirling motorudur. Stirling AIP sistemi ilk
modern AIP sistem Ornegini teskil etmektedir. Bu nedenle uzun yillar boyunca gelistirilme imkani
bulmustur. Ayrica yakit hicresi disinda diger AIP sistemlerle kiyaslandiginda daha sessiz bir sistemdir
(Han vd., 2012). Distan yanmal olarak ¢alismasi sebebiyle basit bir calisma prensibine sahiptir. Yakit
hicresi sistemi ile kiyaslandigindaki en buyilk avantaji hidrojen stokuna gerek duymamasidir.
Glinimuzdeki AIP sistemine sahip denizaltilarda yaygin kullanimi mevcuttur (bkz. Tablo 2). Yakit
hicresi gibi teknolojik gereksinimlerinin yiliksek olmamasi sebebiyle belirli teknolojik birikimi olan
Ulkelerin kendi Stirling AIP sistemini gelistirmesi mimkin olabilmektedir.

Stirling motoru distan yanmali bir motor olsa da isi ile galistigi igin belirli bir termal iz olusturmaktadir.
Buna ek olarak hareketli parcalarin bulunmasi glrilti yayarak akustik iz olusturmasina sebebiyet
vermektedir. Stirling AIP sisteminin en biylik dezavantajlarindan biri de galisma derinliginin kisitl
olmasidir. Bu dezavantaj, denizaltinin 300 metreye kadarki dalmis durumdayken AIP sistemi aktive
ederek bataryalari doldurmasi, sonrasinda ise pasif duruma getirip daha derine inerek operasyonunu
gerceklestirmesi ile mimkiin gériinmektedir. Stirling AIP sistemi, denizaltinin Ozellikleri ve lretim
amaci dogrultusunda tercih edilebilir sistem olarak degerlendirilebilir.

2. Stirling Motoru

Stirling motorunun mucidi iskog kilisesinin basrahipligini yapan Robert Stirling (1790-1878), kendi icadi
olan Stirling motoruna hava motoru adini vermistir. O giinlerde buhar motoru pek ¢ok alanda
kullanilmaktaydi ancak buhar motorlari siklikla patlayip insanlarin 6liimiine yol agmaktaydi bu nedenle
Stirling motoru alternatif bir motor olarak kullanilmaya baslanmistir. 1816 yilinda Stirling yeni “hava
motoru” igin ilk patentini almistir. Bunu izleyen yillarda helyum ve hidrojen gibi genlesme katsayisi
yuksek olan gazlar isletme akiskani olarak tercih edilmeye baslanmistir. Stirling motorlari kendi basina
bir motor sinifini tanimlamaktadir. Bu motorlar sicak hava veya helyum gibi gazlari kapali bir cevrimde
surekli kullanan motorlar olarak nitelendirilmektedir.

Motor igindeki gaz igten yanmali motorlar gibi motor disina atik olarak génderilmez aksine motor
cevriminin boltimleri arasinda kullanilmaktadir. Stirling motorunun icindeki sicak gaz soguk rejenerator
icinden aktiginda onu isitmaktadir. Bu, havayi isisinin geri kalanini kaybedecegi ve c¢evrimin
tamamlanacagl motorun soguk tarafina ge¢cmeden 0Once, bir miktar sogutmaktadir. Bu islem, bir
cevrimini her tamamladiginda egzoz yoluyla kalan biitlin isisini disari atan igten yanmali motorlarla
benzerlik gbstermektedir.

2.1. Stirling Motorunun Calisma Prensibi

Stirling motoru, harici olarak uygulanan bir sicaklik farki temelinde galisan bir 1si motorudur. Sicak ve
soguk sicaklik farkini koruyarak motor calismakta ve mekanik gii¢c tretebilmektedir (Sekil 8). icten
yanmali motorlardan farkli bir ¢alisma sekline sahiptir. Kapal bir gevrime sahiptir, yani ¢alisma gazi
motorun igine sizdirmaz sekilde kapatilmistir. Bu, ¢alisma gazinin (havanin) ortamdan gekildigi, yakitla
yakildigi ve egzoz olarak disari atildig1 icten yanmali motorlarin tam ters sekli olmaktadir. Bundan dolayi
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icten yanmali bir motorda vanalar ve zamanlama mekanizmalari gereklidir. Ancak bir Stirling
motorunda bu tir bilesenlere gerek duyulmamaktadir. Ayrica, Stirling motoru kapali bir gcevrime sahip
oldugundan dolayi isty1 olusturmak i¢in kullanilan yakit trlyle sinirli olmamaktadir. Kirletici olmayan
glnes enerjisi veya karbon notr olan biokitlenin (odun, kabuk, etanol, vb.) yakilmasi da dahil olmak
Gzere birgok isi kaynagini kullanabilmektedir. (Normani, 2013).

Stirling motorunun temel ¢alisma prensibi su sekildedir; motor ¢alisma gazi olarak nitelendirilen hava,
helyum veya hidrojen gibi bir gazla doldurulmaktadir. Motorun iginde gaz isitilir, basinci arttirilir ve
sonug olarak pistonlari hareket ettirmektedir. Devaminda gaz sogutulur ve basinci distrilmektedir.

Daha sonra tekrar isitilir ve dongi tekrarlanmaktadir. Gergek bir motorda bu, tipik olarak, bir icten
yanmali motor ile ayni hizda, ¢ok hizli gerceklesmektedir. Calisma gazi, motorun icinde, sicak ve soguk
uclar arasinda ¢ok hizli bir sekilde ileri geri hareket ettirilir, sirekli olarak isi kazanir ve kaybeder ve
bunun sonucunda gii¢ Gretilmektedir (Normani, 2013).

Rejenerator

Sscak Hacim Soguk

Isitsct

Piston

Sekil 8. Stirling motorunun calisma prensibinin gosterimi (Nightingale, 1986)

Motorun igindeki ¢alisma gazini i1sitip sogutmak igin 1sitici ve sogutucu kullaniimaktadir. Isitici ve
sogutucu, icinde g¢alisma gazinin aktig dar borulardan (veya gecitlerden) olusan tipik olarak kompakt
Isi esanjorleridir. Calisan gaz ya isi kazanmakta ya da isi kaybetmektedir.

Isiticinin dis ylzeyi, briilor alevi veya konsantre glines enerjisi gibi yiksek sicaklik kaynagina maruz
kalmaktadir. Sogutucunun dis yiizeyi ortam havasi veya su gibi bir soguk sicaklk kaynagina maruz
kalmaktadir. Isitici ve sogutucu arasinda bir rejenerator bulunmaktadir. Bir rejenerator, isiticinin isi
girdi gereksinimini ve sogutucunun isi uzaklastirma gereksinimini azaltarak bir Stirling motorunun
verimliligini arttirmaktadir. Motorun ¢alismasi icin bir rejeneratére sahip olmak gerekli degildir, ancak
yakit maliyeti s6z konusu oldugunda, maliyet dislirme agisindan bir rejeneratére sahip olmak avantaj
saglayacaktir (Normani, 2013).

Rejenerator, ¢alisma gazinin isiticidan sogutucuya gecerken isi enerjisinin bir kismini depolamak ve
boylece sogutucu Gzerindeki sogutma talebini azaltmaktadir.

Donls yolunda, calisma gazi sogutucudan isiticlya hareket ettikce, bu isi enerjisinin bir kismini geri
kazanarak isiticinin 1sitma ihtiyacini azaltmaktadir. Bir rejenerator temel olarak ¢alisma gazini isiticlya
girmeden 6nce Isitmakta ve ¢calisma gazini sogutucuya girmeden 6nce sogutmaktadir.

2.2. Stirling Bilesenseri

Stirling motoru glinimuizde bircok farkli amacta ve bu amaglar dogrultusunda birgok farkh tipte
bulunmaktadir. Sekil 9’da Stirling motoruna ait bilesenler gosterilmistir. Ancak Stirling motorunu
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olusturan temel bilesenler birbiri arasinda benzerlik gostermektedir. Stirling motoru temel anlamda
birkac bilesenden olusmaktadir. Bu bilesenler kisaca su sekilde tanimlanabilmektedir:

Isitici: Stirling motorunun sicak bdlgesindeki silindiri 1sitan kisim olarak tanimlanmaktadir. Isitici
kaynagi, distan yanmali bir sistem oldugundan dolayi herhangi bir yakit olabilmektedir. Isitici kaynagi
fosil yakitlar, biodizel, alkol, glines vb. farkl yapilarda kullanilmaktadir.

Silindir: Pistonlarin icinde hareket ettigi yapi olarak tanimlanmaktadir. Farkli Stirling tiplerinde silindir
sayisi degisebilmekte ve maruz kaldigi sicaklik miktarina karsi farkli materyallerden yapilabilmektedir.

Piston: Silindir icerisinde bulunan ve sicakhgin degismesi ile genlesen hava sayesinde hareket eden
parca olarak tanimlanmaktadir. Farkh Stirling motor tiplerine gére soguk-piston sicak-piston veya
genelde serbest pistonlu Stirling motorda bulunan yer degistirme ve gilic piston olarak da
tanimlanmaktadir. Giig pistonu Stirling motor icerisinde olusturulan hareketi krank miline ileten veya
elektrik enerjisine geviren parc¢adir. Yer degistirme pistonu ise sicak tarafta bulunan ve hareket
etmesiyle glic pistonunu hareket ettiren kisimdir.

Sogutucu: Isitict tarafindan isinan hava pistona hareket verdikten sonra hava soguk boélgeye
ilerlemekte, burada havayl sogutarak sicaklik farki olusturmakta ve motorun verimli bir sekilde
calismasini saglamaktadir.

Rejenerator: Stirling motorunun sicak ve soguk boélgeye gecisindeki islyl depolayan ve motora tekrar
kazandiran ve bu sayede motor verimini arttiran kisimdir.

Krank Mili ve Saft: Pistonlarin silindir icinde lineer hareketini saglamak icin bagh oldugu parca saft
olarak tanimlanmaktadir. Krank mili ise pistonlarin lineer hareketini dénglisel harekete ¢eviren
kisimdir.

Isitici
Yer Degistirme Pistonu
~
Rejeneratér _A
Gilg Pistonu
Sogutucu

Sekil 9. Stirling motoru temel bilesenleri (Masato Kitazaki, 2017)

2.3. Stirling Motor Tipleri

Stirling motoru bazi temel bilesenlerinin veya formunun farklilagsmasi ile gesitli tiplere ayrilmistir. Bu
farklarin basinda silindir piston dizeneginin g¢esitlenmesi ve volan-krank yapisinin degismesi
gelmektedir. Stirling motorlar dort ana tipte incelenmektedir. Bunlar Alfa tipi, Beta tipi, Gama tipi ve
son yillarda ilgi gérmekte ve kullaniimakta olan serbest pistonlu Stirling motor tipi olarak
tanimlanmaktadir.
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2.3.1. Alfa Tipi

Alfa tipi pistonlar iki adet piston, bir adet volan, pistonlarin bulundugu kapal bir gaz haznesi, s
esanjorleri, i1s Uireteci ve bir adet volandan olusmaktadir. Ust kisma yerlestirilmis olan pistonun etrafi
1si kaynagiyla isitilarak icerisinde bulunan gazin aktiflesmesi hedeflenmektedir. Isinan gaz pistonu ileri
geri itmeye baslar, bagh bulunan diger piston da harekete baslar bu sayede sicak ve soguk gaz hazne
icerisinde yer degistirme islemi gerceklestirmektedir. Bu iki pistonun kranklarla bagl oldugu volan
yardimiyla olusan eneriji aktarilip kullanilmaktadir (Sekil 10) (Stirling, 2017).

1 2
g :
Sekil 10. Alfa Tipi Stirling motorunun hareket dongtisii gosterimi (Richard Wheeler, 2007)
Bu tlr bir motor, ylksek gii¢c / hacim oranina sahiptir, ancak genellikle sicak pistonun ytiksek sicakhgi
ve contalarinin dayanikliligi nedeniyle teknik sorunlari vardir. Pratikte, bu piston genellikle bazi ek 6l
alan pahasina contalari sicak bdlgeden uzaklastirmak igin blyik bir yalitim kafasi tasimaktadir. Krank

acisinin verimlilik Gizerinde dnemli bir etkisi vardir ve en iyi aginin siklikla deneysel olarak bulunmasi
gerekmektedir.

2.3.2. Beta Tipi

Ayni saft Uzerinde iki adet piston bulunmaktadir. Bu iki piston birbirine baghdir. Alt tarafta bulunan
pistonun bulundugu hazne sitilarak kapali hazne igerisindeki gazin isinarak aktiflesmesi
saglanmaktadir. Bu sayede piston yukari yonli hareketine baslamaktadir. Bagli bulunan diger piston
da bununla birlikte soguk gazi hazne igerisinde hareket etmesine yardimci olmaktadir (Sekil 11).
Pistonlarin kranklarla bagl oldugu volan yardimiyla olusan enerji aktarilip kullaniimaktadir (Gheith,
Hachem, Aloui, & Ben Nasrallah, 2018).

‘BRER

Sekil 11. Beta tipi Stirling motorunun hareket donglisi gosterimi (Wikipedia, 2011)
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Beta tipinde, alfa tipinden farkli olarak, gii¢c pistonu sicak gazla temas halinde olmadigindan, sicak
bolgedeki contalar teknik problem ¢ikarmamaktadir.

2.3.3. Gama Tipi

Gama tipinde iki ayri piston bulunmaktadir. Biyiik olan pistonun bulundugu hazne isitilarak icerisinde
bulunan gazin aktiflesmesi saglanmaktadir. Bu sayede volan ile birbirine bagl olan pistonlar harekete
baslamaktadir. iki silindirdeki gaz aralarinda serbestce akabilmekte ve tek bir gévde olarak kalmaktadir
(Sekil 12). Bu konfigirasyon, ikisi arasindaki baglantinin hacmi nedeniyle daha diisik bir sikistirma orani
Uretmektedir. Ancak mekanik olarak daha basittir ve genellikle ¢ok silindirli Stirling motorlarinda
kullanilmaktadir (Stirling, 2017).

Sekil 12. Gama tipi Stirling motorunun hareket donglisi gosterimi (Pierre Gras, 2007)

2.3.4. Serbest Pistonlu Stirling Motoru

Beta tipine benzer 6zelliklere sahiptir. Tek silindir icinde bir saftta, yer degistirme ve gii¢ pistonu
bulunmaktadir. Herhangi bir krank veya volan parcasi bulunmamaktadir. Donglsel hareket treten bir
parcasi olmadigi icin yalniz lineer hareket Gretmektedir. Genlesen hava pistonu ittirdikten sonra yay
sayesinde geri tepki vererek dongl haline gelmekte ve belirli frekanslarda hareketine devam
etmektedir.

2.3.5. Tek Pistonlu Serbest Stirling Motoru

En basit tipteki serbest pistonlu motordur (Sekil 13). iki zamanl buji ile ateslemeli motorun silindiriyle
ayni sekilde galisan tek bir silindire sahiptir. Hava ve yakit karistirilarak silindir beslenir, karisim
sikistirihr ve ardindan ateslenerek bir glic stroku saglanir. Ayni zamanda yanma gazlari disari atilir ve
dongli tekrarlanir. Serbest piston versiyonunda, piston bir krank miline degil, bir sicrama odasina, hava
veya baska bir gaz iceren bir silindirin igine kapatilmis ikinci bir pistona baglidir (Sekil 14). Bu piston gii¢
pistonu olarak tanimlanmaktadir.

Gug stroku sirasinda ana motor pistonu, sicrama odasi pistonunu odanin icindeki gazi sikistirmaya
zorlamaktadir. Gii¢ strokunun sonunda, sicak silindir bolgesinin icindeki gaz yliksek basing altindadir ve
motor pistonu iter yayin tepkisiyle Ustiine geri donmeye zorlayarak sikistirma ve atesleme strokunu
yeniden baslatmaktadir (Breeze, 2018).
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Sekil 13. Tek Pistonlu Stirling Motoru (Paul Breeze, 2018)

Yerdegigtirme Piston Yoyt
Piston Yoy

Soguk Genijlems Sakugtrma Alans

Boslugu '\_] :e'ter.a\::ﬂr ‘r\_ \! x
\ —

Halvum gan Ly piston
CO bar) — |
I | | I
Balkotr Yatakler Linesr Elekrik Motors

Yay Denge Kitlesi

Sekil 14. Serbest Pistonlu Stirling motorunun sematik gésterimi (Zhu vd., 2018)

2.3.6. Cift Pistonlu Serbest Stirling Motoru

Serbest pistonlu motorun ikinci bir yaygin tiird ¢ift pistonlu motordur. Sekil 15’te basit motor diizenegi
verilmistir. Bu motor tipinde, her biri kendi pistonuna sahip motor silindiri bulunmaktadir. Bununla
birlikte, bu pistonlar arka arkaya baglidir, béylece bir piston gli¢ stroku boyunca hareket ederken ikinci
pistonun igerigini (sanki bir sicrama odasiymis gibi) sikistirmakta ve genisletmektedir. Bununla birlikte,
her biri digerini tahrik ettiginden, her bir silindirdeki yanma déngilerinin son derece hassas bir sekilde
kontrol edilmesini gerektirmektedir. Silindirlerin her birinde hem strok uzunlugu hem de sikistirma
orani kismen ikincinin kontrolii altindadir ve senkronizasyon miikemmel degilse dengesizliklere yol
acabilmektedir. Motorlar prensipte oldukca verimlidir. Tek pistonlu versiyonda oldugu gibi, motor ya
hidrolik tahrik icin ya da lineer bir jenerator araciligiyla elektrik Gretmek icin kullanilmaktadir.

Sekil 15. Cift Pistonlu Stirling Motoru (Paul Breeze, 2018)

3. Stirling Motorunun Matematiksel Modeli

1816'da Robert Stirling tarafindan icat edilmesinden sonra matematiksel model analizi 1871'de
Gustave Schmidt tarafindan yapilmistir. Bu model kapali bir Stirling cevriminin performansi igin ¢6ziim
Uretmistir. Bugin, bir Stirling motorunun tasarimi ve performans analizi ampirik ve analitik modeller
kullanilarak gergeklestirilmektedir. Glinlimize kadar Ozellikle serbest pistonlu Stirling motorlarinin
tasarimi ve icadindan bu yana pek ¢cok matematiksel model gelistirilmistir. Bu ¢alismalardan 6ne ¢ikan
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isimlerden biri de 1960'larin basinda Beale olmustur. Ampirik modellerde gogunlukla boyutsuz motor
glcunu tahmin etmek igin Beale sayisi olarak adlandirilan bir parametre kullaniimistir. Motora bagh
olarak diger calisma parametreleri frekans, basing, genlesme hacmi ve analitik modeller gibi dinamik
ve termodinamik analizlere dayanmaktadir. Genel olarak, bir Stirling motor ¢evriminin termodinamik
analizi cok karmasiktir (de la Bat, Dobson, Harms, & Bell, 2020). Serbest pistonlu Stirling motoru’nda
hareketin donglisel olmamasi ve krank bulunmamasi nedeniyle farkli matematiksel model yontemleri

gelistirilmistir.

3.1. Schmidt Modeli (ideal izotermal Model)

Stirling motorunun farkl bélimlerde farkli bélmelere sahip olmasi nedeniyle ¢calisma sivisinin tamami
ayni termodinamigi yasamamaktadir.

Schmidt modeli, ana motor bélmelerinin, yani motorun sikistirma alani, sogutucu, rejenerator, isitic
ve genlesme alani izotermal kabul edilmektedir. Sogutucu isi alici sicakliginda (Tsoguk) oldugu

varsayllmaktadir. Isiticc ve genlesme boslugunun 1si kaynagi sicakhginda (Tgcqr) oldugu
varsayllmaktadir. Model daha sonra sikistirma ve genisletmenin hacim degisikliklerini dahil ederek
hesaplanmaktadir. Aralarinda bir faz kaymasi olan sinlizoidal hareket varsayilarak bosluklar
belirlenmektedir. Tim uzaylar izotermal olarak kabul edildiginden, Schmidt modeli bazen izotermal
model olarak adlandiriimaktadir (Deetlefs & Dobson, 2014).

Bu modelin en 6nemli 6zelligi, basing icin bir denklemin Uretilmesidir. Bu denklem tim doéngl icin
tanimlanmistir. Basing denklemi asagidaki gibidir (Denklem 1):

MR

p:
Ve Vo Vo Vi Vo (1)
T, T, Tt T

P: basing, M: mol kitlesi, R: gaz sabiti V: hacim ve T: sicakligi tanimlamaktadir. Alt indisler ise Sekil
16’daki bolgelere ait olan sicaklik ve basing degerlerdir.

izotermal sicaklik varsayimlarini ekledikten sonra asagidaki formiil elde edilmektedir (Denklem 2):

MR

szak + E 4+ VSO:‘;’uk
Tstcak Tr Tso guk

p= e)

Sadece etkin rejenerator sicakhgl (Denklem 3) ( T;) ( Tgicar) Ve ( Tsogur) cinsinden yazilmalidir.
Rejeneratoriin uzunlugu (L,.) boyunca lineer bir sicakhk profili varsayilir ve bu profil, uzunlugu boyunca
kitleye gore (m,.) entegre edilir (Denklem 4). Efektif sicakligi bulmak igin agagidaki formul kullanilir
(Denklem 5). Daha sonra asagidaki gibi ideal gaz denklemi (Denklem 6) ile karsilastirilir:

T. —Tsps
T, (x) = sicak - soguk x4 ngguk (3)
v L
r TP pV (4)
m, = pdV =f A dx =
' fo o RL()™T RTef¢
Te _ (Tswak - Tsoguk) (5)

N i Tswak
oo

soguk
Basing denklemi daha sonra asagidaki gibi yeniden yazilmaktadir:

-148 -



GMO Journal of Ship and Marine Technology
Issue: 221, June 2022 //‘
ISSN: 1300-1973, e-ISSN: 2651-530X, Journal homepage: http://www.gmoshipmar.org/ b,

77 /

Review

MR

T. (6)
1%4 ln( sicak )
Vszcak " soguk Vsoguk

Tswak (Tswak - Tsoguk) Tsoguk

p:

Cevrim basina yapilan isi bulmak icin analitik bir ¢6zim olmamasina ragmen, (Urieli and Berchowitz,
1984) tarafindan gelistirilen basing terimini Fourier serisi acilimi ile ¢ozilebilmektedir.

3.2. Finkelstein modeli (ideal adyabatik model)

Sikistirma ve genisletme sirecleri bazen daha iyi tahmin edildiginden izotermal yerine adyabatik olarak
Finkelstein modeli tasarlanmistir. Finkelstein model varsayimlarinin ¢cogu Schmidt modeliyle aynidir,
sicakliklar sikistirma ve genisleme bosluklarinda ¢ézulmektedir.

Finkelstein modeli, sunlari gerektirir: kitle korunumu denklemi, enerjinin korunumu denklemi ve
belirtici denklem. Adyabatik model, kiiclik 6lcekli motorlar ve ozellikle yiksek frekanslarda calisan
blylik motorlar icin daha basarili bir model oldugu varsayilmaktadir (Chen, N. and Griffin, 1983).

Ancak Finkelstein modelinin ¢6zimi Schmidt modeline gore daha zordur. Schmidt modeli, déngl
sirasinda herhangi bir noktadaki basing icin bir denklem Uretirken, Finkelstein modeli ise yalnizca bir
ifade Uretir, “dp/dt” akisin yoniine bagli olan kosullu sicaklik terimlerini icermektedir. Basincin sayisal
entegrasyonla ¢oziilmesi gerektiginden, artik kapali bicimli bir ¢c6ziim olmamaktadir.

3.3. Second-Order Analiz

ikinci mertebe yontemler, déngii analizi ve bireysel kayip mekanizmalari ile baslamaktadir. Déngii
analizi, glcd, verimliligi ve kaybi tahmin eder, terimler ise bunlari ayarlamak icin kullaniimaktadir.
Kullanilacak ortak déngl ya Schmidt modeli ya da Finkelstein modeli olmaktadir. Ancak bazen yari
adyabatik cevrimler de kullanilmistir; 6zellikle Philips firmasi tarafindan dikkate deger olarak
gorialmustar (Martini, 1983).

Bu kayip terimlerini ayri ayri tanimlayarak, nerede iyilestirmelerin yapilabilecegini belirlemek daha
kolay olmaktadir. Glg kaybi icin mekanizmalar sunlari icermektedir; akis slrtiinmesi, mekanik
sirtinme, verimsiz bir rejeneratér nedeniyle yeniden isitma kaybi, rejeneratdr matrisi yoluyla gaz ve
kati iletimi. ikinci dereceden ydntemler karmasik olmayan bir tasarim yéntemi sunsa da optimizasyon
islemi daha ¢ok kinematik Stirling motoru icin gelistirilmistir (Martini, 1983).

3.4. Third-Order Analiz

Akis her zaman kararsiz oldugundan, bir Stirling motorunun akisi tersine gevirerek ¢alismasi en buyik
karmasikhk faktériadir. (Chen, N. and Griffin, 1983) tarafindan belirtildigi gibi, Gclinci mertebe
yontemler Gg temel prosediirden olusmaktadir: 1) calisma alanini bir kontrol hacimleri agina bolmek,
2) kitle, momentum ve enerjinin korunumu icin diferansiyel denklemleri ve calisma akiskani icin bir
durum denklemi kurmak 3) es zamanli olarak fark denklemleri sistemini bazi yeterli sayisal yontemlerle
¢6zmek.
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Urieli tarafindan sunulan (g¢lincl dereceden bilgisayar similasyonu, disik tersine cevrildiginde bir
basing dislslni goz ardi etme problemini 6nlemek igin dislk sirtinmelerde yayillim siirtlinme
faktorinid Reynolds surtiinme faktéri ile degistirmistir (Urieli, 1977).

Ugiincli mertebeden analiz genellikle daha tercih edilen yéntem olmustur. Dogru sonuglar verme
konusunda en buyilk potansiyele sahiptir bu sayede baslangic asamasindaki motor parametrelerini
yakalayabilmektedir. Diferansiyel denklemler, ¢alisan akiskanin kinetik enerjisinin ihmal edilmesi gibi
belirli varsayimlarla da basitlestirilebilmektedir. Uclincii dereceden yéntemlerin en biiyiik dezavantaji,
tasarim iyilestirmelerine iliskin anlayisin blyuk 6lctide kaybolmasi ve sadece parametrik bir calisma ile
belirlenmesi, yani parametrelerin degistirilerek her durum icin analizin tekrarlanmasi gerekmektedir.

3.5. Dinamik Analiz

Yukarida bahsedilen tiim yontemlerde, piston ve krank agisi referans alinarak hesaplamalar yapildig
icin dongisel hareket eden Stirling motorlarinda daha efektif kullaniimaktadir. Serbest pistonlu Stirling
motorlarinda hem dongisel bir hareketin olmamasi hem de gii¢ ve yer degistirme pistonunun belirli
faz farki ile hareket etmesinden dolayi dinamik analiz yontemi tercih edilmektedir. Dinamik analizde,
glic ve yer degistirici piston dinamik kitle olarak, yaylar soniimleyici sistem olarak ele alinmaktadir. Bu
sayede giic ve yer degistirici piston hareketleri anlik olarak belirlenmektedir.

Hareket denklemlerinin genel formu asagidaki gibidir (Denklem 7) (Kankam, M.D. and Rauch, 1991):

[M1[X] + [CI[X] + [KI[X] = [F(¢)] (7]

[M], [C] ve [K] sistem kiitleleri, sonim katsayilari ve sertlik katsayilari icin matrisleri ifade etmektedir.
[F(t)] ise zamana bagh hareketin kuvvetini temsil etmektedir. Tipik bir uygulama asagidaki gibi
gorunecektir (bkz. Sekil 16):

mpjép + Cpxp + de (xp - xd) + kpxp = (psu,‘rama - pc)Ap _Fyﬁk (8
mdjéd + Cdxd + de (xd - J'Cp) + kdxd = pCAC - peAe + Psicrama Arot (9'

Kuvvet terimi F = Basing x Alan cinsinden ifade edilmektedir (Denklem 8). Goriilebilecegi gibi, zamana
bagh kuvvet terimleri, bir elektrik jeneratori gibi ylkin yani sira ¢alisma alanindaki basinca da bagl
olmaktadir (Denklem 8 ve 9). Elektrik jeneratoérinin karakteristiginin bilindigi varsayilarak, basinglar
icin bir ifade belirlenmesi gerekmektedir.

Dinamik analize yonelik farkli yaklasimlar burada gorilebilmektedir. Dogrusal harmonik analiz (LHA) ve
kontrol tabanli tasarim gibi bircok farkli yaklasim olmasina ragmen, bunlar her zaman basitlestirici
varsayimlar gerektirmektedir. (Chen, N. and Griffin, 1986) tarafindan sunulan LHA (Linear Harmonic
Analysis, Dogrusal harmonik analiz), periyodik degiskenler icin sintizoidal fonksiyonlar igerir, burada
(Riofrio, J., Al-Dakkan, K., Hofacker, M. and Barth, 2008) tarafindan sunulan kontrol tabanh tasarim
basing dalgalanmalarini belirlemek icin Schmidt modeli kullaniimaktadir.

Varsayimlari basitlestirme ihtiyacindan kacinmak icin, ticincii dereceden bir yaklasimla motor boyunca
basinci belirlemek miimkiin olmaktadir. Kisacasi ¢alisma alani bir dizi kontrol hacmine bolinmekte ve
basing sayisal olarak belirlenmektedir.
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Sekil 16. Dinamik Analiz (Deetlefs & Dobson, 2014)

4. Stirling Motorunun Geligimi

Stirling motoru icadindan sonra teknoloji ile birlikte pek ¢ok yenilik kazanmistir. Robert Stirling 1816
yilinda ekonomizor denilen glinimiz rejeneratoriiniin ilk calismasi olarak adlandirilan pargayl motora
eklemistir. Sonrasinda Sadi Carnot (1796-1832) Carnot verimini diger ismi ile termal verimi bulmustur.
Stirling verimi ideal sartlarda Carnot verimine esit sayilmaktadir. ilerleyen yillarda Stirling motorunun
farkl alanlarda kullaniimasi ve gelisimi gézlemlenmektedir.

ilk modern sayilan Stirling motoru 1938 yilinda Philips tarafindan uretilmistir. Philips 200 beygir
glcliinde otobis, insaat makineleri gibi araglarda kullanilabilecek Stirling motorunu yapmistir. V4-235
olarak adlandirilan motor yiksek hiz ve basingta ¢alisabilmektedir. US (Stirling Birligi), V4-265 adinda
baska bir motor gelistirmis ve 10 000 saatlik ¢calisma siresi elde etmeyi basarmistir (D. Nilsson &
Engineer, 2014).

Otomotiv sektdriinde ilk Stirling motorunu kullanan Ford firmasi olmustur. iki modelde kullanilan
Stirling motoru Ford -Pinto ve Ford -Taunus modellerinde sirasiyla V4-31 ve V4-35 ismiyle Uretilmistir.
1978 yilinda ASE (Otomotiv Stirling Motoru) kurulmustur. ASE 10 yillik is birligi icin kurulmus ve NASA,
US (Stirling Birligi), MTI (Mekanik Teknoloji) sirketleri tarafindan desteklenmistir (Nasn-, Cr-, & Ernst,
1997). Proje finansmanini Amerika Birlesik Devleti Enerji Bakanhg Gstlenmistir. Projeye 125 milyon
dolar kaynak saglanmistir. ilk projesi ise Opel -Record marka aragta kullanilan P40 Stirling motoru
olmustur (Sekil 17) (D. Nilsson & Engineer, 2014).

Sekil 17. Opel-Record aracta kullanilan P40 Stirling motoru (D. Nilsson & Engineer, 2014)

1970'lerde United Stirling tarafindan gelistirilmis 50'den fazla motor farkli uygulamalarda uretilmis ve
kullanilmistir. NASA tarafindan yonetilen Otomotiv Stirling Motoru programinda JPL, Advanco ve
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McDonnel Douglas sirketleri ile glines enerijisi ile ¢alisabilen Stirling motor programina dahil edilmigtir
(Nasn- vd., 1997).

5. Nasa’nin Stirling Motor Caligmalari

ASRG (Advanced Stirling Radioisotope Generator-Gelismis Stirling Radyoizotop Jenerator), ilk olarak
NASA'nin Glenn Arastirma Merkezi'nde gelistirilen bir radyoizotop gii¢ sistemidir (Sekil 18). Uzay
gemilerinde kullanilmak Gzere radyoaktif bozuma isisini elektrige donlstirmek igin bir Stirling glic
donistirme teknolojisi kullanmaktadir.

ASRG tarafindan yapilan enerji dondstiirme islemi, benzer miktarda gii¢ Gretmek igin 6nceki
radyoizotop sistemlerine gore yaklasik dort kat daha verimlidir ve diger benzer jeneratorler gibi
plitonyum- 238'in yaklasik dortte birini kullanabilmektedir.

NASA Glenn Arastirma Merkezi, on yildan fazla bir stiredir RPS (Radioisotope Power Systems-
Radyoizotop Gug¢ Sistemleri)’inde potansiyel kullanim igin yiksek verimli Stirling gig
donugtirdculerinin  gelistiriimesini desteklemektedir. Stirling glic donustlricileri, dogrusal bir
alternatorii salinim yaptirarak isiyi elektrige donistiiren motorlar olarak tanimlanmaktadir (Narayan
ve Gupta 2015).

Serbest pistonlu Stirling glic donistiricl Uzerinde yapilan calismalar neticesinde, NASA'nin Glenn
Arastirma Merkezi'ndeki Stirling Arastirma Laboratuvari'nda 14 yillik bakim gerektirmeksizin calisma
basarisi elde edilmistir. Bu teknolojinin, uzay aracina uzun siireli, gelecekteki uzay gorevlerinde glic
verme yetenegini arttirabilmeye yardimci olmasi beklenmektedir (Doreen Zudell, 2020).

Stator Laminasyonlari
Lineer Alternator Piston Rod
Pressure Shell

Sogutucu fsiticy

Piston

Rejenerator Genisleme Alani

Destek
Elemani

Yer degistirici
/ —=L5 Sikistirma Alani Is1 Ejanjorii

Tasiyicl Laminasyonlar Piston Biikiilmeleri

Sekil 18. NASA’nin Radyoizotopuna ait Stirling Motoru (Metscher, 2014)

6. AIP Sistemi olarak Stirling Motorun incelenmesi

Stirling motoru kapali devreye sahip bir motor olmasi sebebiyle icten yanmali motorlarda oldugu gibi
tekrarh ateslenme olayl gerceklesmemektedir. Stirling motorlarina 1si kaynagindan isinin stirekli
verilmesi ve distan yanmali bir sistem oldugu icin sabit hacimde gerceklesmesi egzoz gaz ¢ikisinin icten
yanmali motorlara kiyasla olduk¢a disik seviyelerde olmasina olanak saglamaktadir. Denizaltilarda
egzoz c¢ikisi yapilabilmesi icin denizaltinin su ylizeyine ¢ikmasi gerekmektedir ki bu da denizalti i¢in en
savunmasiz oldugu silire¢ olarak tanimlanmaktadir. Bundan dolayi Stirling motoru denizaltilar igin
uygun bir AIP sistem olusturmak icin tercih edilmistir (Sekil 19).

Stirling motorunun farkli uygulamalar icin gelistirilmesi isve¢'te yirmi yili askin bir siiredir devam
etmektedir. 1968 ve 1988 vyillari arasinda gelistirme calismalari United Stirling AB tarafindan
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yapilmistir. 1988'in basinda Kockums firmasi, United Stirling'i satin almis ve calismaya Stirling
motorlarinin sualti uygulamasiyla devam etmeye karar vermistir (H. Nilsson, 1988).

Stirling motoru V4-275R, 6zellikle denizalti kurulumu igin tretilmis 75 kW gliclinde bir motordur. Diistk
glrllth ve titresim icin tasarlanmistir. Yiiksek basingh yanma odasi temel motorla kolayca entegre
edilebilmektedir. Bu motor tipi isve¢ denizaltisi Nacken'de ve Fransiz denizaltisi SAGA'da kurulmustur.
Her iki denizalti da ¢ahsir durumdadir ve Stirling sistemlerinin denemelerdeki sonuglari olumlu
olmustur (H. Nilsson, 1988).

Cevrim Gazi (j} e Egzoz
Helyum
Temizleme Gazi E
Nitrojen
DC
: . Jenerator Ana Motor
| |
Sarf Malzemeler
Yakit Oksijen Bakase

Sekil 19. Stirling AIP Sistem Agilimi (D. Nilsson & Engineer, 2014)

6.1. V4-275R Stirling motoru

USAB (United Stirling AB), isvec Kraliyet Donanmasi icin ana denizalti yiiklenicisi Kockums ile ortaklasa
yapilan kapsamli gelistirme sozlesmeleri sonucunda, 1970'lerin basindan itibaren sualti Stirling
uygulamalariyla ilgili calismaktadir. Sekil 20" de sualti uygulamalarina ait Stirling motorunun gevrimi

verilmigtir.
l(ﬂ;:l
Scak hacim Rejencrator
M)
| S
Sogutucu "<
ONEC
Stistirma Sicaktan soguk
soguk gaz tarafa gecis
Basing
v \.l

Sekil 20. Stirling Motoru Cevriminin Sematik ve Grafik gdsterimi (Bratt, 1990)

Programin amaci orta buyuklikteki denizaltilar igin hibrit enerji santralleri gelistirmek olmustur. Ayrica
denizaltilar igin enerji sistemleri tasarlanmis ve insa edilmistir. Stirling ¢evrimi, denizaltilar igin blylk
Onem tasiyan pistonlu icten yanmali motor ¢evrimlerine kiyasla disik cevrimsel tork degisimleri ve
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distk seviyede glriltu ve titresim saglamaktadir. Yanma islemi sireklidir ve ortam Uzerine ¢ikabilen
sabit basingta gerceklesmektedir (H. Nilsson, 1988).

Stirling motor sistemi, blylik ve karmasik olan egzoz gazi sikistirmasina veya egzoz gazi icin bir ¢6zme
sistemine gerek kalmadan yaklasik 300 m derinlige daldiriimis olarak ¢alisabilmektedir. ilk su alti Stirling
motoru Sekil 21'de gosterilmistir.

Yakat

. Oksijen

I’
Atesleyici __—— Oksijen girisi

Yahitim Yalkat enjektorii
Isitica tiip Basinch
Silindir Yanma odas1
Piston Egzoz
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Sogutma suyu
Silindir blogu

Piston kolu contasy

Piston kolu
Capraz bas Tahrik mili
Baglant1 kolu E s H =7 . ~——— Karter
Krank saftn : &

Kuru karter

Sekil 21. V4-275R Stirling Motoru detayli sematik gorseli (H. Nilsson, 1988)

Bliylik ve karmasik olan egzoz gazi icin gaz sikistirma veya ¢6zme sistemi, dizel egzoz gazinin saf oksijen,
yani adyabatik alev sicakligi anlamina gelen 4000 °C kullanilarak basingli yanmasini kontrol etmek igin
egzoz gazl devridaimi (bkz. Sekil 22) kullanilmaktadir. Bir mikroislemci, temel calisma modlarinda
motoru ve islem degiskenlerini uzaktan izlemektedir (H. Nilsson, 1988).

0, Py B

Exhaust [

Sekil 22. V4-275R Stirling Motorunun egzoz gazi ¢ikis tanimlamasi (H. Nilsson, 1988)
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6.2 Denizaltilar igin ilk Fizibilite Calismasi

isveg Kraliyet Donanmasi ve Kockums Sirketi tarafindan yapilan testler ve ¢alismalar denizaltilar igin
havadan bagimsiz enerji dénisiim sistemlerini kapsamaktadir.

Bir dizi proje ve prototip testleri isi motorlari kullanilarak gerceklestirilmistir (kapali cevrim Dizel motor
ve Stirling motoru). Proje kapsaminda yakit hiicreleri ve yiksek enerji yogunluklu piller kullaniimistir.
ilk asamada 100 tonluk bir denizalti icin yapilan calismalarda sadece Stirling AIP modiil eklendiginde
operasyon siresinin bes kat uzadigi gézlemlenmistir. Daha sonraki ¢alismalarda toplam denizalti
agirhg korunacak sekilde batarya kapasitesi yariya distrilmis ve kalan hacme Stirling AIP modulu
eklenmistir. Bu uygulamada da su alti operasyon siresinin arttigi gézlemlenmistir (Sekil 23).

Asagida aciklanan Stirling AIP modulinin nihai tasarimi gosterilmektedir. AIP modila tam pil
kapasitesi korunarak denizaltiya ek paralel govde kesiti seklinde eklenmistir. Havadan bagimsiz bir gii¢
kaynagi olarak Stirling AIP sistemi yakin vadeli en iyi potansiyele sahip AIP sistem olarak kabul
edilmistir. isvec Kraliyet Donanmasi tam 6lgekli bir denizalti icin AIP sistem gelistirilmesinde Stirling AIP
sistemle devam etmistir (H. Nilsson, 1988).

Stirling Jenerator

= —

; - _::I{! __-_:_:__—_j_ —— =
/LO.‘CTml-u

Sekil 23. Stirling AIP Sistem Yerlesimi (H. Nilsson, 1988)
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Sekil 24. V4-275R Stirling Motorunun AIP modul sematik ve gercek gorseli (H. Nilsson, 1988)

Basariya ulasan testler neticesinde gercek bir denizalti icin Stirling AIP modilini barindiran eklenti
yapilmasi ongoérilmustir. 1982 yilinda baslatilan sualtt motoru gelistirme programi neticesinde
standart Stirling motoru 4-275 basari ile Uretilmistir. Sivi oksijen tanki ile entegrasyonuna yonelik
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isvec'teki AGA Cryon sirketinin koklu kriyojenik teknolojisine sahip oksijen sistemi kullanilmistir. 1984
yilindan itibaren Stirling motor sistemi tam 6l¢ekli bir denizalti test boéliimiinde basariyla test edilmistir
(Sekil 24). Bu programin bir sonraki adimi eklenti tiretilerek Stirling AIP sisteminin operasyonel bir isveg
denizaltisina entegrasyonu olmustur. Kockums sirketi bu operasyonu Ustlenmis ve basari ile

entegrasyon islemini tamamlamistir (H. Nilsson, 1988).

6.3 Stirling Motoru insansiz Denizalti Uygulamasi: SAGA

1987 yilinda Stirling AIP sistemini gelistirmek icin baska bir proje baslatilmistir. insansiz bir sualti araci
icin sistem gelistirilmesi amaglanmustir. insansiz sualti araci icin gii¢ talebi 5 ila 15 kW araliginda olup
bazi uygulamalarda 20 kW'a kadar yikselebilmektedir. Projede kullanilan 4-95 isimli motor olup,
orijinal olarak 40 kW'lik bir otomotiv motoru olarak tasarlanmistir (Sekil 26). Ayrica jenerator setlerinde
ve glines enerjisi sistemlerinde de kullanilmistir. Bu tipte toplam 50 motor uretilmis ve 150.000 saati
askin bir stire calistirilmis ve motorun performansinin yeterli oldugu kanitlanmistir (Bratt, 1990).

Proje, isve¢ Savunma Malzeme idaresi ve isve¢ Ulusal Sanayi Kurulu tarafindan ortaklasa
desteklenmistir. Projenin ilk asamasi olarak laboratuvarda bir prototip sistemin Uretilmesi ve test
edilmesi basari ile tamamlanmistir. Motor sisteminin entegre oldugu ikinci asamada govde bollimiinde
sivi oksijen deposu ve yakit deposu eklenmistir. Govde bolimuinin boyutu, ABD Donanmasi’nda
insansiz sualti araglarinda kullanilan birinci nesil DARPA UUV’nin boyutlariyla benzerlik géstermektedir
(Sekil 25) (Bratt, 1990).

Sekil 25. SAGA denizaltisinin gévde béliimiiniin benzerlik gésterdigi DARPA UUV (insansiz Su alti Araci)
(A. Lee, James, Kuhn, & Baum, 1989)

6.4. Stirling motor temelli AIP sistem Kullanimi

Stirling Motoru denizalti AIP sistemi olarak kullanilmasiyla bircok farkh denizalti siniflari da Stirling
motorunu tercih etmistir. Kronolojik sirayla gelismeler su sekildedir:

e HMS Gotland; 1995: Stirling AIP ile yeni insa edilen diinyanin ilk deniz denizaltisi

¢ 2001: Japonya, Kawasaki Heavy Industries, Japon denizaltisi Asashio'nun Stirling AIP iyilestirmesini
yapmistir.

e 2003-2004: isveg Vastergdtland sinifindaki iki denizalti Stirling AIP ile donatilmistir.

e 2005: Vastergotland sinifindaki son iki Denizalti Stirling AIP ile modernize edilmistir. Singapur
donanmasinda gorev almaktadir.

¢ 2005: Japonya, Soryu sinifi denizaltinda Stirling AIP ile insa edilmistir.
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e 2010: A26 ve Gotland sinifi orta yasam ylikseltmesi icin gelistirilen yeni nesil Stirling AIP sistemi
kullanilmistir (D. Nilsson & Engineer, 2014).
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Sekil 26. V4-95R Stirling Motorunun sematik gosterimi (Bratt, 1990)

Tablo 2. Ulkelerin giiniimiizde kullandiklari ve yapilmasi planlanan AIP sistemleri (Sutton, 2016)

Ulke Giiniimiiz Yapilmasi .

Donanmalari (Adet) Planlanan (Adet) Toplam AIP Tipi Sinifi
Turkiye 6 6 Yakit hiicresi | Type-214
Cin 15 5 20 Stirling YUAN
Cin 1 1 Stirling QING
Almanya 5 1 6 Yakit hiicresi | Type-212
Yunanistan 4 2 6 Yakit hiicresi | Type-214
Yunanistan 1 1 Yakit hiicresi | Type-209
Hindistan 3 2 5 Yakit hiicresi | Scorpone
italya 3 3 6 Yakit hiicresi | Type-212
Japonya 8 3 11 Stirling Soryu
Japonya 1 1 Stirling Asashio
Pakistan 3 3 MESMA Agosta 90B
Pakistan 8 8 Stirling YUAN
Portekiz 2 2 Yakit hicresi | Type-214
Rusya 3 3 Yakit hiicresi | Lada
Singapur 2 2 Stirling Archer
Singapur 2 2 TBC Type-218SG
Giney Kore 7 2 9 Yakit hiicresi | Type-214
ispanya 4 4 Yakit hiicresi | S-80
isveg 2 -2 0 Stirling Sédermanland
isveg 2 2 Stirling A26
isveg 3 3 Stirling Gotland
Tayland 3 3 Stirling YUAN
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GUnUmuz denizaltilarinda AIP kullanan Ulkelerin yarisindan fazlasi Stirling AIP sistemini tercih
etmektedir. isveg, Cin, Japonya, Singapur ve Tayland Stirling AIP sistem kullanan Ulkeler arasinda yer
almaktadir. Yakin zamanda Cin Pakistan’a sekiz adet Yuan Sinifi denizalti satisi gerceklestirecektir. Yakin
zamanda yapilmasi planlanan Cin’e ait Yuan sinifi denizaltilara bes adet daha ekleme yapilacaktir
(Xuanzun, 2021). Cin hikimeti 320 kW glciinde Stirling motor Urettigini belirtmis ve %40 termal
verimle c¢alisacagini iddia etmistir. Cin Donanmasi 1000 kW giiciinde Stirling motor Uretmeyi

amagladiklarini aciklamistir (Chinese Navy, 2021).

Tablo 2’de tilke donanmalarina ait AIP kullanan denizaltilarin tipleri, siniflari ve yapilmasi planlanan AIP
sistemine sahip denizaltilarin sayisi verilmistir.

Burada yer alan Stirling AIP sinifina sahip denizaltilarin Cin donanmasina ait denizaltilar harig diger tim
siniflar Kockums firmasi tarafindan gelistirilen Stirling AIP moduliini kullanmaktadir. Glinlimuzde
kullanilan AIP sistemlerinin birbirleri ile oranlari ve yakin gelecekteki durumlari Sekil 27’de
gosterilmistir (Sutton, 2016).

GUNUMUZ AIP SISTEM ORANLARI % GELECEKTE AIP SISTEM ORANLARI %

FC; 48

stirling; 49

stirling; 53

Sekil 27. Ulkelerin giiniimiiz ve gelecekte yapilmasi planlanan AIP sistem tiplerinin oranlari

7. Sonug

Tahrik sistemi, denizaltilarin performansini belirleyen baslica unsurlardan biridir. Ginim{izde denizalti
tahrikinde 6n plana ¢ikan havadan bagimsiz tahrik sistemlerinin, nikleer ve klasik dizel-elektrik tahrik
sistemlerine karsi Ustlnlukleri ile gelecekte denizaltilarda kullanimlarinin daha yaygin olacagi
beklenmektedir. Stirling AIP sistemi yiiksek teknoloji gerektirmemesi ve bakim maliyetlerinin diisik
olmasi sebebiyle diger AIP sistemlere gore 6n plana ¢ikmaktadir. Sundugu avantajlarla Stirling AIP
sisteminin giinimizde oldugu gibi gelecekte de gelistiriimeye ve tercih edilmeye devam edilecegi
duslintlmektedir. Bu sonuca hali hazirda kullanilma oranlarina ve lilkelerin donanma gticlerine bakarak
varmak mimkindur.

NASA’nin radyoizotop gli¢ sisteminde kullandigi ve son yillarda lzerinde calismalar yapilan serbest
pistonlu Stirling motorunun, havadan bagimsiz Stirling sisteminde kullaniimasi ile halihazirda kullanilan
Striling motorunun dezavantajlarini ortadan kaldirma imkani sunabilecektir. Serbest pistonlu Stirling
motorunun lineer ¢alisma mantigi, hareketli parcasinin az olmasi ve giic/hacim oraninin diger Stirling
motorlarina gore oldukc¢a fazla olmasi nedeniyle AIP sisteminde kullaniimaya ¢ok uygun oldugu
gorilmektedir.

Stirling AIP sistemine sahip HMS Gotland denizaltinin USS Donald Reagen ugak gemisini 2005 yilinda
yapilan tatbikatta fark edilmeden batirmasi olduk¢a dikkat ¢ceken bir olay olmustur. Olay sonrasi
Amerikan Donanmasi iki yilhigina HMS Gotland denizaltisini incelemelerde bulunmak zere kiralamistir.
Bu olay Stirling AIP sisteminin kabiliyetini gdsteren somut bir 6rnek olma niteligi tasimaktadir.
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Stirling AIP sisteminin yakit hicresi gibi nadir malzemelere sahip olmamasi ve basit calisma prensibi
gibi avantajlarindan dolay! Glkemizde ar-ge calismalari yapilarak olumlu sonuglar dogrultusunda
denizaltilarda degerlendirilmesi uygun olabilecektir. Tiirkiye’de yapilmasi planlanan MILDEN
projesinde de denizalti tahrik sistemi olarak Stirling AIP sisteminin de degerlendirilmesi gerekmektedir.
Ozellikle tahrik sistemi modernizasyon islemleri icin Stirling AIP sisteminin entegrasyon isleminin
elverisli olmasi ve basarili modernizasyon islemlerinin gerceklesmis olmasi nedeniyle iyi bir tercih
olarak gortlmektedir.
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OzET

Prototip ve Urin Uretim hizi, tasarimcilara sagladigi form gelistirme 0Ozglrligl, gorece disik
kapasitedeki tUretim ihtiyaglari iin rekabetci maliyeti, iyi kaliteye hizli ulasim olanaklariyla, bilgisayar
destekli tasarim ve (¢ boyutlu yazici teknolojisi temelindeki eklemeli imalat yontemi, denizcilik
endistrisini de kapsayacak sekilde yaygin bir ilgi gormektedir. Bu ilginin temel kaniti, eklemeli imalat
yontemine iliskin arastirma, gelistirme etkinlikleri ve bilimsel yayin sayilarindaki ciddi artistir. Esnek
tasarimlarin  siklikla glincellenmesiyle rekabetgiligi slrdirilebilir  kilinabilecek kiglk tekne
enddistrisinin anilan avantajlari nedeniyle eklemeli imalat yontemine yonelmesi kaginilmazdir. Eklemeli
imalat yontemi, teknelerin tasarim ve liretim siirecini verimli kilmakla birlikte, bu yontemden iyi sonug
alabilmek onun bilesenleri izerinde uygulamayla elde edilmis deneyimlere dayanan verileri gereksinir.
Bu calisma kapsaminda eklemeli imalat yonteminin 6nemli bilesenlerinden dolgu yogunlugu ve
Orlintlstiniin nihai Urinidn temel mekanik 6zelliklerinden ¢ekme mukavemeti Uzerindeki etkisi
deneysel olarak incelenmistir. U¢ boyutlu yazim teknolojileri temelinde yaygin olarak kullanilan
polimerlerden polilaktik asitin (PLA) 13 farkli basim 6riintlisi ve %10, 25, 50, 75 ve 100 olmak Uzere
bes farkli dolgu yogunlugundan olusan deney matrisi uyarinca gekme deneyleri Dokuz Eyliil Universitesi
(DEU) Kompozit Laboratuvar’nda yapilmistir. Sonuglar, mekanik niteliklerin (izerinde durulan
parametrelere ¢ok duyarli oldugu, “kiibik” 6riintiinin incelenen yogunluklarda genel olarak en iyi
mekanik niteliklere ulasmakta etkin oldugunu gostermistir. Bu oOrinti ve %25 yogunluktan
yararlanilarak 1/5 olgeginde bir yelkenli tekne govdesi PLA polimer kullanilarak eklemeli imalat
yontemiyle DEU Deniz Bilimleri ve Teknolojileri Eklemeli imalat Laboratuvari’'nda iretilmistir.

Anahtar Kelimeler: Tekne lretiminde eklemeli imalat yontemi, polilaktik asit (PLA), yazim orintisu,
dolgu yogunlugu.
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ABSTRACT

The additive manufacturing method based on computer-aided design and three-dimensional printing
technology, its speed, design freedom provided for the designers, the cost-effectiveness and
competitive for relatively low-capacity production needs, the possibilities of achieving good quality;
has gained a popularity with the industries, including the maritime sector. The main proof of this
interest is the significant increase in the number of research and development activities and scientific
publications on this topic. Due to above mentioned advantages, it is inevitable for the small-marine
craftindustry, whose competitiveness can be made sustainable by frequently updating flexible designs,
to adopt their technology to the additive manufacturing method. While it makes the design and
manufacturing process of boats efficient, for getting more effective results; it requires past driven data
approach on practical experience. In this study, the effect of infill density and pattern, which are
important parameters of the additive manufacturing method, on the tensile strength of the final
product's basic mechanical properties was investigated experimentally. Tensile tests with 13 different
printing patterns and 5 different infill densities of polylactic acid (PLA), one of the polymers widely used
based on three-dimensional printing technologies, and a test matrix consisting of five different filling
densities as 10%, 25%, 50%, 75% and 100%, were performed in Dokuz Eylul University’s (DEU)
Composite Laboratory. The results showed that the mechanical properties were very sensitive to these
parameters, and the cubic pattern was generally effective in achieving the best mechanical properties
at the investigated densities. Using this pattern and 25% density, sailboat hull with a scale of 1/5 was
produced in DEU Institute of Marine Sciences and Technologies Additive Manufacturing Laboratory,
using PLA polymer by additive manufacturing.

Keywords: Additive manufacturing method in marine small craft building, polylactic acid (PLA), printing
infill pattern, printing infill density.
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1. Giris

Modelden kaliba, oradan da liretime giden siireci oldukca kisaltan, tasarimcilara form gelistirmekle
Ozgurltuk alani acan, ozellikle dislk kapasitelerdeki Gretim icin rekabetci, maliyet-etkin ¢oziimlere
ulasmada yardimci olan, istenilen Urin kalitesine ulagsmada gliglik yasanmayan eklemeli imalat
yontemi uygulamalari hemen her endustri dali gibi denizcilik endistrisinin de gerek lretim gerekse
arastirma ve gelistirme etkinlikleri baglaminda ilgi odagindadir (Garmulewicz vd., 2018; Khoo vd.,
2015).

1980’lerde ilk 6rnek uygulamalara rastlanmaktaysa da o6zellikle son on yildir, yazicilarin, dolayisiyla
yazilabilen Urunlerin boyutlarinin bliylmesi ve teknoloji Ureticilerinin artisiyla yasanan rekabet
nedeniyle ilk yatirrm maliyetlerinin diismeye baslamasiyla bu imalat yontemiyle tekne Gretimi ilgi
cekici, hatta alisilagelmis yontemlerle karsilastirildiginda rekabetgi bir konuma gelmistir (Wohlers ve
Gornet, 2016; Strickland ve Strickland, 2016). Yalniz tekne govdesi Uretimi degil, pervane gibi 6zel
malzeme igerigine sahip, yaygin olarak yararlanilan termo plastiklerden ve onlarin kompozitlerinden
¢ok daha karmasik bir teknoloji ve slreci gerektiren tekne bilesenleri igin de ¢dzlimler sunan bu imalat
yontemi akilli, islevsel, hafizali malzemeler gibi dérdiincii boyut olarak zamanin da igerildigi Gretimler
icin olanaklar sunmaktadir (Tas vd., 2019; Kumar vd., 2021; Momeni vd., 2017; Sharma ve Srinivas,
2020; Wang vd., 2020).

Tekne (retimi uygulamalarina ilk &rnek olarak, Maine Universitesi ileri Kompozit Malzemeler
Merkezi’'nde 72 saat gibi rekor bir siirede ve bir biitiin olarak Uretilen, polimer kompozit temelli 7,64
metre tam-boyundaki tekneyi anmak gerekecektir (Sekil 1). Bu tekne, eklemeli imalat yonteminde
zorlukla ulasilan “uygun ylzey plrizIGlGgi” anlaminda da basaril bir uygulama olarak gorilmelidir.

AT

© @

Sekil 1. Maine Universitesi ileri Kompozit Malzemeler Merkezi’nde {i¢ boyutlu yazici ile Uretilen tekne,

(ileri Kompozit Malzemeler Merkezi, 2019)
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Teknenin kendini, modelini veya kalibini Gretmek i¢cin uyumlu altyapinin belirleyici unsuru olan yazicinin
bir bitin olarak tretime uygunlugu beklense de bir Gretimin maliyetlerini oldukca yikseltecek boyle
bir yatirim yerine, teknenin bélimler halinde Gretilmesi secenegi de s6z konusudur. Moduler yaklasim,
Uretim sirasinda meydana gelebilecek hatalarin azaltilmasi / sinirlandiriimasi olanagi da daha esnek ve
glvenilir bir Gretime de yardimci olacaktir. Cok parcali Gretimde, modillerin birlestiriimesi tasarimcinin
¢O6zmesi gereken bir problem olarak ortaya ¢ikacaktir. Bu problem mekanik, termal ve/veya kimyasal
birlestirme yontemleriyle c¢ozllebilecegi gibi, ¢6ziime farkh kaplama malzemelerinin 6zgiin
uygulamalariyla daha yaratici yaklasimlar gelistirilerek de yaklasilabilir. Modiiler tretime 6rnek olarak
ise MOI Composite firmasinin alisilagelmis yontemlerle Gretilemeyecek olduk¢a radikal bir formdaki
glnlik gezi teknesi verilebilir (Sekil 2). Bu tasarimin Gretimi eklemeli imalat yontemiyle mimkin
olmustur ve modiiler bir sekilde tretilen parcalar elyaf ve regine ile kaplanarak birlestirilebilmistir.
Surecte, iskeleti Gretmek ve kurmak kolay olsa da ylzeyin iyilestirilmesi icin oldukca uzun sireli ve
maliyetli bir ylzey islemi gerekmistir.

Sekil 2. Modiiler olarak eklemeli imalat yontemiyle Uretilmis bir giinlik gezi teknesi, (MOl Composite,
2020)

Eklemeli imalat yontemi biylk endistriyel uygulamalarin yani sira,

e Kolay ulasilabilirlik niteligiyle, genellikle hobi amach amatér ¢alismalarda, polimer bazli malzemeler
kullanmak suretiyle gittikce yayginlasmaktadir. Ornegin bu yéntemin denizcilik kiiltiiriiniin
vazgecilmez bir pargasi olan ve el becerisi gerektiren gemi maketciligine, parca ve bir bitin olarak
GrGnlinln Gretimini  kolaylastirici  katkilari bu gelenegin gencler tarafindan sevilmesi ve
yayginlasmasi anlaminda 6nemsenmelidir. Amatérce uygulamaya bir diger 6rnek ise, yetiskinlerin
katildigi “bir metre sinifi” uzaktan kumandali yelkenli veya motor-bot formundaki tekne yarislariigin
veya yine uzaktan kumandali teknelerle yapilan amatoér balikgilik faaliyetleri icin tekne Gretimidir.
Ekleme imalat yontemi, oldukga ilgi ceken bu boyut ve nitelikteki teknelerin Gretiminin maliyetlerini
disurerek desteklemektedir.
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e Gemilerin havuz deneyleri icin model lGretiminde de eklemeli imalat yontemi gerek hiz gerek yiiksek
duyarhlik ve gerekse azaltilabilen malzeme miktari ile yararlanilacak bir secenek olarak gorilebilir.

e insansiz kiiclik deniz araglarinin (6zellikle diisiik derinliklere dalis yapabilen veya su yiizeyinde
hareket eden) yapisal elemanlari veya bir bitln olarak Gretimi icin eklemeli imalat yontemi yine
polimer esasli malzemeler temelinde oldukga kullanislidir. Son vyillarda yayginlasan teknoloji
festivalleri de sualti robotlari, uzaktan kumandali gériintileme cihazlari, insansiz ylizen araglarin
tasarim ve Uretimini eklemeli imalat yontemi sayesinde yayginlastirmis ve bu olanagin miihendislik
0gretimine katkisi da dikkate deger boyutlara ulagmistir.

Eklemeli imalat yontemlerinin denizcilikteki uygulama alanlari baglaminda 6nemli bir potansiyel,
karmasik geometriye sahip metalik yapisal elemanlarin hizli ve diisiik maliyetli olarak tiretilebilmesidir.
Ornegin pervane tasarimi ve (iretimi yetkinlik gerektiren, maliyetli ve uzun siiren bir siirectir ki pervane
Uretiminin eklemeli imalat yontemiyle gergeklestirilmesinde bir ilk, Damen Tersanesi’nin RAMLAB
(Rotterdam Additive Manufacturing LAB) laboratuvarinin Autodesk yazilm firmasiyla ortaklasa
basardigl ve Bureau Veritas tarafindan onayl metal pervanedir. Uretilen pervane (Sekil 3) yogun bir
son islem gormistir ki buna ragmen liretim siiresi konvansiyonel ydnteme nazaran oldukga kisalmustir.
Bu deneysel bir calisma oldugu igin maliyet degerlendirmesi yapmak ¢ok gergekg¢i olmasa da metal
parcalarin eklemeli imalatla Uretilip, sertifikalandirilabilecegini gostermesi agisindan ¢ok énemli bir
¢aba olarak degerlendirilmelidir. Benzer sekilde vana, impeller, gemi diimeni, yeke gibi donanimlarin
ve/veya bunlarin elemanlarinin metal hammaddelerden uretilmesi gercekgi bir yaklagimdir.

Sekil 3. Eklemeli imalat yontemiyle Uretilen gemi pervanesi, (RAMLAB, 2017)

Eklemeli imalat yonteminde akilli malzemelerden yararlanma, siirece doérdiinci bir boyut katmaktadir
ki denizcilik endistrisinde bundan yararlanmak son derece etkin ¢6ziimlere ulasmakta faydal olacaktir.
Glnes isigina bagli olarak kendiliginden kararan camlar, i1siyla renk degisebilen isiya maruz malzemeler,
operatorleri uyarmak igin karanhkta kendiliginden isiyan malzemeler, vb. malzemelerden uygun
modifikasyonlarla eklemeli imalatta yararlanilabilecektir. Son yillarda akilli malzemeler ile ilgili en
buyuk gelismelerden birisi hafiza sekilli olanlaridir. Bu uygulamalarda malzemeye distan gelen nem/su,
sicaklik, glines 15181 gibi uyaranlar malzemenin tepki vermesine ve sekil degistirmesine neden
olmaktadir. Eklemeli imalatin bu teknoloji ile birlestirilmesi sonucu ortaya cikan yazim olanagina dort
boyutlu yazim (4D printing) denmektedir. Sekil hafizali malzemelerin denizcilik endustrisinde
kullanilabilecegi alanlara 6rnek olarak can sallari tGretimi verilebilir. Zira kitlesi 40 kg civarinda olan 8-
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10 kisilik can sallarinin tehlike aninda suya atilmasi, kigilk teknelerde insanlarin fiziksel glicline
dayanmaktadir ki bu durum denizci havalarda oldukc¢a zor ve zaman zaman imkansizlasir. Salin
agirhginin blyiik bilesenlerinden olan ve otomatik olarak aktive olmama riski de yiksek olan sisirme
tlplniun ortadan kaldirilmasina yardimci olacak akilli malzemelerle ve eklemeli imalat ile Gretilmis bir
can sah ciddi bir secenektir (Sekil 4). Bu tasarimda sisirme tliipinden tamamen vazgecilmese bile tiip
ve sisirme mekanizmasi klgdltiilerek can sali hafifletilebilecektir.

Sekil 4. Akilli malzemelerin denizcilik endistrisinde kullanimi ile ilgili bir 6rnek, (Shie et al., 2019)

Karesel anlamda konuyla ilgili yapilan arastirmalar, kullanilan tGretim malzemesi temelinde basta termo
plastikler ve onlarin kompozitleri (%28,2) olmak Uzere, biyo-malzemeler (%19,8) ve cesitli metaller
(%13,5) odakhdir ki uygulama alani temelinde ise tip (%18,9), insaat (%3,5) ve otomotiv (%2,2)
endustrisi 6n plandadir. Bu baglamda, denizcilik endistrisine iliskin arastirmalar %0,4’lik kiglk bir
paya sahiptir (Glingdr., 2020). Sertifikasyona 6zen gosteren denizcilik endistrisinde, bu anlamda
eklemeli imalat alanindaki eksikliklerin giderilmesinin ardindan bu ydnteme dayali Uretimin
ivmelenecegi beklentisi vardir. Bununla birlikte eklemeli imalatin sertifikasyonunun, geleneksel tretim
yontemlerindeki gibi malzemenin yalniz kullanimini degil imalata paralel olarak liretimi de iceren siireg
nedeniyle farkli yetkinlikleri de iceren karmasik bir yapida olmasi da beklenmelidir (Bekker vd., 2017).

Urliniin bilgisayar destekli olarak tasarlanmasinin iretimin bir parcasi oldugu eklemeli imalatta
vektorel olarak veya bir ag yapisiicinde modellenen Griinlin, 1987'den beri gecerli bir sekilde kartezyen
koordinat sistemine sahip licgensel bir bilgisayar diliyle yani Standart Ucgen Dili (Standard Triangle
Language; STL) (Zhou vd., 2015) yaziciya tanitilmasiyla baslayan bu sireg, yazici Ureticisinin sagladigi
veya tercihen acik kaynak kodlu bir yazilim ile sicakhk, baski hizi, tabla sicakligi ve filament capi gibi
kritik Gretim parametrelerinin eklenmesiyle yaratilan ve dislk seviye bir dil olan, 1950'li yillarda sayisal
kontrolli Uretim tezgahlari (CNC)’ler icin gelistirilmis olan G-code tabanli bir veri dosyasi
olusturulmasiyla devam edecektir. Ardinda, bir hafiza karti veya bir data kablosu yardimiyla Gic-boyutlu
yaziclya okutulan bu dosya ve satirlar halinde yazici tarafindan okunarak islenir (Delgado vd., 2018).

Kati bazli, akiskan ve toz temelli olmak (izere Ug¢ farkli malzemeden yararlanilarak, baglayici puskiirtme
(blinder jetting), dogrudan eneriji biriktirme (direct energy deposition), toz yatakli kaynastirma (powder
bed fusion), plaka katmanlama (sheet lamination), hazne polimerizasyonu (vat polymerization),
materyal plskirtmesi (material jetting) ve materyal ekstriizyonu (material extrusion) olmak tzere yedi
farkh teknik ile (Colorado vd., 2020) uygulanan eklemeli imalat yonteminde maliyet etkin se¢enek
olarak termo plastik malzeme ile ekstriizyon kombinezonu 6n plana ¢ikmaktadir. Bu ¢calismada da
termo plastik polimerler ve onlarin kompozitleri tabanli, ektriize edilmis anilan malzemeden yararlanan
eriyik filamanla imalattan (fused filament fabrication, FFF) yararlanilmistir ki bu teknik literatiirde de
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en sik rastlanilanidir (Mohamed vd., 2015) ve viskoz termo plastik malzemenin isitilmis bir ug
araciligiyla platform lzerine veya 6nceden basilmis katmanlar lizerine katman katman biriktirilmesini
icerir (le Duigou vd., 2020).

2. Ug Boyutlu Yazim lyilestirmesi igin Deneysel Yaklasim

Eklemeli imalatta performansin iyilestirilmesi igin baski parametrelerinden biri olan malzeme dolgu
yogunlugu ve tekrarlayan yazim geometrisi olarak tanimlanabilecek yazim 6riintisi Greticinin sirecin
herhangi bir asamasinda yeniden belirleyebilecegi, yonlendirebilecegi araglardandir. Sadece bu iki
parametreyle yapilacak optimizasyon dahi beklenen mekanik 6zelliklerde, daha hafif veya tasarimci-
yonla Urinlere varmak icin yeterli olabilecektir. Bu yaklasim gerek polimer esash gerekse de metalik
malzemeler igin gegerlidir. Bununla birlikte, polimer malzemelerde mekanik 6zelliklerin tGriin hacmince
dagiliminin dizglinligine (izotropi) de anilan parametreler hakkinda karar verilirken ve 6zellikle
Urlintin isletme 6mri boyunca tasiyacagi ylkler degerlendirilmek suretiyle 6zen gosterilmesi gereklidir.

Polimer esasli malzemelere dayali yazicilar gérece olarak diisiik maliyetli ve kolay Uretilebilir, erisilebilir
oldugu icin bunlardan yararlanilarak PLA ile yapilmis, optimizasyon ¢alismalarina literatirde siklikla
rastlanmaktadir.

Yararlanilacak oriintiiniin, mekanik 6zelliklere kritik ve dogrudan etkisi bulunmaktadir. Yapilan bir
¢alismada (Lubombo ve Huneault, 2018) ayni dolgu yogunluguna sahip, farkl dolgu 6rintileri arasinda
cekme mukavemeti acisindan iki kata yakin farkin olustugu gorilmustir. Bazi arastirmacilara gore ise
yazim yogunlugu ve ¢ekme mukavemeti arasinda dogrusal bir iliski olsa da bu egilim yazim 6riintisiine
glcli bir sekilde bagh olarak degismektedir (Pandzic vd., 2019). PETG (Polietilen Tereftalat Glikol)
kullanilarak yapilan bir ¢alismada ise, yazim oOrlintlisiinin etkisinin malzemeden bagimsiz olarak ele
alinmasina ragmen, bu yaklasimin ¢ok dogru olamayacagi, zira yazim oriintlslyle malzeme arasinda
g0z ardi edilemeyecek bir iliskinin oldugu; anilan ¢alismanin PLA ile yapilmis esdegerine vurgu yapilarak
ortaya atilmigtir. PETG’nin, bu galismada PLA’dan ¢ok daha yiiksek katmanlararasi yapismaya sahip
oldugu da gorilmustir ve bu nitelik denizel uygulamalar icin PETG’nin verimli olabileceginin alti
cizilmistir (Srinivasan vd., 2020).

Ayrica polimerlerin cam ve karbon elyafi gibi fiberlerle giiglendirilerek kompozit filamentler Gretilmesi
ve kullaniimasi da malzemeyi anizotropik hale getirdigi icin yazim O6rlntlsinin segimini
degistirebilmektedir (Ma vd., 2021). Bununla birlikte, olusan bu kompozit catlak ilerlemesine karsi
oldukga duyarhdir. Dekoratif amagli olarak tretilen PLA matrisli ahsap kompozit ile yapilan ¢alismalarin
elektron mikroskop goéruntilerinin degerlendirmesinde ise kompozit bilesenlerin ara ylizeylerinde
iyilestirme yapilmadigi icin yiksek miktarda bosluk bulunmustur ki boyle bir olusum {riin
performansini olumsuz bir sekilde etkilemektedir (Kariz vd., 2018). Sonug olarak eklemeli imalat
yonteminde orlntinlin etkisini inceleyen g¢alismalarin  malzeme baglaminda tasarlanmasi
onerilmektedir. Nitekim beton ile ilgili yapilan bir ¢alismada, yazim oriintlisiiniin sadece polimerler igin
degil katmanlararasi mukavemet ¢ok iyi olsa da metaller gibi diger malzemeler igin de irdelenmesi ve
tasarima katilmasi gereken bir parametre oldugu sonucuna varilmistir (Heras vd., 2020). Ek olarak, her
katmanda sasirtmali ve birbirinden farkli olarak ilerleyen (¢ boyutlu diye nitelenebilecek yazim
orintusinin basma yiklerinde daha dayanikli oldugu saptanmistir (Aloyaydi vd., 2020).

2.1. Malzeme ve Yontem

Dolgu yogunlugunun ve yazim &riintisiiniin tekne Uretimi Gzerindeki bilesik etkisinin irdelendigi bu
deneysel galismada, standart bir yazicida kolaylikla basvurulabilen ve ilgili pazardan temin edilebilen
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Bio-Flex firmasinin F7510 polilaktik asit (PLA) Grini kullanilmistir. Bu malzemenin 6z kiitlesi 1,25
gr/cm3, erime sicakligi 155°C ve akis indeksi 190°C’de 2—4 g/10 dakikadir. Yalniz adi gecen malzeme
degil, genel olarak, PLA biyo-bozunur bir malzeme oldugu ve organik olarak dogal siireclerden elde
edildigi icin srdurilebilir malzemeler arasinda degerlendirilmektedir.

Graniil PLA’dan filaman, iretimi ve tekne modiillerinin yazimi DEU Deniz Bilimleri ve Teknolojisi
Enstitlsi, eklemeli imalat laboratuvarinda yapilmistir (Sekil 5).

Filament sarimi

PLA graniil

Filament tiretim hatta

3B tekne tiretimi ve birlestirmesi 3B baski

Sekil 5. DEU Deniz Bilimleri ve Teknolojisi Enstitiisii Eklemeli imalat Laboratuvarindaki yazim diizenegi

Calisma kapsaminda 13 farkli yazim oriintlsi ve %10, 25, 50, 75, 100 olmak Gzere bes farkli doluluk
oraniyla hazirlanan numuneler cekme testlerine Instron 1114 makinasinda, 1 mm/dak cekme hizina
tabi tutulmustur (Sekil 6). Her bir mukavemet degeri (ic numune testinin ortalamasi alinarak
belirlenmistir. “Kubik, alt-klbik, sekizgen, c¢eyrek kip” gibi geometriler numune vyiksekligi
dogrultusunda her katmanda sasirtmali olarak islenerek ¢ boyutlu bir kafes yapisi meydana
getirmektedirler. “Zikzakl, merkezci, 1zgara, liggensel” formlarinda ise her katmanda birbirine zit yonde
olmak Gzere iki boyutlu bir yapi olusmaktadir. Yazim o6riintilerinin olusturulmasi ve programlanmasi
Creality Slicer V4.8.2’de gerceklestirilmistir. Yazim sirasinda materyal ekstriizyonu yontemlerinden
birisi olan FFF tercih edilmistir. Uriinler cr-200b yazicisinda 40 mm/sn baski hizinda 200°C derecede 0.4
mm nozzle ile, 50°C derecelik cam tablaya alinmistir. Baski sonrasi isil islem uygulanmamistir.
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Numune geometrisi (ASTM D638 type V)
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Sekil 6. Numune geometrisi, dolgu yogunlugu ve yazim 6rintisi

<

Katmanlarin baski yoniinde, Sekil 6’da gosterildigi gibi Z ekseni dogrultusunda, yapilan cekme testleri

(ASTM,2016) literatiirle de uyusmakla Griin Gretimi icin disik yogunluklarda “kiibik” algoritmasinin z

ekseni dogrultusunda daha iyi mukavemet sonugclarini sundugu goriilmektedir. Sonug Grin olarak 5

metre tam boya sahip bir yelkenli tekne govdesi, 1/5 6lgeginde %25 doluluk oraninda dlgeklenerek

Sekil 7’deki gibi Uretilmistir. on farklh parcada (retilen tekne, mekanik ve kimyasal olarak

birlestirilmistir.

Buradan elde edilecek sonuglarin gercek o&lgekli Gretim igin yol gostermesi

planlanmistir. Yazim hizi 30 mm/sn, yazim sicakligi 200°C alinmis ve 50°C sicakliga sahip isitmali tabla

kullanilmistir. Yazim siresi her bir parga icin yaklasik iki tam gin olup ve Uretim bir ayda

tamamlanmistir.

Ardindan denizel cevresel asinmadan korumak amaciyla tekne prototipi tirlin Termo plastik Poliliretan

(TPU) ile kaplanmistir. Her parcanin farkh renkte Gretilmesinin sebebi modiiler tGretime vurgu yapmak

icindir. Baglanti pargalari sebebiyle tekne agirligi %5 oraninda artmistir.
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Sekil 7. Uzerinde ¢alisilan ve eklemeli imalatla 1/5 6lgekte gdvdesi iiretilen yelkenli tekne

2.2. Sonuglar

Cekme testi sonuglari incelendiginde %100 dolgu yogunluguna sahip olan pargalar en yiksek
mukavemet degerlerine ulasirken, yogunlugu azaldikca mukavemette hizli ve dramatik bir disus
gorilmistir. Bu disis egrisi %50 yogunluk oranindan sonra sabitlenmistir. U¢ boyutlu yapiya sahip
oriintiler %100 dolgu yogunlugu oranlarinda en yiiksek degerlere ulasamasa da iki boyutlu olanlar
disik yogunluk oranlarinda daha iyi performans sergilemektedir. 2 Boyutlu oriintilerin 6zellikle, distk
yogunluklarda, katman basma yoniinde, Z ekseni dogrultusunda katman yapisma problemi yasadigi
tespit edilmistir. Oriintd tiirlerinin, dolgu yogunlugu degisimlerine farkli tepki verdigi gézlenmistir. %10
ve %25’lik dolgu yogunlugu arasinda ise ¢ok dusik farklar bulunmaktadir. Bu yogunluklar
degerlendirilirken, kiiclk teknelerdeki dis ve i¢ cidarlara benzer duvar yapilarinin yapiyi destekledigi
g6z ardi edilmemelidir.

Cekme testlerinden ve literatiirden alinan sonuglar 1siginda eklemeli imalat yontemiyle tretilen yelkenli
modelinin deniz testleri basarili bir sekilde gerceklesmistir. Tekne deniz durumu 3’e kadar test edilmis
olup lzerine yine Olcekli olarak iki adet yetiskin agirhg1 yerlestirilmistir. Direk bolgesindeki lokal
mukavemet calisiimamistir. Ciplak gozle yapilan sérveyde herhangi bir ¢atlak veya katman ayrismasina
rastlanmamistir. Su gecirmezlik, anilan kaplama sayesinde basarili bir sekilde saglanmistir. Yapilan
kaplamanin PLA'y1 dis ortamlardan yaltip, ylzey plrizlGlGgunG azalttigl gérilmistar.
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Sekil 8. Dolgu yogunlugu ve orintisiinin cekme mukavemetine etkisi
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Yazim yogunlugu ile cekme mukavemeti arasindaki iliskinin, yazim 6riintisiine de oldukga bagh oldugu
gorilmustar. Farkli 6rintdler, yogunluk azaldikga mukavemette farkli karakterlerde disis egilimlerine
yol agmistir. Buradan ayrica, yazim dizlemindeki performansin bu dizleme dik dogrultuda Z ekseni
boyunca oldukca azaldigi katmanlar arasi baglanmanin sorunlar yaratmaya basladigl izlenmistir. Bu
durum, “kibik” veya “capraz” gibi G¢ boyutlu dolgu oriintllerinin secilmesinin yani Grinin yazim
dizlemine dik dogrultudaki mukavemetine katkisindan da anlasilmaktadir. Dik dogrultudaki
mukavemet, tim yapiyi destekler niteliktedir.

Sekil 8’de goruldigi gibi, %50 ile %10 doluluk oranina sahip numunelerde, 6riintilere gére mukavemet
degisimi baglaminda daha dar bir sinirda degisimler gdzlenmistir ki bu olgunun numune boyutundan
kaynaklandigi agiktir. Yapiyi bir arada tutmak i¢in, yazim sirasinda dis, (st ve alt duvarlarin eklenmesi
zorunlulugu gorilmektedir. Numune boyutlari ¢cok biyilk olmadigi icin, belli bir dolulugun altinda bu
yaplyl artik bu destek elemanlari temel olarak tasimakta ve dolgu parametrelerinin 6nemi
azalmaktadir.

Benzer agirliklarda, farkh dolgu yogunluklarina ve malzeme kalinliklarina sahip govde vyapilari
karsilastirildiginda yazim siresi baglaminda ise tam doluluga sahip Urlnlerin yazim siiresi %20 daha
uzundur. Bu sebeple i¢ dolgu yogunlugunu disirip, yapinin kalinhigini arttirmak, lretim siresinden
kazang saglamaktadir.

Yapilan saha testlerinden gézlemlendigi kadariyla, PLA her ne kadar biyo-bozunur bir malzeme olsa da
esnek bir plastik polimer ile kaplandiginda, denizel cevresel etkilerden korunmakta ve dolayisiyla iyi bir
omir dizeyinde ulasmaktadir. Su gecirmezlik boylelikle basaril bir sekilde saglanmistir.

3. Degerlendirme

Yazim parametrelerinden yogunluk ve o6riantinidn mekanik o6zelliklerin iyilestirilmesi baglaminda
deneysel olarak incelendigi ve elde edilen sonuglarla da bir 6rnek teknenin yazildigi bu ¢alismada, PLA
temelinde eriyik filaman yonteminden yararlanilmistir. Sonuglar, karsilastirmali olarak sunulmustur ki
bu sonuglardan tekne tiretiminde gerekli yapisal dayanimi saglamak icin temelde iki yaklasim oldugu
gorilmektedir: %100 dolgu yogunluguna sahip numuneler yiiksek bir performans géstermislerdir fakat
yuksek dolgu yogunlugu sebebiyle, agirhklari yiksektir. Bu ylzden, ya ince bir dis kabuk ile gbvde
Gretimi tam dolu Grln veya daha hacimli ve %25 dolulukta riin secenekleri arasinda karar verilebilir.

Eklemeli imalat yonteminin genel anlamda denizcilik endistrisi icin heniliz baslangi¢ diizeyinde bir
taninirliga ve temel dizeyde bir uygulanabilirlige sahip oldugu agiktir. Yontemin geleneksel metotlara
gore bircok avantaj barindirmasina karsin, kiiciik deniz araglarinin gévde lretimi baglaminda halen bir
boyut-maliyet dogru orantili iliskisinin ¢ok etkin oldugu yani yazim boyutu veya tekne/par¢a boyutu
blyldikce altyapi maliyetlerinin Ustel olarak arttigi gorilmektedir. Bununla birlikte modiler
Uretimlerde dogru birlestirme teknikleriyle; esdegerlerine nazaran biitlinsel Gretime gore yeteri kadar
mukavemet ve hatta daha iyi hafiflikte sonuglara varilabilecegi bu ¢alismayla ortaya konmaktadir.

Uretim sirasinda meydana gelebilecek kalite risklerinin yazim parametrelerinin deneysel olarak
iyilestirilmesiyle giderilebilecegi gorilmektedir. Bu g¢alismadaki eklemeli imalat yontemiyle tekne
Uretimi s6z konusu oldugunda, ayrica dis ylizey iyilestirme islemlerinin gerekliligi vardir.

Eklemeli imalat yontemi her Uretim gereksinimine yanit verme anlaminda biyiik bir potansiyel vaat
etse de bu konuda denizcilik endistrisi 6zelinde yapilmis arastirmalar oldukga sinirhdir. Bu tretim
baglaminda ise uzun dénemli yorulma davranisi ve hasar mekanizmalari ile ilgili arastirmalara ihtiyag
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duyulmaktadir. Ozellikle eklemeli imalat ile tiretilmis tekne gévdelerinin catlak ilerlemesine karsi daha
duyarh oldugunu belirtmek gerekir.

PETG ise cok iyi katman yapismasi saglamasi sebebiyle iyi bir alternatif olarak gelecek calismalar icin
degerlendirilebilir. Ayrica teknenin kaplanmasi direnci arttiran ylzey pirizIlGligini azaltmaktadir.
Katmanlar arasinda kalan bosluklar bu kaplama ile doldurulmaktadir. Bunun da bir maliyet getirecegini
ve zaman gerektirecegini belirtmek gerekir.

Petrol bazli polimerler kullanilarak yapinin 6mri uzatilabilir fakat ABS, HDPE veya PETG ile ¢alismanin
PLA ile calismaya gore uzmanlik ve daha yiksek maliyetli kapali kabinli bir yazici gerektirdigini belirtmek
gerekir. is ve gevre giivenligi, acisindan da petrol bazli polimerler ile calisirken zehirli gaz emisyonlarina
onlem almak potansiyel Gretimin vazgecilmez unsuru olacaktir.
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OzET

Eklemeli imalat teknikleri, geleneksel imalat yontemlerinden olan asindirmali ve sekil vermeli Gretim
yontemlerinden farkh olarak yapi malzemesinin Gst tste katmanlar seklinde dizilmesiyle yapilan tretim
seklidir. Ozellikle, son 20 yilda biiyiik gelismeler yasanan eklemeli imalat tipleri kendi iginde,
International Organization for Standardization (ISO) ve American Society for Testing and Materials
(ASTM) standartlarina gore, Uretim sekli ve kullanilan malzemelere bagh olarak yedi ana alt sinifa
ayrilmaktadir. Tim bu yontemlerin bilinen en karakteristik 6zelligi, kompleks geometriye sahip
parcalarin daha hizli ve diisiik maliyetlerle tiretilebilmesidir. Uretime kattigi yenilik¢i bakis acisina bagli
olarak, Urlnlerin dizaynlarina uygulanacak topoloji optimizasyonu ile birlikte daha az bilesenli, daha
karmasik ve daha hafif pargalarin ayni dayanimda (iretilmesinin yolunu agmaktadir. Havacilik, saglik ve
otomotiv gibi sektorlerde yogun sekilde kullanilan bu imalat yonteminden gemi insaati endistrisinin
de faydalanmasi kaginilmazdir. Loydlarin ve tersanelerin isbirligi ile son 10 sen igerisinde yapilan dnemli
fizibilite calismalari bulunmakta, buna ek olarak c¢esitli donanmalar ve arastirma kuruluslari
tarafindan aktif olarak kullanilmaktadir. Yapilan bu ¢alismanin amaci eklemeli imalat tekniklerinin gemi
insaatl endustrisindeki potansiyelini incelemektir. Bu inceleme yapilirken hem akademik hem de sanayi
alanindaki potansiyeli; literatlr arastirmasi, sanayi ve akademik alandan uzman goruslerinin alinmasi
ve akademik alan igin yapilan fizibilite ¢alismasiyla incelenmistir. Akademik alanda arastirmalarda
kullanilan pervaneler, gemi modelleri ve diimen yapilarinin lretim potansiyeli incelenmistir. Sanayi
alaninda kullanilan pargalar ise konstriiksiyon ve donatim pargalari olarak iki alt baslkta incelenmistir.
Yapilan inceleme sonucunda akademik alanda kullanilacak Grlinlerin satin alinmasi yerine yazicilarla
Uretilmesiyle daha diisiik maliyetli Griinler elde edilebilecegi goriilmustir. Sanayi alaninda ise donatim
parcalari ve bazi konstriksiyon drlnlerinde kullaniimasinin hiz ve maliyet agisindan avantaj
saglayabilecegi gosterilmistir. Son olarak, eklemeli imalat yontemlerinin en temel sorunlarindan olan
sertifikalandirma konusuyla ilgili olarak gesitli klas kuruluslar ve standartlardan genel hatlariyla
bahsedilmistir.

Anahtar Kelimeler: Eklemeli imalat, 3 boyutlu baski, gemi insaati, deniz araglari, dolgu yogunlugu.
Makale ge¢misi: Gelis 23/05/2022 — Kabul 16/06/2022
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ABSTRACT

Additive manufacturing (AM) techniques, unlike traditional manufacturing methods with abrasion and
shaping, are the production methods made by stacking the building material in layers on top of each
other. In particular, additive manufacturing types, which have experienced great developments in the
last 20 years, are divided into 7 main subclasses according to the International Organization for
Standardization (ISO) and American Society for Testing and Materials (ASTM) standards, according to
the production method and the materials used. The most characteristic feature of all these techniques
is that parts with complex geometries can be produced faster and at low cost. Additive manufacturing
paves the way for the production of complex and lighter parts with the same strength, together with
topology optimization. It is inevitable that the shipbuilding industry also benefit from additive
manufacturing, which is used extensively in fields such as aviation, health and automotive. There are
important feasibility studies carried out in the last 10 years with the cooperation of Loyds and shipyards
as AM is actively used by various navies and research institutions. The central theme of this study is to
examine the potential of additive manufacturing techniques in the shipbuilding industry. An in-depth
literature review is presented including expert opinions from industry and academia, and a feasibility
study is presented. From the academic point of view, fabrication of propellers, ship models and rudder
structures used in academic research is examined. It has been seen that low-cost products can be
fabricated by 3D printers instead of purchasing products to be used in the academic research. On the
other hand, parts used in the industry are examined under two sub-categories: construction and
equipment parts. In shipbuilding industry, it has been found that the usage of AM in equipment parts
and some construction products will provide advantages in terms of speed and cost. Finally, various
classification societies and standards are mentioned in general terms regarding the certification issue,
which is one of the most fundamental problems of additive manufacturing techniques.

Keywords: Additive manufacturing, 3D printing, shipbuilding, marine structures.
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1. Giris

Uretim teknolojileri ve malzeme bilimi alanindaki gelismeler tarih boyunca énemli déniim noktalarinin
dogmasina neden olmustur. Glnlmiz dldnyasinda hizla gelismeye devam eden bu teknolojiler
sayesinde oOncesinde imkansiz olarak gorilen bircok bulus gerceklestiriimis ve insan hayati
kolaylasmistir.

Uretim teknikleri kendi icerisinde iki ana baslik altinda incelenebilir. Bunlardan ilki geleneksel
yontemler ve digeri de yenilik¢i yontemlerdir. Geleneksel yontemlerle tretim sekil verme ve asindirma
yontemlerini kapsarken, yenilik¢i Gretim eklemeli imalat yontemlerini kapsamaktadir. Sekil verme ile
Uretim yonteminde malzemeye bir baski uygulanarak istenilen sekle getirilebilir veya eriyik
malzemenin kaliplara dokilmesi ile Grin olusturulabilir. Bu ydntemin genel o6rnekleri dovme,
haddeleme, ekstriizyon, kesme, bikme ve toz metalurjisi ile Gretimdir. Asindirma ile imalatta ise
malzemenin istenilen sekle kavusmasi icin belirli alet ve makinalar yardimiyla parcalar
kopartilmaktadir. Bu islemler torna, freze, delme ve EDM (Elektro Erozyon) gibi tezgahlarda
gerceklestirilmektedir. Eklemeli imalat teknikleri ise geleneksel yontemlerin tersi sekilde isleyerek
Uretilecek parcanin bilgisayar destekli tasarim programlarinda dizayn edilip, malzemenin katman
katman eklenip, en sonunda nihai parganin olusturuldugu tretim seklidir. Ginimizde, 6zellikle tibbi
alanda sik¢a kullanilan bu teknoloji; havacilik ve uzay, otomotiv ve mimari gibi alanlarda da sikca
kullanilmaya baslanmistir.

Sagladig cesitli avantajlardan dolayi diinya lizerinde en ¢ok malzeme tirinin ve ¢esitli boyutlarda
parcalarin kullanildigl, en blyiik ticaret, ulasim ve eglence unsurlarindan olan gemi ve deniz araglarinin
Uretiminde bu yontemlerden faydalanilmasi kaginilmazdir. Bu calisma kapsaminda eklemeli imalat
yontemlerinin gemi insaati endistrisinin hem akademik hem de sanayi alanindaki potansiyeli
arastirilmistir. Akademik alandaki potansiyeli incelenirken, kendi icerisinde egitim alanindaki faydalari
ve bilimsel arastirmalardaki kullanimi olmak tGzere iki ana baslik altinda incelenmistir. Sanayi alanindaki
potansiyeli ise konstriksiyon ve donatim parcgalarinin Uretimi olarak iki ana baslik altinda detayl
ornekleriyle birlikte incelenmistir. Arastirma yapilirken bu konuda yapilan ¢alismalar ve hem akademik
hem de sanayi alaninda calisan kisilerin yorumlarindan faydalaniimistir. Arastirmanin niteliginin
artmasi icin akademik alanda yapilan ¢alismaya bir maliyet calismasi da dahil edilmistir. Son olarak
Uretilen parcgalarin kullanima uygun olmasi adina cesitli klas kuruluslari ve standartlastirma
organizasyonlarinin bu konuda yaptigi calismalardan bahsedilmistir.

2. Eklemeli imalat Teknikleri

Eklemeli imalat teknolojileri American Society for Testing and Materials (ASTM) tarafindan yayinlanan
F2792 - 12a nolu standarda gore “asindirmaya dayali Gretim yontemlerinin aksine, malzemelerin (i¢
boyutlu model verilerine gore, genellikle Ust lste katmanlar seklinde birlestirilmesi ile parca Gretimi
sureci” olarak tanimlanmaktadir (ASTM F2792-12a, 2012). Eklemeli imalat terimi disinda; katmanli
imalat, l¢ boyutlu (3D ya da 3B) baski ve serbest bicimli imalat gibi cesitli terimler de kullanilmaktadir
(Glngor, 2020).

2.1. Tarihgesi

Modern eklemeli imalatin kokleri giinimizden 40 yil 6ncesine dayansa da onceki topografik ve
fotografik calismalar eklemeli imalata benzemekte ve neredeyse 150 yil dncesine dayanmaktadir. Bu
iki erken teknoloji katmanh sekilde serbest bicimli bir yapi olusturmaya yonelik “kes ve birlestir”
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yaklasimina dayanmaktadir (Bourella vd., 2009). Bir lazer ve fotopolimerler kullanilarak kati
olusturmaya yonelik ilk calisma 1960’larin sonunda Battele Memorial Enstitlisi’'nde gerceklesmistir.
Sonrasinda 1980’li yillara kadar cesitli kisiler ve sirketler tarafindan bu alanda galismalar yapilmistir
ancak glinimuzdeki kullanima en yakin konsept (bilgisayarlar ve lazerler gibi) 1980’li yillarin basinda
yakalanmistir (Wholers ve Gornet, 2014; Gibson vd., 2015). 1984 yilinda Charles Hull, Stereolitografi
(SLA) yonteminin patentini almis ve sonrasinda bunun Uzerine bir sirket kurmustur. Bu, Stereolitografi
aparat makinasiyla, eklemeli imalat teknolojisini ticarilestiren ilk sirkettir (Gibson vd., 2015).

1984’ten gliniimiize devam eden siireg icerisinde farkl eklemeli imalat teknikleri ortaya ¢ikmis ve
gelistirilmistir. Ginlimuzde eklemeli imalat teknolojisi insan hayatinin neredeyse her alanina nifuz
etmeyi basarmistir. Jet motorlarinin Uretiminden medikal calismalara kadar oldukca genis bir
yelpazede kullanilan bu dretim tekniginin kullaniminin Gretimde gittikge daha fazla paya sahip olacagi
ongorilmektedir.

2.2. Kullanim Yontemleri ve Kullanilan Sektorler

Eklemeli imalat tekniklerinin, 6zellikle son 20 yil igerisinde, kullanilabilen malzeme ¢esitlerinin artmasi,
yeni yontemlerin ortaya ¢ikmasi ve sistemlerin veriminin ve giivenilirliginin artmasi ile birlikte kullanimi
yayginlasmistir (Ozer, 2020). On farkli piyasa analisti sirketi tarafindan 2019 yilinda yapilan arastirmaya
gore, diinya genelinde onimuizdeki dort yil boyunca eklemeli imalat pazarinin bliytk bir blylime
gostererek 2024 yilinda yaklasik 35 milyar dolari bulacagi belirtilmistir. Yapilan analizlerdeki en iyi ve
en kot durum arasindaki farki olusturan degiskenler; seri tretim icin benimseme orani, malzeme ve
sistemlerdeki gelismeler ve toplam maliyetlerdeki azalmadir. Ayrica misteri talepleri ve daha bliytk
ekonomik ortam gibi dis faktorleri de icermektedir (3D Hubs, 2020). Sekil 2’de verilen grafikte yapilan
analizlere gore eklemeli imalatin gegmis piyasa degerleri ve yakin gelecekteki tahmini piyasa degerleri
gosterilmistir.
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Sekil 1. Eklemeli imalatin pazar payi (3D Hubs, 2020)
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2.2.1. Kullanim yéntemleri

Eklemeli imalat teknolojileri, G¢ ana sekilde kullaniimaktadir: hizli prototipleme (rapid prototyping),
hizli kalip Uretimi (rapid tooling) ve hizli tretim (rapid production) (ISO, 2015). Hizli prototipleme,
dizayn edilen bir Grinin tasarim ve islevsellik agisindan test edilebilmesi icin hizli bir sekilde prototip
Uretmek icin kullanilan eklemeli imalat yontemidir (Glingor, 2020). Prototipler genellikle islevsellikleri
acisindan sinirh oldugundan ve bu nedenle dayanikliik veya bitis konusunda daha az talepte
bulundugundan, eklemeli imalatin ilk kullanim alani olmustur. Bu yéntem sayesinde ileride soruna
neden olabilecek tasarim kusurlari erken asamalarda fark edilebilmektedir (Bergsma vd., 2016). Hizli
kalip Uretimi; seri Uretilecek nesnelerin Gretiminde kullanilan, operasyonu veya siireci kolaylastiran
arin veya araclarin (kalip gibi) hizlica imal edilmesi icin kullanilmaktadir (Gling6r, 2020; Bergsma vd.,
2016). En 6nemli fark, uretilen aletlerin genellikle 7 mutlak kalite taleplerinin olmamasidir. Ornegin
dokim isleminde kalibin yeterli 6zellikleri gostermesi halinde ne sekilde Uretildigi 6nemli degildir.
Eklemeli imalatin yani sira, hizli kalip Gretimi yontemiyle alet Gretimi agindirmal Gretim tiplerine goére
(CNC freze gibi) daha hizl sekilde dretilebilir (ISO, 2015). Hizli Gretim yontemi ise bilgisayar destekli
tasarim ile olusturulan pargalarin Gretimi anlamina gelmektedir. Bergsma vd. (2016), bahsedilen
kullanim sekillerini tiretilecek Giriniin 6Gnemine gore Tablo 1’de gosterilen sekilde genellemistir.

Tablo 1. Eklemeli imalat kullanim sekilleri (Bergsma vd., 2016)

Diistik: dizayn Orta: glvenlik Yiiksek: yiiksek

Onem veva prototi agisindan kritik mihendislik Grind

Kull yap P olmayan islevsel guvenlik agisindan
ullanim icin .
parcalar kritik pargalar

Hizh Prototipleme X
Hizli Kalip Uretimi X X X
Hizli Uretim X X

2.2.2. Kullanilan sektorler

Eklemeli imalat teknolojilerinin, yapilan calismalar ve artan malzeme cesitliligi sayesinde diinya ¢apinda
medikal, otomotiv, uzay-havacilik, yapi sektori ve gemi insaati gibi alanlarda kullanimi hizla
artmaktadir. Calismanin bu kisminda gemi insaati sektorl haricindeki kullanim 6rnekleri gosterilecek
ve gemi insaati endistrisindeki uygulamalari sonraki bélimde paylasilacaktir.

Sektorlere gore 3B baski talebi (%)

4 3
6 = Endiistriyel
31 = Elektrikli
10 ‘ Tiiketim
= Hizmetler
10 ' = Saglik
Otomotiv

= Uzay
14 21 = Medya ve Sanat

Sekil 2. Eklemeli imalatin pazar payi (3D Hubs, 2020)
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Sekil 2'de verilen grafikte, profesyonel kullanicilarin temsili bir 6rnegine dayali olarak ¢evrimici 3B baski
talebinin endistriye gére dagilimini géstermektedir. Talebin %65'inden fazlasi endistriyel, elektrikli
veya tiiketim mallarinin gelistirilmesinde calisan profesyonel kullanicilardan gelmektedir. Ote yandan
havacilik, otomotiv ve saglik endistrilerindeki profesyoneller, geleneksel "gevrimdisi" tedarik
zincirlerini kullanarak sirket icinde veya dis kaynak olarak parga Gretmeyi tercih etmektedir (3D Hubs,
2020).

Yukarida belirtilen sektorlerdeki kullanim 6rnekleri olarak; saglik sektori icin yapay organ ve kemik
Uretimi, uzay ve havacilik sektori igin turbojet motor bilesenleri ve bazi yapisal pargalarin iretimi
verilebilir. Yakin bir 6rnek olarak TUSAS Motor Sanayii A.S. (TEl), Gretimini yaptig TEI-TJ300 Turbojet
motorunun parcalarinin Gretiminde eklemeli imalat teknolojilerinden faydalandigini belirtmistir (TEI,
n.d.). Otomotiv sektorl icin yapisal kompozit bilesenler, motor vanalari ve turbosarj tirbinlerinin
Uretimi yaninda Kor firmasinin Urettigi Ecologic Urbee modelinde oldugu gibi direkt olarak araba
govdesi tretimi sayilabilir (Ozer, 2020). Sekil 3’te TEI tarafindan eklemeli imalat ile Gretilmis turbojet
motoru pargasi gosterilmistir.

Sekil 3. TEI-TJ300 Turbojet motoru pargasi (TEl, n.d.)

Eklemeli imalat teknikleri, ana parca tretimi disinda kalip tiretiminde de kullanilmaktadir. Diistik sayida
yapilacak Uretimler veya 6zel pargalarin Gretimi igin en blylk maliyetlerden biri kalip maliyetidir.
Eklemeli imalat teknolojisi kullanilarak distik maliyetli, karmasik yapili ve daha dayanikli (kalpla
bltlinlesik sogutma kanallarinin koyulmasiyla) kaliplar diger tretim yontemlerine goére daha hizl
sekilde Uretilebilmektedir. Sahip oldugu bu avantajlar sayesinde son Uriinlin performansinda artisa ve
kaliplarin daha uzun siireli kullanimina olanak saglamaktadir.

2.3. Eklemeli imalat Teknikleri

ilk ortaya ciktig1 giinden bugiine eklemeli imalat teknolojileri hizla gelismis ve bircok farkli yéntem ve
bircok farkli malzeme kullanimi ortaya ¢ikmistir. Bu gesitlilik ayni zamanda bu ydntemlerin
siniflandiriimasini da zorlastirmigtir. ASTM’nin 2012 yilinda yayinladigl F2792-12a nolu standarda gore
eklemeli imalat teknolojileri yedi ana basliga ayrilmistir. Tablo 2’de bu siniflandirma gosterilmis ve her
yontemin 6zelliklerinden kisaca bahsedilmistir.
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Tablo 2. Eklemeli imalat teknikleri ve 6zellikleri (Tofail vd., 2018)

ASTM Kategorisi

Temel Prensibi

Avantajlarn

Dezavantajlari

Yapistirici Piskiirtme
(Binder Jetting)

Sivi baglayici ince toz
katmanlarina
paskartalir.

Destek yoktur.
Ozgiin dizayn
imkani

Biyik Gretim
hacmi

Yiksek Gretim
hizi

Nispeten disik
maliyet

Sinirl mekanik
ozellikler ve
kirllgan pargalar
Ek islem
gerektirebilir.

Yonlendirilmis Enerjiyle
Biriktirme (Directed
Energy Deposition)

Odaklanmis termal
enerji biriktirme
sirasinda malzemeleri
eritir.

Tane yapisinda
yuksek kontrol
imkani

Yiksek kalite
pargalar
Tamirat
uygulamalarinda
basarilidir

Dusuk yuzey
kalitesi ve hiz ayari
ihtiyaci

Sinirl metal ve
metal bazl hibrit
sayisl

Malzeme Ekstriizyonu
(Material Extrusion)

Malzeme bir nozul veya
agizdan disari itilir.

Genis kullanim
Dislik maliyet
Degisken 6lcek

Dikey anizotropi
Kat kat ylizey

Malzeme Jeti (Material
Jetting)

Yap! malzeme
damlaciklari biriktirilir.

Yiksek
hassasiyet
Dislk atik
Coklu malzemeli
pargalar

Coklu renk

Genelde destek
malzemesi gerekir.
Ana olarak
fotopolimer ve
termo regineler
kullanilabilir.

Toz Yatakh Ergitme
(Powder Bed Fusion)

Isi enerijisiyle toz
yataktaki tozdan ufak
bir nokta eritip
birlestirilir.

Nispeten ucuz
Genis malzeme
cesidi

Nispeten yavas
Uretim

Yapisal battnliak
eksikligi

Sinirh boyutlar
Yiksek gig ihtiyaci

Tabaka Birlestirme
(Sheet Lamination)

Malzeme tabakalari
birlestirilir.

Yiksek hiz
Disik maliyet
Kolay malzeme

Yapisal battnlik
ve dayanim
kullanilan
yapiskana baghdir.
Sinirh malzeme

kullanimi .
cesidi
Ek islem
gerektirebilir
Biyuk basim fSatdecer |
VAT Haznedeki sivi polimer hacmi QIOROHMEREt
. . . . kullanilabilir.
Fotopolimerizasyonu 1sikla sertlesir. Yiksek - .
. Distk mekanik
(VAT hassasiyet o
ozellikler

Photopolymerization)

Yiksek ylzey ve
detay kalitesi

Disuk tretim hizi

Tablo 2’de belirtilen yedi ana sinif kendi icerisinde lretim teknolojisine bagh olarak alt basliklara
ayrilabilmektedir. Uretim boyutu tiim tiplerde degiskenlik gdstermekle birlikte en biyiik Gretim
hacmini malzeme ekstriizyonu yéntemi saglamaktadir. Tim bu yontemlerde ortak olarak polimer
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malzemeler kullaniimakta, buna ek olarak bircok yontemde metal, seramik ve kompozit malzemeler de
kullanilabilmektedir.

2.4. Avantajlari ve Geleneksel Yontemlerle Karsilastiriimasi

Her ne kadar pazardaki payi slirekli artis gosterse de eklemeli imalat teknolojilerinin sagladig birgcok
avantaja ragmen geleneksel Uretim yontemleri gliniimizde hala yogun sekilde tercih edilmektedir.
Bunun nedeni geleneksel lretimin 6zellikle seri Uretim s6z konusu oldugunda eklemeli imalat
tekniklerine gore daha ucuz ve hizli hizmet sunabilmesidir.

Eklemeli imalat ve asindirmali ydntemler karsilastirildi§i zaman aralarindaki en temel fark kullanilan
malzeme miktardir. Asindirmaya dayali retim yontemlerinde de Ug¢ boyutlu dizayna goére CNC
makinalarinda otomatik olarak Gretim yapilabilmektedir ama basilacak pargalar igin ortaya ¢ikan atik
miktari yiksektir ve buna bagh olarak da maliyet artmaktadir (Gibson vd., 2015). Ek olarak eklemeli
imalat yontemleri depolama maliyetlerinde biyilk diisis olusturmaktadir. Bunun sayesinde tedarik
zincirlerinde de degisiklikler meydana gelmektedir. Eklemeli imalatin bir diger avantaji pargalarin
istenilen karmasikhkta kolaylikla basilabilir olmasidir. Béylece daha optimize, bitiinlesmis ve ¢oklu
malzemeden olusan drinlerin elde edilebilmesinin onid agilmistir (Glingdr, 2020). Sekil 4'te eklemeli
imalat teknolojileri kullanilarak tiretilmis karmasik pargalar gosterilmistir.

Sekil 4. (a) Karmasik i¢ kanallara sahip hidrolik prototipi (b) Konvansiyonel prosesler ile tretilmesi
imkansiz ITER i¢in 316L vakum permeatori prototipi (EPMA, 2019; METALMECANICA, 2014)

Geleneksel yontemlerle yapildiginda yiiksek tGretim maliyetlerine neden olan prototip ve kalip Giretimi
eklemeli imalat teknikleri sayesinde daha ucuza Uretilebilmektedir. Son olarak eklemeli imalat
yontemleri kullanilarak tretilen pargalar geleneksel ydntemlerle yapilan iretimlere gore ¢ok daha hafif
olabilmektedir. Airbus sirketi, A320 ugaklari igin lazer eritme teknolojisi kullanarak Urettigi braket
pargasinda ayni saglamhgi ve performansi korurken yaklasik %35 hafiflik (10 kg) saglamayi basarmistir
(STM, 2016).

Eklemeli imalat teknolojilerinin bu tarz Ustlnlikleri olmasinin yaninda sahip oldugu dezavantajlar
bulunmaktadir. Eklemeliimalat yontemlerinde iretim maliyeti her parga icin ayni miktarda oldugundan
distk parga ihtiyaci olan durumlar icin daha uygundur. Geleneksel Uretim yontemlerinin uzun vadeli
seri Uretim igin, eklemeli imalatinsa kisa Uretimler veya sipraris lzerine Uretimi daha uygundur
(Glngor, 2020). Sekil 5'te iki Gretim yontemi icin de parga sayisi ve maliyet arasindaki iliskinin grafigi
gosterilmistir.
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Sekil 5. Lazer 1sini ergitme yonteminin geleneksel imalatla karsilastirmasi (EPMA, 2019)

Eklemeli imalat teknolojileri igin bir diger kisit ise yazicilarin baski boyutlaridir. Malzeme ekstriizyon ve
tel ark ekleme yontemi igin gelistirilen blylk makinalar olmasina ragmen diger yontemler igin
ulasilabilen parca boyutlari sinirhdir. Son olarak mukavemet ve standartlastirma problemleri eklemeli
imalat teknolojilerinin karsilagtigi en bulylik problemlerdendir. Her parganin birebir ayni sekilde
basilamamasi veya makinadan makinaya o6zelliklerin degisiklik géstermesi bunu zorlagtirmaktadir.
Ancak bu konuda ANSYS gibi cesitli sirketler yazilimlar gelistirmekte ve ISO/ASTM gibi standart
kuruluslarin yaninda sektorlere 6zel standart kuruluslari da ¢alismalar yapmaktadir.

Oniimizdeki yillarda iki yéntem tipinden birinin kaybolmasi yerine iki Giretimin birlikte calistig hibrit
sistemler disinilebilir ve boylece ihtiyaca gore se¢im yapilarak maksimum verim alinabilir (Linke,
2017).

3. Gemi insaati Endiistrisindeki Potansiyeli

Eklemeli imalat teknolojileri 6nceki bélimde 6rnekleriyle birlikte anlatildigl Gizere otomotiv, havacilik
ve uzay enddstrileri gibi mihendisligin 6n planda oldugu sektoérlerde glinden giline artan bir kullanima
sahiptir. Gemi insaati endistrisi glinimizde cesitli alanlarda eklemeli imalat tekniklerinden
faydalanmaktadir ancak bu kullanimlar genellikle maliyetinden dolayl heniliz havacilik sektoriinde
oldugu kadar yaygin degildir. Eklemeli imalatin gemi sevk sistemleri ve elemanlarinda, sivil ve askeri
gemi ingaati, tasarimi ve malzeme tedarigi agisindan énemli etkileri olacagl 6ngorilmektedir. Ancak
bunlarin saglanabilmesi igin teknik personelin egitimi ve sertifikasyon konularinda galismalar yapilmasi
gerekmektedir (Glingo6r, 2020).

Zidtkowski ve Dyl (2020) tarafindan yapilan ¢alismada geleneksel yontemlere kiyasla eklemeli imalat
tekniklerinin gemi insaati endistrisindeki avantajlari; maliyet, zaman, depolama, Uretim ve cevreye
duyarhilik acisindan bes ana baslikta toplanmistir. Maliyet acisindan bakildiginda, tedarik zincirini
kisaltmasi ve basitlestirmesi dolayisiyla bircok gider ortadan kalkacaktir. Buna ek olarak, eklemeli
imalata uygun olarak dizayn edilen yeni parcalar sayesinde kullanilan elemanlar daha az hacim
kaplayacak ve hafifletilebilecektir. Boylece, dizayn asamasinda alanlar daha verimli sekilde
kullanilabilecektir. Son olarak, cok elemandan olusan parcalar yekpare hale donistirilebilecek ve
boylece gesitli iscilik giderleri aradan gikartilacaktir.

Zaman agisindan bakildiginda, tedarik zincirindeki kisalmaya bagli olarak daha kisa siirelerde gemilerin
tamiri gergeklestirilebilecektir. Bunun sayesinde gemi tersanede daha kisa siire duracak ve daha uzun
sure seferde bulunabilecektir. Bir diger ana baslik olan depolama ise her sektérde oldugu gibi gemi
ingaatl sektori icin de dnemli bir rol oynamaktadir. Daha kiigliik depo alani ihtiyaci sayesinde hem
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karada hem de gemilerde alanlar daha verimli kullanilabilecektir. Ozellikle siparise baglh Uretim

sayesinde limanlarda yedek parcalar icin ayrilan depo alanlarinin azaltiimasi maliyet acisindan da
avantaj getirecektir.

Endustri 4.0 kavramiyla Gretimler artik uzaktan kontrol edilebilmekte ve gece glindiiz fark etmeksizin
yapilabilmektedir. Modern Uretim anlayisinin tipki otomotiv veya uzay-havacilik sektorlerinde oldugu
gibi gemi insaati sektord icin kullanilmasi sayesinde artik modeller hizla gilincellenebilecek, cesitli
Uretimler araliksiz ve uzaktan yapilabilecek, pargalarin optimizasyonu kolaylikla saglanabilecek ve
kompleks yapilar kolaylikla Urretilebilecektir. Boylelikle daha verimli bir tretim yapilacaktir. Eklemeli
imalat yontemlerinde geleneksel metotlara gére daha az malzeme ihtiyaci olmasina ragmen parga basi
daha fazla eneriji ihtiyaci, ozellikle yliksek sicaklik gerektiren liretimlerde, vardir. Ancak, geleneksel
Uretimdeki parca basi enerji ihtiyacinin blyik 6l¢lide Gretim yapildigi icin distk oldugunu géz 6niinde
bulundurmak gerekmektedir. Tekil bir Gretim igin eklemeli imalat yéntemleri hem enerji agisindan hem
de atik miktari agisindan daha verimli bir konumdadir. Buna ek olarak, Gretimde daha az yaglayici
madde veya daha az sogutucu kimyasal kullanimi ile dogaya daha duyarh bir Gretim gergeklestirilmis
olacaktir. Ziétkowski ve Dyl (2020) yaptiklari calismadaki eklemeli imalatin gemi insaati endistrisindeki
avantajlari Sekil 6’da verilen diyagramda paylasiimistir.

; : Tersanelerde
Tek bir makina Yenilikgi dizaynlarla daha loea siireler

daha izl parca tamiri

Cok elementli Teslimat siiresinde

pargalar yerine azalma

tek bitinlesik

pargalar

Eklemeli imalatin
Daha hafif PR oldugu her verden
parcalar DA‘H“} DUSUK parca teminat
MALIYET
Minimum sékiimle
Gemilerde tasiman denizde parca tamiri
vazicilarla ufak sorunlar
icin tersaneden
bagmsulasma Gemi ingaan
Endiistrisinde Endiistri 4.0
uvamlulugu
Tek makinada
Depoda daha az cesitli malremeler
malzeme ﬁ
MODERN
Eklemeli imalat . :
UIRELEV Hizh model
dD::: gg:ik ° : giincellemeleri

ihtivac

A

Daha az alet ve Uzaktan iiretim

makina

Modern malzeme ve

parca optimizasyonu Kompleks yapilar

ihtiyaca gire kullanim: ve sekiller

liretim

Kiiresel teslimata
gerek vok
Ank azaltum

Uretimde daha az
makina kullamini Diisiik giic ihtivac:

Sekil 6. Eklemeli imalatin gemi insaati endustrisindeki avantajlari (Ziolkowski ve Dyl, 2020)

Gemi ingaati endistrisi denildiginde her ne kadar ilk olarak akla tersaneler gelse de aslinda arkasinda
yogun akademik calismalar barindiran bir sektordir. Akademik alanda yapilan galismalarda cesitli
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boyutlarda ve tiplerde modeller bulunmaktadir. Bu modellerin daha uygun maliyete Uretilmesi ve proje
gizliliginin korunmasi eklemeliimalat ile saglanabilir. Dolayisiyla ¢alismanin bu kisminda eklemeli imalat
yontemlerinin gemi insaatl endistrisine yonelik potansiyeli hem akademik hem de sanayi acgisindan
incelenecektir.

3.1. Akademik Alandaki Potansiyeli

GUnumuzde eklemeli imalat teknolojileri akademik alanda hem deneysel ¢alismalarda hem de egitim
amach materyallerin Gretiminde kullanilabilmekte ve bunun yaninda gesitli Gniversiteler (MIT, Georgia
Institute of Technology vb.) miihendislik egitimlerinde bu alanla ilgili dersler de vermektedir.

Mihendislik egitimlerinde derslerde kullanilan modellerin 6grenmeye biyik bir katkisi vardir. Motyl
ve Filippi (2021) tarafindan yapilan ¢galismada eklemeli imalat teknolojilerinin tanitilmasinin, hem kisisel
hazirhk agisindan hem de farkli becerileri 6grenme ve gelistirme agisindan gen¢ mihendislerin
hazirlanmasinda 6nemli bir faydasi oldugu belirtilmistir. Yapilan baska bir ¢calismada (Minetola vd.,
2015); makina mihendisligi 6grencilerinden olusan gruplara, verilen proje kapsaminda, baslangi¢
seviyesi li¢ boyutlu yazicilar kullanarak kigik olgekli bisiklet tGretmeleri istenmis ve sonrasinda
uygulanan bu c¢alisma hakkinda 6grencilerin gorisleri alinmistir. Alinan sonuglara gore 6grenciler
motivasyon, anlama, ilgi ve egitim konularinda yiiksek oranda pozitif geri bildirimler yapmislardir,
sadece takim galismasi konusunda bazi negatif donusleri olmustur. Gemi miihendisligi lisans egitiminde
verilen “Gemi Yapi Elemanlari” ve “Gemi Mukavemeti” gibi derslerde yapisal dizayndaki degisimlerin
etkisinin gorilmesi ve 0Ogrencinin zihninde Ug¢ boyutlu yapilari canlandirabilmesi agisindan katki
saglayacaktir. Ek olarak “Gemi Yardimci Makinalan”, “Gemi Makinalari” ve “Gemi Hidrodinamigi” gibi
derslerde gorsellik amagh kullanilmak (izere ¢esitli pompalarin, motor pargalarinin veya pervane
modellerinin tretimi yapilabilir.

Ogrenime katkisinin yaninda bilimsel arastirmalar icin, Universitelerin gemi insaati ile ilgili
fakiltelerinde bulunan gemi model deney, kavitasyon tiineli ve gemi mukavemeti laboratuvarlarinda
dizayn edilen gemilerin veya pargalarin gesitli hesaplamalari gergeklestirilmektedir. Bu hesaplamalar
gerceklestirilirken parcalarin veya gemilerin 6lcekli sekilde tic boyutlu modelleri tGretilmekte ve bunlar
Uzerinde gerekli testler yapilmaktadir. Olusturulan bu modellerin eklemeli imalat ile Uretilmesinin
Ozellikle zaman ve maliyet agisindan katki saglayacagi disiiniimektedir. Dliinya geneline bakildiginda
mihendislik ¢alismalarinda eklemeli imalat teknolojileri deney laboratuvarlarinda gittikge artan bir
kullanima sahiptir. Gemi insaati acisindan bakildigindaysa, cesitli tiniversiteler (Maine Universitesi vb.)
ve arastirma kuruluslari (RAMLAB, CSIC) bu yontemi kullanarak cesitli alanlarda deneyler
gerceklestirmektedirler (Bergsma vd., 2016).

Universitelerin veya kuruluslarin sahip oldugu deney havuzlar ve kavitasyon tiinellerinde acik su
yapilari ile ilgili 6lcimler ve analizler (sevk deneyleri, giic performans analizleri, denizcilik performans
Olgcimleri, pervane dizayni vb.) yapilmaktadir. Yapilan bu ¢alismalarda kullanilan modellerin Gretilirken
Uluslararasi Cekme Tanklari Konferansi (The International Towing Tank Conference, ITTC) tarafindan
belirtilen toleranslara gére iiretilmesi gerekmektedir. iTU Gemi insaati ve Deniz Bilimleri Fakiiltesi’nde
gerceklestirilen deneylerle ilgili yetkililerle goristlmis ve edinilen bilgilere gore deneylerde kullanilan
modellerin sahip olduklari 6zellikler Tablo 3’te paylasiimistir.
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Tablo 3. Deneylerde kullanilan modeller ve 6zellikleri

Model Malzeme Boyut
Gemi Modelleri Ahsap 5 metre ve alti
Saft — Braket Sistemleri Plastik 90 cm ve alti
Dimen Plastik 20-25cm
Yalpa Finleri Plastik 20-25cm
Pervane Metal 45 cm ve alti (¢cap)
Pod Geometrileri Plastik -
Ki¢ Kovani Plastik -

Gemi modellerinin Gretiminde fakilltenin atolyesindeki 5 eksenli CNC tezgah kullanilmaktadir. Modeller
Uretilirken 6nce su hatlarina gore levhalar olusturulmakta, sonrasinda birbirlerine yapistiriimakta ve
boylece ham blok elde edilmektedir. Sonrasinda bu katmanlar CNC frezeleme islemine sokular ve cesitli
ek islemlerle (zimpara, boya vb.) gemi modeli istenilen forma dénustirilmektedir. Bu sekilde modeller
5 glinde Uretilebilmektedir (Danisman, 2016). Bu yonteme alternatif olarak fakilteye kurulabilecek bir
malzeme ekstriizyonu yontemli yazici ile bu slire daha asagilara cekilebilir.

Benzer bir calisma olarak Maine Universitesi tarafindan malzeme ekstriizyonu ydntemi kullanilarak
Uretilen model bir tekne bulunmaktadir (3Dirigo, n.d.). Tekne lretimi model deneylerinden ¢ok yatirim
yapilan yazicinin yeteneklerini gostermek amaciyla olsa da 6nemli bir 6rnek teskil etmektedir.
Termoplastik malzemeden (retilen, 7.62 m boya ve 2.2 ton agirliga sahip olan tekne toplam 72 saat
icerisinde Uretilmistir. Saatte 68 ile 227 kilogram arasinda malzeme ekstride edebilen yazici, 30.5 m x
6.7 m x 3.0 m boyutlarinda baski kapasitesine ve ayrica 5 eksenli CNC ile isleme yapabilme kapasitesine
sahiptir (3Dirigo, n.d.). Ancak; yazicinin maliyetinin yiiksek olmasindan dolayi, geleneksel yontemle
Uretimin maliyet agisindan avantaji bulunmaktadir.

Tablo 3’te belirtilen modeller arasindan pervane modelleri; pitch, cap, agirlik, gobek ve calikhk gibi
ozelliklerinden dolayi en karisik geometriye sahiptirler. Pervane modelleri fakilte tarafindan disarida
Uretilmekte ve hazir olarak alinmaktadir. Yapilan fizibilite calismasinda fakultede kullanilan 6rnek bir
pervane modelinin disaridan alis fiyati ve ayni modelin yazicilarla Gretilmesi arasindaki maliyet farkli
incelenmistir. Yazicilarla birlikte Gretim yapildigindaki maliyetinin hesaplamasinda 3Dértgen ve
Promakim firmalarindan destek alinmistir. Calismada tekniker maasi ve sistem kurulum maliyeti hesaba
katilmamistir. Yapilan fizibilite calismasi Tablo 4’te paylasiimistir.

Tablo 4. Pervane 6zellikleri ve maliyetleri

Model Malzeme Boyut
Gemi Modelleri Ahsap 5 metre ve alti
Saft — Braket Sistemleri Plastik 90 cm ve alti
Dimen Plastik 20-25cm
Yalpa Finleri Plastik 20-25cm
Pervane Metal 45 cm ve alti (¢cap)
Pod Geometrileri Plastik -
Ki¢ Kovani Plastik -
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Sunulan model Uretim maliyetlerinde yazici olarak malzeme ekstriizyon yontemine sahip yazicilar
kullanilmistir. Kompozit malzeme kullaniminda yazicilarin baski kapasitesinin yeterli olmasindan dolayi
herhangi bir dizayn optimizasyonuna gerek duyulmamistir. Ancak metal baskida pervanenin ayri
parcalar halinde basilip birlestirilmesi tizerine bir hesap yapiimistir. Metal baski ile ilgili verilen deger
sadece basim maliyetini icermektedir, sinterleme maliyeti katilmamistir. Onyx malzeme ile basilacak
pervanelerde ekstra mukavemete ihtiya¢ duyulursa karbonfiber veya fiberglass eklenebilmektedir.

Pervane modellerinin disaridan alinmasi durumunda 24.7 cm ¢apa sahip CiBrAl malzemeden pervane
6 bin € + KDV'ye mal olmaktadir. Firmalar tarafindan paylasilan verilere gére kompozit baski kapasiteli
cihazlar 5 bin S ile 69 bin S arasindayken, metal baski yapabilen yazicilar set olarak (sinterleme seti
dahil) 169 bin $ ile 220 bin $ arasindadir.

Deneylerde kullanilmak lzere pervane modeli Uretimi ile ilgili ¢esitli calismalar mevcuttur. Liu vd.
(2015) yaptiklar ¢alismada metal ve plastik malzemelerden Gretilmis farkli pervaneleri kullanarak
performans karsilastirmasi yapmis ve sonuc¢ olarak se¢meli lazer sinterleme yontemi kullanilarak
Uretilen poliamid (naylon 12 benzeri) malzemenin %40 daha disik performans gosterdigi
bulunmustur. Bunun sebebi ise poliamid malzemenin test sirasinda yasadigi bikilmedir. ITTC bu
¢alismadan yola cikarak modellerde hizli prototipleme yontemi ile liretilen naylon gibi malzemelerin
kullanilamayacagini belirtmistir. Ancak fiberle gliclendirilmis plastiklerin kullanimina izin vermektedir
(ITTC, 2017).

Metal pervane modeli tretimi icin ayrica Cilia vd. (2019) tarafindan toz yatakli ergitme yontemlerinden
biri olan se¢meli malzeme ergitme sistemiyle (Uretilmis bir pervanede kavitasyon testi
gerceklestirilmistir. Yapilan calismada dogrulugun kontrol edilebilmesi icin ayni boyutlar ve 6zelliklerde
bronz malzemeden yapilma pervane ile edilen sonuglar karsilastirilmistir. Basilmis olan pervane
kanatlarinin her birinde, 6zellikle dnder kenari ve arka kenarinda, orijinal geometriyle farkliliklar (ITTC
toleranslarini asan) oldugu ayrica pervanenin her kanadinin yakininda énemli bir i1s1 deformasyonu
oldugu tespit edilmistir. Deney sonuclarindaysa basilmis her kanadin énemli 6lctide farklh davranislar
gosterdigi ve bu farkin bicak geometrisinin yerel kusurlari (yanhs egrilikler ve ¢ok yiksek kalinlik gibi)
ve bu kusurlarin kavitasyona karsi yarattigi tutarlilik eksikliginden kaynaklandigi belirtilmistir (Cilia vd.,

2019). Deneyde kullanilan iki pervane kanadi Sekil 7'de gosterilmistir.

—

Sekil 7. Kavitasyon deneyinde kullanilan bronz kanat (sol) ve paslanmaz celikten basiimis kanat (sag)
(Cilia vd., 2019)

Gemi modelleri ve pervaneler disinda kullanilan diger deney modellerinin Uretiminde plastik
kullanildig ve disaridan alindigi belirtilmistir. Disaridan alindigi zaman 6zellikle pod geometrileri gibi
yapilarin maliyetleri yiiksek degerlere cikabilmekte ve arastirma imkanlarini kisitlamaktadir. ITTC
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kurallarina gore takintilarin Gretimi igin belirlenen tolerans + 0.2 mm olarak belirlenmistir. Bu tolerans
degeri malzeme ekstriizyonu, toz yatakli ergitme sistemleri veya stereolitografi yazicilarinin baski
hassasiyetine uygun bir degerdir. Sonug olarak, pervane ve gemi modelleri disindaki Girinlerin yazici ile
Uretilmesinin hem zaman hem de maliyet agisindan avantaj saglayacagi gorilmustir. Pervanelerin
sahip oldugu nispeten karmasik geometrilerden dolayl Uretiminde yasanan sorunlarin ¢6zimu
Gzerinde yapilacak calismalarla birlikte asilacagi diisiniiimektedir.

Bunlara ek olarak, mukavemet analizleri ile ilgili deneylerde kullanilan modellerin Gretimi igin de
eklemeli imalattan yararlanilabilir. Gemi mukavemeti laboratuvarlarinda geminin yapisal elemanlari
tek tek veya birlestirilmis olarak kiictk olcekli modeller halinde Uretilerek, “Strain Gauge” ile gerilme
Olciimleri, cekme-basma testleri ve ¢ noktali egilme testleri gergeklestiriimektedir. Yapilan bu
deneylerde araldit, ¢elik ve kompozit malzemeler kullaniimaktadir.

Ornek bir calisma olarak Calle vd. (2019) mukavemet testini gerceklestirmek lizere gemi bordasi
modelini iki farkli yontemde Gretmistir. Blyuk 6lgekli Gretilen model geleneksel yontemler kullanilarak
Uretilirken, ayni yapinin 1:40 6lcegindeki modeli eklemeli imalat kullanilarak 316L paslanmaz celikten
Uretilmistir. Model ve gercek boyutlu yapi arasinda kirilma meydana gelmeden 6nceki yapisal tepkiler,
ozellikle toplam emilen enerji acisindan iyi bir uyum goésterdigi belirtilmistir (Gingor, 2020; Calle vd.,
2019). Sonug olarak gemi ve deniz yapilarinin mukavemet analizinde kullanilacak modellerin Giretimi
icin eklemeli imalatin avantajli oldugu goérilmustir. Gingor (2020) yaptigl calismada mukavemet
testlerinde kullanilmak (izere karmasik 6lgekli gemi modellerinin geleneksel yontemlerle iretiminin
masrafli ve zahmetli gorildigini belirtmistir. Calismada kullanilan model ve elde edilen test sonuglari
Sekil 8'de paylasiimistir.
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Sekil 8. Test sonucu borda yapisindaki fiziksel ve grafiksel sonuglar (Calle vd., 2019)
3.1. Sanayi Alandaki Potansiyeli
Gemi ingaati enddstrisi i¢in, Uretimi yapilan pargalar ve techizatlar, tersaneler veya tedarikgiler
tarafindan iiretilmektedir. Uretimi yapilan bu triinlerin birbirlerinden farkli tiretim hacimleri ve {iretim

imkanlari oldugu icin konstriiksiyon Urlnleri ve donatim drinleri olarak iki ayri baslik altinda
incelenecektir.
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3.2.1. Konstriiksiyon elemanlarinin Gretimi

Gemi insaati icin kullanilan konstrisksliyon elemanlari genellikle blyiik 6lcekli ve seri olarak Uretilen
parcalardir. Yapilan geminin boyutuna bagl olarak genellikle tersaneler tarafindan siparisle
alinmaktadirlar. Kompozit tekne (liretiminde ise daha kigilk tekneler insa edildigi icin kullanilan
konstriiksiyon elemanlari genellikle tersanenin kendi imkanlari tarafindan Gretilmektedir. Kompozit
tekne imalatinda kullanilan kaliplarsa genellikle disaridan satin alinmaktadir.

Basit i¢ denizlerde kullanilan gemiler icin metal isleme maliyeti 2,5 [€/kg] iken, toz yatakli ergitme
sistemlerinin kg basina maliyeti ylizlerce € degerindedir (Bergsma vd., 2016). Ek olarak, metal eklemeli
imalat ile Uretilebilen parcalarin boyutlari da sinirlidir. Dolayisiyla metal eklemeli imalat teknolojilerinin
direkt olarak ticari gemilerin insaatinin yapiminda kullanilan bu parcalari Gretmesi su an icin kullanisli
gorinmemektedir. Ancak bu Uretim yonteminin sagladigi hafiflik, Gretim hizi ve kendi imkanlariyla
Uretebilme avantajlari simdilik kiicik boyutlu tekne veya 6zel sualti/sutistt arag Uretiminde mimkin
gorilmektedir. Bu yenilikci teknolojinin gelismesi ile yakin gelecekte ticari gemilerin lretiminde de
kullanilacagi 6ngorilebilir.

Askeri alanda ise ABD Donanmasi 20 yili askin stredir bu teknolojinin tzerinde ¢alismaktadir (Housel
vd., 2015). Son olarak, ABD Donanmasi, blyik celik dokiimlerin teslim strelerini azalttigi ve verimliligi
arttirdigi icin “MELD” kati hal eklemeli imalat sistemine 1,5 milyon $ yatirnm yapmistir. Gelistirilen bu
yeni teknoloji ile biylk parcalarin her metal ile liretilebilecegi belirtilmistir.

Kompozit tekne konstriksiyonlarinda ise eklemeli imalat teknolojileri hem yapilan teknelerin
kaliplarinin Gretimi hem de direkt olarak tekne yapisinin Gretiminde kullanilabilir. Sektérden cesitli
mihendislerle yapilan goriismelerde ortak olarak, o6zellikle seri sekilde 24 metre altindaki tekne
yapilarinin ve maga Uretimi icin eklemeli imalat teknolojilerinin faydali olacagi belirtilmistir. Ornek
olarak; yelkenli, gezinti tekneleri ve insansiz deniz araglar gibi araglarin tretimi yapilabilir. Kompozit
tekne imalatinda kullanilan kaliplarin Gretiminde de bu yenilikgi Gretim yonteminden faydalanilabilir.
Kompozit teknelerin imalatinda ¢alisan mihendislerle yapilan gorismelerde kalip tedarik ettikleri
firmalarin bu teknolojiyi kullanmasiyla daha distik maliyetlere kalip imal edebilecekleri ve boylece
dolayl yoldan tersanelerin de bundan faydalanabilecegi belirtilmistir.

Eklemeli imalat teknolojileri kullanilarak Gretilen kompozit teknelere 6rnek olarak dinyanin ilk Gg
boyutlu olarak basiimis fiberglas teknesi “MAMBOQ” verilebilir. Geleneksel (retim ydntemleriyle
Uretiminin imkansiz oldugu belirtilen bot, 6,5 metre uzunluga, yaklasik 800 kilogram agirliga ve 26 knot
sirat yapabilme yetenegine sahiptir (MOI, n.d.).

Baska bir 6rnekte ABD Donanmasi deniz komandolarini tasimakta kullandigi yaklasik 9,15 metre
uzunlugundaki denizalti yapisini eklemeli imalat teknolojisi kullanarak karbonfiber malzemeden
Uretmistir. Geleneksel yontemlerle Gretim siresi 800 bin S olan ve (g ile bes ay arasinda uretilebilen
bu arag, eklemeli imalat teknolojileri ile 60 bin S maliyetle ve bir aydan kisa slirede Uretilebilmistir
(Insider, 2017). Sekil 9’da uretilen denizalti gosterilmistir.
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Sekil 9. ABD Donanmasi tarafinda tretilen kompozit denizalti (Insider, 2017)
3.2.2. Donatimlarin ve parcalarin Gretimi

Gemi donatimlari gesitli boyutlara, ¢esitli 6zelliklere sahip ve ¢esitli malzemelerden olusan parcalardir.
Pervane, diimen ve civadra gibi ana pargalarin Uretiminin disinda eklemeli imalatin gemi insaati
endistrisindeki potansiyeli incelenirken genellikle yedek pargalarin liretimi alaninda c¢alismalar
yapildigi goriilmistir. Bu ¢alismalar yazinin bu béliminde farkli parcalar halinde paylasilacaktir.

Pervanelerin veya pervanelerin Uretildigi kaliplarin eklemeli imalat teknikleri kullanilarak Gretimi,
Gzerinde en ¢ok calisma yapilan alandir. Pervanelerin her gemiye ait 6zel bir geometriyle tretilmesi ve
karmasik bir yapisinin olmasi eklemeli imalatin yapisiyla biyik o6lglide uyusmaktadir. Pervanelerin
Uretimi adina en blyuk ¢alismalarin basinda Damen Tersaneleri Grubu, Bureau Veritas, Autodesk ve
RAMLAB gibi sirketlerin ortak calismalariyla Gretilen didnyanin ilk klas onayli 3 boyutlu basiimis
pervanesi “WAAMpeller” gelmektedir. Tel ark eklemeli imalat ile Gretilen pervanede; aliminyum, nikel
ve bronz alasimi kullanilmistir (RAMLAB, 2017). Sekil 10’da Uretilen pervane gosterilmistir.

Sekil 10. WAAMpeller (RAMLAB, 2017)

Baska bir 6rnekte; Central Nantes ve Naval Group tarafindan, tel ark eklemeli imalat kullanilarak
diinyanin ilk bosluklu pervane kanadi Uretilmistir. Bu sekilde tiim pervanenin %40 oraninda daha hafif
olarak Uretilebilecegi belirtilmistir (METAL AM, 2019). Duintjer vd. (2016) yaptiklari calismada DMG
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Mori firmasinin Urettigi yonlendirilmis enerjiyle biriktirme sistemiyle ¢alisan yazicida 6rnek bir pervane
Ureterek geleneksel yéntemlerle karsilastirmasini yapmislardir. Uretilen pervane geleneksel
yontemlerle ayni maliyete sahip olmakla birlikte 4 haftada Uretilmistir. Ancak, ¢alismada yapilacak
glincellemelerle birlikte bu sirecin 1-2 haftaya disebilecegi de belirtilmistir.

Pervanelerin disinda genellikle yat gibi gorselligin 6n planda oldugu teknelerde civadralarin veya gesitli
gorsel heykellerin veya sembollerin Uretimi icin de eklemeli imalat teknolojileri kullanilmaktadir. Her
yat icin Ozel olarak Uretilen ve genellikle karmasik yapiya sahip olan bu Urlinlerin eklemeli imalatla
tretilmesi ile maliyet ve Uretim hizi agcisindan fayda saglanabilir. Ornek olarak, Lirssen firmasi
tarafindan eklemeli imalat kullanilarak 4,1 metre uzunluk ve 2 metre yiksekligindeki jaguar gorinimli
civadra sivi polimer malzemenin lazerle sertlestirilmesiyle, tek parca olarak Uretilmistir (Megayatch
News, 2015). Sekil 11’de bahsedilen civadra gosterilmistir.

v R~
.;\,:\‘ )" 3 !

7o

—

Sekil 11. Jaguar gérinimli civadra (Megayatch News, 2015)

Bu parcalarin disinda gemilerde 6zellikle yedek parca olarak depolanan civata, flans, mentese ve diger
motor parcalari gibi Grinlerin Uretimi hakkinda farkli galismalar yapilmistir. Gemilerde 3 boyutlu
yazicilarin  kullanimi uglar, kelepgeler, aletler, tutamaklar ve benzeri basit drinlerin disinda
degistirilmek (izere en yakin limana kadar dayanmasi gereken acil durum parcalari gibi parcalarin
Uretilmesi dayanikli malzemelerin (karbon fiber gibi) kullaniimasiyla saglanabilir (Ziolkowski ve Dyl,
2020). 2019 yilinda aralarinda DNV-GL, Wartsila ve NAMIC gibi firmalarin bulundugu bir calismada
Singapur limanlarinda gemiler tarafindan en gok siparis edilen 100 parganin eklemeli imalat teknikleri
ile Gretiminin kapsamli bir ¢alismasi yapilmistir. Yapilan ¢alisma sonunda belirlenen pargalar kendi
aralarinda klas sertifikali Gretimi uygun, klas sertifikasiz tiretimi uygun ve iretimi uygun olmayan olarak
¢ ana baslk altinda toplanmistir. Yapilan siniflandirmadaki “klas sertifikali Gretimi mimkin” olan
parcalar gemideki glvenlik agisindan kritik olan bilesenleri (motor pargalari gibi); “klas sertifikasiz
Uretimi midmkin” olan pargalar gemide glvenligin kritik olmadigi bilesenleri; “lUretimi mimkin
olmayan” pargalar ise sekil ve malzeme tipi gibi nedenlerden dolayi Uretimi miimkin olmayan
bilesenleri temsil etmektedir (MPA Singapore, 2019). Calisma sonunda Uretimi gerceklestirilmis 6rnek
parcalara ait 6zellikle, Gretim slresi ve maliyetteki fark Tablo 5’te paylasiimistir.
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Tablo 5. Uretilen parcalar ve dzellikleri (MPA Singapore)

<

o Parga basina
Parca ismi Orijinal Kullanilan Malzeme | El Uretim Ortalama Parca Gorseli
Malzeme Siiresi Kazang
Valf volani Dokiim Poliamid/ Naykon 19 saat 5,89 S
. Piring ve Poliamid/Naylon + .
Frengi Tikaci Kaucuk Termoplastik 17 saat 4,50 $
politiretan
U Civata Galvanizli gelik Dayanikl Regine 2 saat 11,26 $
Dusik alagimli i
Kilavuz Gubuk Mn-V Celik Gelik 8 saat 1965,00 $
Kanath Somun Piring Karbonfiber Naylon 5 saat* 2,95S
Boru Kapaklari
P Piring / Celik Poliamid/ Naylon 3 saat 3,965
/ Toz Kapaklari
Civata Akrilonitril
kapaklari Biitadien Stiren Poliamid/ Naylon 19 saat* 10,44 5
(ABS)

* En bliylik parga igin

Gemilerin seferdeyken vyasadiklari arizalari tersaneye gitmeden veya limana ugramadan kendi

imkanlariyla ¢dzebilmesi maliyet agisindan biiylik bir kazang olacaktir. Gemide bir 3B yazici uygulamasi

g6z onilne alindiginda, en makul olani bir veya iki cihaz kullanmak, tercihen ucuz, olumsuz cevre

kosullarina dayanikli ve ayni zamanda ¢ok yonli olan malzeme ekstriizyonu teknolojisiyle liretilecek
fiberle giiglendirilmis kompozit malzemelerle galismak gibi gériinmektedir (Ziolkowski ve Dyl, 2020).
Ancak bu yazicilarin, gemilerin calisma kosullari ve stabil durumdayken bile sahip oldugu titresimin

baskiya etkisi incelenmeli ve mirettebata yazicilarin kullanimi hakkinda detayli bir egitim verilmesi

gereklidir.

Yapilan baska bir ¢calismada ise gemi insaati endistrisinde kullanilan yedek pargalarin eklemeli imalat
ile Gretim potansiyeli hakkinda 2015 yilinda 26 Hollandali denizcilik sirketi birleserek ortak bir arastirma

programi kurmuslardir. Calismalarinda pervane liretiminden civata liretimine kadar 30 farkh parca icin
degerlendirme yapip 7 farkh parganin detayh analinizini gergeklestirmislerdir (Duintjer vd., 2016).

incelenen parcalar sunlardir:

e Pervane e T-konnektor
e Sogutmali valf yuvasi e Mihir Jig

e Arahalka e Manifold

e Mentese
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Calismada parcalarin gerekli 6zelliklerine gore cesitli eklemeli imalat yontemleri kullanilmistir. Calisma
sonucunda manifold haricindeki diger tim Urinlerin Gretimi geleneksel yontemlerle yapilan tretime
gore ayni veya daha yliksek maliyetle Uretilmistir (Duintjer vd., 2016).

Amerika Birlesik Devletleri savunma sanayiinde dizel makina, gemi sogutma sistemlerinin hava giris,
egzoz ve turbosarjer muhafazasi, aliminyum sase gibi Grinlerin Gretiminde metal eklemeli imalat
tekniklerinden faydalanmaktadir. 2019 yilinda USS Harry S. Truman ugak gemisinin su tahliye
sisteminde eklemeli imalat ile Uretilmis bir parca NAVSEA onay! alinarak kullaniimistir. Boylece bu
Uretim yonteminin en biylk sorunlarindan olan sertifikalandirma alaninda énemli bir adim atilmistir
(Gungor, 2020). Sekil 12’de basimi yapilan parca gosterilmistir.

Sekil 12. Gemide kullanimi NAVSEA tarafindan onaylanan eklemeliimal edilmis ilk parca (Glingor, 2020)

Eklemeli imalat teknolojileri gemilerdeki vinglerde kullanilan kanca ve benzer parcalarin liretiminde de
kullanilmaktadir. Ornek olarak; Huisman Equipment icin DNV-GL, Bureau Veritas ve ABS klaslarinin
isbirligi ile Tel Ark Eklemeli imalat yontemiyle iiretilen kanca verilebilir. Ayni mukavemet degerlerine
sahip ama daha hafif yapip bir yapi olusturmak icin geleneksel yontemlerle Gretimi zor ve maliyetli
olacak bir dizaynla kancanin igcinde kanallar olusturulmustur (Ziolkowski ve Dyl, 2020).

Wartsila sirketi eklemeli imalatin uygulamalari ile yakindan ilgilenmekte ve bu konuda cesitli calismalar
yapmaktadir. Sirketin hedefinde depolama maliyetini azaltmak igin istek Gzerine baski yapacagi bir
sistem kurmak vardir. Baska bir 6rnekte Wartsila sirketi 2019 yilinda su anda kullanimda olan aletin
yerini alacak olan, silindir gomlegi ile piston ve baglanti mili tasiyabilen bir Grinin Gretimini eklemeli
imalat kullanarak gerceklestirmistir. Malzeme ekstriizyonu yontemiyle Uretilen tasiyicida karbon fiber
destekli malzeme kullaniimis ve boylece %75 oraninda daha hafif bir tasiyici elde edilmistir. Bureau
Veritas ile birlikte yapilan dayanim testlerinden gecen tasiyici, eklemeli imalatla Gretilmis ve CE
sertifikali ilk tasiyici Griint olmustur (Ziolkowski ve Dyl, 2020). Sekil 13’te eskiden kullanilan ve yeni
kullanilan parcalar birlikte gosterilmistir.

Sekil 13. Eski kullanilan tasiyici (éol) ve yehi kullanilan ta§|y|é| (sag) (Ziolkowski ve Dyl, 2020)
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4. Sonuglar

Endustri 4.0 kavramiyla birlikte, gliniimiizde Uretim yontemleri strekli olarak bir evrim gecirmekte ve
insan faktori azaltilmaya c¢alisiilmaktadir. Eklemeli imalat teknikleri henliz tam olarak
otomasyonlasmamis olsa da geleneksel Giretim yéntemleri ile Gretimi uzun ve maliyetli olan kompleks
parcalari daha uygun maliyete ve daha hizli sekilde lretebilmektedir. Bu &zellikleri sayesinde yeni
dizaynlarin ortaya cikisini kolaylastirmakta ve tasarimcilara 6zglrlik sunmaktadir. Ancak; baski
boyutlari, lretimin tekrarlanabilirligi, bu alanda yetkin kisilerin azligi, endistriyel standartlarin
olusturulmasi ve yazicilarin maliyetleri gibi sahip oldugu cesitli dezavantajlar da bulunmaktadir.

Havacilik ve uzay, otomotiv ve o6zellikle medikal alanlarda biyik bir kullanim oranina sahip olan
eklemeli imalat teknolojileri gemi insaati endistrisinde de cesitli alanlarda kullanilmaya baslanmistir.
Akademik alanda 6zellikle miihendislik alani egitiminde 6grencilerin egitim kalitesinin arttirilmasi ve
bilimsel arastirmalarda kullanilan modellerin Gretilmesi icin uygun ve hizli ¢céziimler sunmasiyla biyik
bir avantaj saglamaktadir. Ozellikle bilimsel arastirmalar icin kullanilan modellerin kurumlar tarafindan
disaridan satin alinmasi ve kurumun sahip olacagi yazici ile tGretimi gergeklestirmesi arasindaki maliyet
farki bunun iyi bir 6rnegidir. Sanayi alaninda ise 6zellikle yedek parga Uretimi ve askeri amach Gretimler
icin cesitli calismalar yapilmaktadir. Konstriiksiyon parcalarinin Uretiminde metal malzemeler igin
heniiz geleneksel yontemlere gore hala daha maliyetli olan eklemeli imalat, kompozit tekne ve deniz
yapilarinin Gretiminde bu durumu tersine cevirmis durumdadir. Ozellikle 24 metre ve altindaki
teknelerin seri Gretimi icin kullanilabilecek bu yéntem ile daha hafif yapilar ve karmasik geometriler
kolaylikla Uretilebilmektedir. Donatim alaninda ise civadra, pervane ve yedek pargalar icin yapilan
calismalara istinaden hem tersanelerin hem de seferdeki gemilerin disa bagimhligini azaltip cesitli
kazanclar saglayabilecegi ve yan tedarikcilere de kalip maliyeti gibi konularda ayni sekilde kazang
saglayabilecegi gorilmistir.

Klas kuruluslari ve gesitli standartlastirma organizasyonlarinin da bu konuda yaptigi calismalarla,
eklemeli imalat teknolojilerinin yakin gelecekte gemiinsaati endistrisinde 6nemli bir yere sahip olacagi
gorilmdastir.
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